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Introduction

The aim of this thesis is to understand more about the fundamentals of photochromism and H™
mobility in rare-earth metal oxyhydride thin films, two phenomena which, at the beginning of this
work, were thought to be related. In order to understand the extent of this relationship, we used
hydrogen-sensitive techniques to study local dynamics, changed the chemistry of the material, and
analysed the electrochemical signals of the material. This chapter is an overview of the properties
and applications of these materials, as well as an explanation of photochromism and H™ mobility,
setting the context for the work of this thesis.




2 1 Introduction

1.1 Sustainability

1.1.1 Potential role of rare-earth metal oxyhydrides

Rare-earth metal oxyhydrides are in a class of materials known as “multi-anion” compounds
[1]. Oxyhydrides are particularly notable because they contain hydride (H™) ions in their
structure, which is rather uncommon [2], and leads to many interesting phenomena.
Below is a non-exhaustive list of possible applications of rare-earth metal oxyhydrides. Of
particular interest to this thesis are the first two.

Photochromic smart windows

In 2011, it was shown that “oxygen-containing yttrium hydride” thin films are transparent
yellow materials which become dark when exposed to solar radiation [3] (Fig. 1.1a).
Coupled to this colour change is a reduction of the electrical resistance. Both of these
effects are reversible; the material goes back to its original transparent insulating state
when the light is removed.

Materials that reversibly change colour due to light exposure are called “photochromic”
and can be used for a variety of applications. The most basic application is as a coating for
eyeglasses that change colour in the sun. More interesting, however, is to use photochromic
rare-earth oxyhydride thin films as coatings for smart windows. In this case, a smart window
is one that prevents sunlight, and importantly, heat from entering a building. A growing
expense (both financial and in terms of our collective carbon footprint) is cooling [4]. A
photochromic smart window would be able to absorb excess heat, stopping it from entering
the building and automatically adjust its opacity/heat absorption based on the sunlight
conditions outside without any intervention from the person inside the building, thereby
decreasing the need for cooling and temperature regulation.

At present, there are still fundamental aspects of this effect in rare-earth metal oxyhy-
drides that are not completely clear, although some key findings are discussed in section 1.3
and throughout this thesis. From a practical point-of-view, the colour switching speed and
the maximum opacity that can be reached are tunable in a variety of ways, also discussed
in section 1.3 and in several chapters. What remains to be solved is the so-called “memory
effect”, where the performance of the films changes with repeated illumination [3]. As well,
stability over time should be addressed. One solution to this is to add a protective coating
without changing the oxyhydride material [5].

Solid-state H™ conductors

Solid-state ion conductors are of growing interest because they are important for electro-
chemical devices such as batteries, where ion conductors act as the electrolyte between
two electrodes. Hydride-ion conduction could be useful in Hz-based devices such as fuels
cells, or in metal hydride batteries (Fig. 1.1b).

It has been known since 2006 that H™ is mobile in some oxyhydrides [10], but progress
in this direction began to accelerate with a publication in 2016 that showed a proof-of-
concept device using TiH;|La,LiHOs|Ti and showing the pure H™ conduction through the
middle oxyhydride [6] (Fig. 1.1b).

Soon after, pure H™ conduction was reported in La- and Nd-oxyhydrides with stoichio-
metric compositions [11], and with varying O:H compositions [12]. So far, La-oxyhydride
pellets have the highest H™ conductivity of any oxyhydride material, although all reported
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Figure 1.1: Visual overview of some applications of rare-earth metal oxyhydrides. (a) Photochromic Y-oxyhydride
thin films are yellow and transparent (left), but become opaque when exposed to UV light (right). Adapted
from [3]. (b) A concept for a device using a complex oxyhydride as the solid-state electrolyte, shuttling H™ ions
between the two electrodes. Adapted from [6]. (c) Ionic conductivity as a function of temperature (Arrhenius
plot) for LaH3_5, O, with different O:H content. This is compared primarily to H* conductors. Adapted from [7].
(d) Ammonia synthesis rate for different modified Ru catalysts, highlighting the improved performance when
using rare-earth oxyhydrides as a Ru support. Adapted from [8]. (e) Schematic of how a conductive filament may
form in Y-oxyhydride when it is used in an ReRAM device with specific contacts. Adapted from [9].

materials operate optimally at moderate temperatures (>250-350°C). Recently, however,
Fukui, et al. [7] reported that they could achieve an ionic conductivity of 1 mS/cm at
room temperature for H-rich La-oxyhydrides (x<0.25) (Fig. 1.1c). Approaching the ionic
conductivity of the best solid-state lithium-ion conductors (~10 mS/cm) [13, 14], this result
is promising for such a young field. Some questions remain, however, about the stability
of materials like La-oxyhydride in air [15] and the performance in a real electrochemical
device with many cycles of charge and discharge.
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Catalysis

Inspired by the H™ conductivity shown in La-oxyhydrides [12], and the suggestion that this
may be an inherent property of light rare-earth metals (La—Nd) [11], Gd-, Sm-, La-, and
Ce-oxyhydrides were used for catalytic ammonia production, with La- and Ce-oxyhydrides
exhibiting the best performance [8, 16]. Ammonia is an important part of the energy
transition because (1) it is considered to be a good carrier for Hy, (2) it is used in fertilizer,
(3) it can be used as a fuel, and others [17]. However, the synthesis of ammonia, at present,
is done primarily by the Haber-Bosch process, which requires a high energy input in the
form of high temperature and pressure even when using a catalyst.

Ruthenium is one of the most reactive catalysts for ammonia production [18] because
of its optimal N adsorption energy, although it can adsorb H; too strongly [8]. Based on
this, and previous work showing hydride materials improving the catalytic performance of
Ru, the authors decided to try La- or Ce-oxyhydride supports loaded with a Ru catalyst,
as described in Ref. [8]. These systems eventually showed a higher ammonia production
rate than other Ru-catalyst supports (Fig. 1.1d), owing to the apparent high H™ surface
mobility on the oxyhydride.

For this technology, the necessity of the Ru catalyst should be investigated since Ru is
a very rare (and expensive) metal. On the industrial scale, Fe-based catalysts are used for
the Haber-Bosch process, but many other metals are also possible, although with different
efficiency [18]. Perhaps the combination with a rare-earth oxyhydride will also improve
the ammonia production rate of other metals.

Resistive RAM (ReRAM)

Random-access memory (RAM) is used in many devices in order to store information. Each
“memory component” should be able to switch between two states. A simple example is
phase-change memory where the material switches between an amorphous (high resistance)
and a crystalline (low resistance) state.

For resistive RAM (ReRAM), the material also changes between two regimes of con-
ductivity, but the underlying mechanism is more complicated. In general, metal oxides
(high-k materials) are used for ReRAM, with the most famous being HfO,. In this case,
a “conductive filament” (CF) is created through HfO, that extends between the top and
bottom electrodes, forming a bridge made up of oxygen-vacancies [19]. Another way to
form this conductive filament is to segregate metal atoms for the same purpose.

Recently, Yamasaki et al. [9] tested La- and Y-oxyhydride thin films and their ability to
be used as ReRAM materials. For La-oxyhydrides, it was already shown that the ionic and
electronic conductivities of the material were dependent on the O:H ratio of the composition
and the amount of hydride-vacancies. Here, the authors deposited a Y-oxyhydride with
specifically chosen top and bottom contacts in order to create H-rich (Ti) and O-rich (Mo)
regions near the interfaces of the contacts (Fig. 1.1e). During voltage sweeping H™ diffused
from one side to the other, either occupying anion vacancies in the O-rich region (high
resistance), or moving back to form a H-rich region near the Ti electrode (low resistance).

In my opinion, using RE-oxyhydrides as ReRAM is a unique idea for applications and
creative thinking is required to rationalise all the results. Putting this in the context of
ReRAM devices in general, to compete with other materials, Y-oxyhydride would have to
achieve very fast switching (both “on” and “off”), have a large difference in conductivity
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between the on and off states, use a low voltage input, have reliable cycling long term, and
be easy to incorporate into the semiconductor fabrication scheme [19]. Perhaps the most
difficult are the last two points, since the preparation of rare-earth metal oxyhydrides is
different from normal semiconductor manufacturing, requires a few extra steps, and may
not be reproducible enough. However, this can probably be improved if needed.

1.1.2 Rare-earth metals: less mining, more recycling

The name “rare-earth (RE) metals” is given to the lanthanide series of the periodic table (La-
Lu), as well as scandium (Sc) and yttrium (Y) (Fig. 1.2a). The name, however, is misleading
because these elements are rather abundant in the Earth’s crust (Fig. 1.2b), especially when
compared to other common metals such as copper [20]. On the other hand, these elements
are seldom found in large ore deposits which becomes a problem for sourcing and mining
these metals [20, 21]. Between the 1950’s and mid-80’s, the main source of RE metals was
the Mountain Pass ore in the Mojave Desert of California. Since 1985, production has
also sprung from the Bayan Obo source in Inner Mongolia, China, which now dominates
around 90% of the RE metal market [20-23].

The mining of RE metals is not without issues. Although RE metals can be found in
economically relevant quantities in the Mountain Pass and Bayan Obe sources, the ore
grade (measure of the concentration of desired material) is still normally below 10% [20].
The remaining >90% of the ore can contain traces of radioactive elements such as thorium,
which can lead to health complications for miners who experience chronic exposure on the
job [23, 26, 27]. Additionally, the mining itself is done with strong acids and the wastewater
can leech into nearby water sources if not handled adequately [26, 27]. Last, the usage of
large swaths of land for RE mining leads to deforestation and displacement of people from
rural areas [26, 27].

At the same time, RE metals are finding increased usability in “green” technology in
the form of, for example, high-speed electric trains (Nd, Sm), wind turbines (Nd), and
nickel-metal hydride batteries (La). They are also used in lighting (Y, Eu, Tb), cameras (La),
catalysts for petroleum refining and converters in cars (La, Ce), steel alloys (Ce, La, Nd, Pr,
Er), aluminium alloys (Sc), MRI contrast agents (Gd), other medical devices (Tm, Lu), and
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Figure 1.2: (a) Periodic table of elements with the rare-earth metals highlighted in blue (adapted from Brian
D’Alessandro [24]). (b) Elemental abundance (per 1 million Si atoms) in the Earth’s crust (adapted from U.S.
Geological Survey [20] and Wikipedia [25]).
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others [23, 28]. Mentioned in section 1.1.1 and throughout this thesis are other applications
such as photochromic smart windows (Sc, Y, Nd, Gd) and hydride batteries (Nd, Gd). It is,
therefore, important to look at the recycling of these elements so that we can depend less
on mining. Jowitt, et al. [28] and Haque, et al. [23] cite a few major roadblocks for effective
recycling such as lack of infrastructure and lack of cost-effective purification/separation
methods. The latter is a fundamental issue related to the similar chemistries of many RE
elements. Fortunately, research in this direction is underway [28-30]. Another approach is
to devote research into alternatives for RE metals in specific applications.

It is worth mentioning that when a material becomes important for technology or
energy applications and its supply is uncertain, geopolitical issues may arise. China,
having the majority of production and the largest stockpile of RE metals in the world, can
unilaterally control the price and supply of these materials, leading, for example, to the
2010 supply scare” [21, 31]. More recently, during the unnecessary trade war initiated by
ex-U.S. President Trump, some journalists considered the role of rare-earth metals in this
new geopolitical context [31, 32]. Articles with a more optimistic tone [31] reaffirmed the
importance of using alternative materials to REs and the need for recycling these elements
in order to avoid conflicts.

With this information, I want to illustrate the point that there is an angle to research
that is not often addressed or discussed, which is the sourcing and disposing of materials.
While it is important to study RE-based materials and find new use cases for them, it is
also important to consider where they come from, how to take care of these devices when
they are no longer usable, and whether using RE metals is really the best option. These are
also key components of a green society.

1.2 Rare-earth metal oxyhydrides

Although the term “oxyhydride” can be traced in the literature as early as 1952 [33],
oxyhydride compounds and their applications have been studied primarily in the last two
decades, with the first report of a stable oxyhydride in 2002 [34, 35], the first instance of
photochromism in rare-earth metal oxyhydrides in 2011 [3], and the first proof-of-concept
H™ conductor in 2016 [6]. During this time, there has also been a great deal of research
aimed at synthesising new oxyhydride materials, developing new synthesis methods,
realising new applications for these materials, and explaining their behaviour [1]. Focusing
specifically on rare-earth metal oxyhydride thin films, below is a description of how these
materials are prepared, and the current state-of-the-art in the understanding of them.

1.2.1 Deposition

The deposition of our rare-earth (RE) metal oxyhydrides follows a different procedure
compared to other (multi-)cation oxyhydrides for two reasons: (1) a large fraction of the
oxyhydride literature is about bulk powders while we work with thin films, and (2) the
starting material for the bulk powders is usually an oxide while we use the RE-dihydride.
As a result, much of the literature depends on topochemical and high-pressure synthesis to
prepare oxyhydrides. Here, we instead use reactive magnetron sputtering to deposit thin
films of the RE-dihydride, and post-oxidise them to the oxyhydride phase.
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Sputtering deposition

RE-oxyhydride thin films are prepared by sputtering the RE-dihydride in a reactive at-
mosphere of Ar/Hj, with controlled gas flows. With reactive magnetron sputtering, there
are a number of parameters that can be changed in order to achieve different thin film
properties (e.g., target tilt, target-substrate distance, substrate heating, total gas flow, ratio
of Ar/H, gas, DC/pulsed DC/RF power supply, input power during sputtering, deposition
pressure, etc.). Keeping the other parameters constant, we generally alter the deposition
pressure (pg.,) to change the properties of our thin films. The deposition pressure is the
combined pressure of Ar and Hj in the vacuum chamber controlled by the adaptive pressure
controller.

It was found that an increasing pye, results in more porous as-deposited RE-dihydride
films. More porous films later oxidise to a greater extent when exposed to air, and have an
oxyhydride composition with a larger O:H ratio [36, 37]. However, there is also a critical
deposition pressure (p}, p), which is the minimum deposition pressure needed to achieve
an oxyhydride phase upon post-oxidation [38]. This indicates that a minimum porosity is
required for the as-deposited RE-dihydride film to oxidise in air. Below the pj, , the film
remains in the RE-dihydride, while close to the pj, » partially oxidised films are obtained
which have a gradient in composition [37]. At this point, several RE-oxyhydrides have
been made by post-oxidation of the as-deposited RE-dihydride, and the tunability of the
composition and properties have been shown for Sc, Y, Gd, and Nd-oxyhydrides [5, 37],
and alluded to for Dy and Er-oxyhydrides [38].

Post-oxidation

In almost all reports to date, air has been used as the oxidising agent for the transforma-
tion of the RE-dihydride to the oxyhydride phase. Even though air contains many other
compounds than just O, and H20, and changes in pressure/humidity daily, air-oxidation
of as-deposited RE-dihydrides has worked for the last 11 years.

However, to have more control over the process and the resultant material, another
option is “dry-oxidation”, which involves oxidising the RE-dihydride film with a flow of
O, gas in an otherwise neutral environment. Recently, it was shown that only a few
minutes are required for the films to gain at least 50% of their transparency when oxidised
with a flow of O, in the sputtering vacuum chamber [39]. Similarly, we have found that
as-deposited RE-dihydrides visually become transparent within seconds of exposure to O,
gas, although the minimum O; pressure required to initiate oxidation depends on: (1) the
RE-metal used (Sc-based films require a higher po,), (2) the sputtering deposition pressure
(more porous films require a lower pp,), and (3) the thickness of the sample. Such samples
have been used for experiments involving electrochemical impedance spectroscopy (Ch 5)
and nuclear magnetic resonance (NMR) [54, 55, 77]. Dry oxidation has also been used by
other groups for the preparation of RE-oxyhydride thin films [9, 40].

Isotopes (D, 170)

In addition to post-oxidation by air or dry O, gas, we can use isotopic 17O to label all
the oxide ions in the resultant film. To date, there is no record of such labelling in the
literature. Here, we use labelled 17O Y-oxyhydrides for NMR analysis since °O has no
nuclear magnetic moment [54, 55, 77]. Isotopes of H™ are also possible, made by sputtering
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the RE-metal in deuterium gas instead of Hj [41]. These samples are also important for
NMR analysis, as well as other H-sensitive techniques such as neutron reflectometry.

1.2.2 Composition

The composition of RE-oxyhydrides has been measured experimentally by ion-beam analy-
sis several times, resulting in two different formulas: REH,_5O; [42, 43] and REH3_5,O,
[44], with the latter being more widely accepted to describe RE-oxyhydrides [7, 8, 12, 40].
Importantly, as shown by Cornelius, et al. [44], these materials follow a distinctly different
composition line than RE-hydroxides (H"), providing evidence for the presence of hydrogen
in its negatively charged state (H™). As mentioned above, the O:H ratio of RE-oxyhydrides
can be tuned in a wide range depending on the preparation conditions [37, 44]. This, in
turn, influences the opto-electronic properties of the films, discussed throughout the thesis
and in section 1.3.

1.2.3 Structure

RE-cation lattice

The crystal structures of RE-oxyhydrides have been characterised by methods such as X-ray
diffraction (XRD), a technique sensitive to the periodicity of heavy atoms (RE-cations). The
majority of RE-oxyhydrides made by our group exhibit a face-centred cubic (Fm3m) crystal
structure (Sc, Y, Gd, Dy, Er) [37, 38, 44]. The lattice constant, a, generally follows the size
of the cation, observed also for stoichiometric REHO bulk powders [11, 16].

For some RE-cations, however, a tetragonally distorted lattice (P4/nmm) is observed
as in the case of La, Ce, Pr, and Nd [5, 7, 11, 12, 16, 45]. Both di- and tri-hydride phases
of these RE metals exhibit a cubic crystal structure [46], meaning that the presence of a
tetragonal distortion is not necessarily expected. Some authors explain that this difference
in crystal strcuture is a consequence of the ordered anion-sublattice for oxyhydrides based
on La-Nd [11, 16].

Other crystal structures outside the cubic Fm3m and tetragonal P4/nmm have been
reported for some RE-oxyhydrides including monoclinic (La - P2; /m)[47], orthorhombic
(Y, Lu - Pnma)[48, 49], cubic (Dy, Er, Lu - F43m)[49]. This may depend, in part, on the
synthesis conditions. For example, the crystal structure of Nd-oxyhydrides can be modified
from tetragonal to cubic by either using epitaxy [50] or the sputtering pge, [5].

Anion sub-lattice

For RE-dihydrides and -trihydrides, the positions of H™ in the RE-lattice have been charac-
terised extensively. In general, it is understood that H™ occupies the tetrahedral interstitial
sites of the RE-lattice first, and then the octahedral sites for compositions where x > 2
(REH,) [46]. Some exceptions exist and this description is not strict, but it acts as a general
picture of the filling of interstitial sites in the RE-lattice as more H™ is added.

The situation with RE-oxyhydrides is more complicated due to the presence of two
different anions (0%~ and H™). For bulk powders of RE-oxyhydrides, a combined analysis
of the XRD and neutron diffraction patterns of the material gives a complete description of
the cation and anion lattices. In the case of stoichiometric powders of REHO (RE = La-Er),
it was found that anion ordering is present in the tetragonal oxyhydrides (La-Nd), while
the rest are anion disordered and cubic (Sm-Er) [11]. Not only does this report suggest that
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anion ordering and cation crystal structure are inherently related, but it also predicted that
only tetragonal and anion-ordered RE-oxyhydrides have measurable H™ mobility. This
was later challenged by the works of Fukui, et al. [12, 47] where the best H™ conductor so
far (La-oxyhydride) exhibited a tetragonal crystal structure, but likely with anion disorder.
Notably, this La-oxyhydride was far from the stoichiometric LaHO composition (more
H-rich), which may partly explain the different conclusions [51].

Unfortunately, neutron diffraction is a somewhat inaccessible technique for thin films
due to the low interaction cross-section of neutrons with matter. Samples for this method
should be on the order of several millimetres thick, while our films are on the order of
nanometres in thickness. Therefore, other methods must be used to deduce information
about the anion positions in RE-oxyhydride thin films. One such method is X-ray absorp-
tion spectroscopy (specifically EXAFS), where an atom absorbs an X-ray and creates a
photoelectron which can backscatter from a neighbouring atom back to the absorbing
atom. Based on the interference effect caused by the backscattering of the electron, one
can obtain information about the local structure of the material. For Gd-oxyhydride, it was
found that the oxide ions preferentially occupy the tetrahedral interstitial sites, leaving H™
to take the remaining sites [52, 53]. In this way, the as-deposited RE-dihydride likely has
most H™ ions in tetrahedral interstitial sites. However, upon exposure to air, 02" ions take
those sites and push the H™ ions into the octahedral sites.

In general, we assume that our RE-oxyhydrides made by post-oxidation of an as-
deposited RE-dihydride are anion disordered due to the rapid oxidation (far from ther-
modynamic minimum) [44]. This is confirmed by computational methods (DFT), where
simulations of anion disordered Y-oxyhydrides better matched experimental observations
than the ordered compounds [51]. Lastly, NMR analysis can contribute further information
about the local structure and compositions of our RE-oxyhydrides [54, 55].

1.3 Photochromic Effect
1.3.1 What is photochromism?

The photochromic effect is one where an input of light (pwroo - photos) results in a colour
change of the material (y pwpa - chroma) [56]. A popular example of this in the literature
are Cu-doped Ag-halide glasses [57], where exposure to light creates photo-generated
charge carriers which become trapped; the holes (k") oxidise copper (Cu™—Cu?"), while
the electrons (e”) reduce silver (AgT—Ag®). These atoms of Ag® are mobile and create
metallic clusters which change the optical transmission of the glass, and the trapping of
the photo-generated carriers in this way prolongs the presence of this “dark” state of the
glass. The reverse process involves the recombination of these carriers, depending on the
diffusion of the Ag® atoms.

Other materials show a photochromic effect, though by other mechanisms. For pho-
tochromic organic molecules, light induces a reaction in the molecule such as photoiso-
merization, H* transfer, and others, altering the absorption of the molecule [56]. For some
inorganic systems, colour centres form when photo-generated electrons are trapped in
vacant anion sites in the crystal structure, changing the optical absorption of the material
(e.g., CaF,) [58].

The photochromic effect in RE-metal oxyhydrides, on the other hand, is not easily
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explained and several lines of reasoning are present in the literature. One explanation is in
analogy to the Ag-halide glasses, where metallic centres are formed in the RE-oxyhydride
matrix [59-61]. Other models focus on reactions with the H™ ion to form different optically
absorbing species (e.g., “dihydrogen”, (OH)™) [40, 62] or the release of gas during the
experiment [63]. Starting from a different premise, some suggest H™ exchange between pre-
existing phases in the material [64]. At present, there is no consensus on which ideas and
experimental evidence are the most relevant. As well, there is no single technique which
will answer these questions directly. Therefore, below is an overview of some experiments
performed on RE-metal oxyhydride thin films and the influence (or lack thereof) on our
understanding of photochromism.

(a) (b)
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Figure 1.3: (a) Transmission spectra for the transparent state (yellow) and the darkened state (grey) used to
calculate the average transmission < T >. (b) An example of a measurement of photochromism, where the y-axis
is the relative contrast and the x-axis is time. The relative contrast (T —Ty|/T) is obtained considering the original
transparency of the film (Tp). All values of T are actually the average transmission < T > for a wavelength range
of 450-1000 nm. The shaded yellow rectangle indicates the illumination period, during which, the relative contrast
increases from 0. The reported value in the literature is the maximum colour change after the illumination period
(AT). The amount of time required to return to the original transparency is measured by the bleaching speed ().
The visual appearance of the film is pictured above the graph, being yellow transparent at the beginning and end
of the measurement, but opaque during illumination.

1.3.2 Terminology

Throughout this thesis, the photochromic effect in RE-oxyhydrides will be described by
two figures of merit: (1) the photochromic contrast (AT), and (2) the bleaching speed (zp)
(Fig. 1.3). The first is a measurement of the extent of colour change the material showed
after a given illumination time. In general, it can be expressed as an absolute (T /T) or
relative contrast (|T —Ty|/Tp), with the latter being used most often in this thesis. In these
expressions, T is the original average transmission of the material before illumination.
The bleaching speed is a measure of the speed with which the original transparency of
the film returns after illumination is stopped. This is modelled by a first-order kinetic rate
constant [38].
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1.3.3 What influences photochromism & what doesn’t?

Experimental effects

Some basic details about photochromism come from the tuning of experimental parameters.
The illumination conditions, for example, can be changed in a variety of ways. Most
significant is the energy (wavelength) of the incident light which should be large (short)
enough to induce the photochromic effect [65, 66]. In general, this suggests that the
photochromic effect is initiated by carrier promotion across the band gap. In cases where
light with very low energy (e.g., ~510-570 nm as in Ref. [67]) triggers a photochromic
response, it is likely that the measured films have a multi-phase nature.

The temperature at the sample stage has been shown a number of times to influence
the photodarkening and bleaching speeds of the sample, with darkening observed at
temperatures as low as 5 K [5, 68, 69]. In short, higher temperatures lead to faster bleaching,
meaning that bleaching is a thermally activated process. This also affects the contrast,
which is lower at high temperatures where bleaching is faster. This leads to the suspicion
that the two figures of merit (contrast and bleaching speed) are directly related, though
this idea is later challenged in this thesis (Chapters 3 & 4).

RE-oxyhydride composition

The composition of RE-oxyhydrides is an important factor for photochromism and can
be broken down into different aspects. The choice of RE-cation appears to change both
the photochromic contrast and bleaching speed, especially when comparing Sc, Y, and
Gd which are cations from different periods of the periodic table [37]. As the cation size
increases, the photochromic contrast increases and the bleaching speed becomes faster. On
the other hand, when comparing Nd- and Gd-oxyhydrides which are in the same period,
the difference in photochromic contrast is negligible as described in Chapter 3 and Ref.
[5]. This can be interpreted to mean that the size of the cation is important because of the
lattice size or the stability of the “dark phase” produced with different cations.

A somewhat more significant effect stems from the anion ratio (O:H), where more
H-rich oxyhydrides have a higher photochromic contrast, yet slower bleaching speed
[5, 37, 70, 71]. It has also been suggested that not all oxyhydrides may have photochromic
properties, with very H-rich phases being potentially unstable [51]. As well, in Chapter 4
and Ref. [72], it is proposed that if all the octahedral sites are vacated, the photochromic
contrast will reduce to 0%. These observations point to the idea that the amount of H™ in
the material and its position in the lattice is a key component to photochromism.

Annealing & crystallinity

Most protocols for the deposition of RE-oxyhydride thin films involve a series of steps at
room temperature. This generally results in a polycrystalline as-deposited RE-dihydride
thin film, which is then rapidly oxidised in air. Several authors have noticed that the
resultant oxyhydride films have a number of imperfections including texture or preferential
orientation of certain planes [5, 37, 52, 61, 71], differences in grain size due to the deposition
pressure [71] or film thickness [73], and residual stress [5, 64]. On a smaller scale, there is
always a certain number of cation point defects present in the films [61], perhaps related
to an intrinsic defect concentration. Other defects may be present, such as compositional
inhomogeneity, especially for thick films which must oxidise starting from the surface.
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Heating RE-oxyhydrides at moderate temperatures (87°C), as shown in Chapter 3
and Ref. [5], already changes the photochromic properties of Gd- and Nd-oxyhydride thin
films, primarily by increasing the bleaching speed, leaving the contrast nearly the same.
The same has been shown for Y-oxyhydride thin films heated below 100°C, although above
this temperature, the contrast decreases due to oxidation [42]. Heating RE-oxyhydride
thin films below 100°C does not seem to change: (1) the anion composition [42], (2) the
XRD pattern regardless of heating duration (crystal lattice, residual stress, and texture the
same) [5], nor (3) the cation point defect structure [5]. Thus, something else is affected by
this moderate annealing, resulting in a slower bleaching speed for the same contrast. One
possibility is the irreversible formation of neutral divacancies which has been observed in
Y-oxyhydride after illumination [37] and heating [74], and in Nd-oxyhydrides after heating
(Chapter 3), potentially due to H; liberation from the sample at these temperatures.

Recently, epitaxial Y-oxyhydride films were reported which transition from a trans-
parent insulating to a dark conducting state [40]. However, the reverse process (bleaching)
is not spontaneous as it is for the polycrystalline films. Instead, bleaching is forced in the
epitaxial films by heating them under an Ar atmosphere. This also points to a peculiarity
of the photochromic effect, the reversibility of which is apparently only spontaneous when
the film has certain imperfections.

Surrounding gas & protective coatings

Some authors have investigated the role of the surrounding environment for pho-
tochromism, concluding that either air is required for bleaching because O-atoms leave the
film during darkening [63], or that the environment around the sample has no influence
on the observed bleaching kinetics [66]. To address this debate with a different approach,
some have used protective coatings on the thin films in an effort to prevent, for example,
H; or O; from exchanging with the film. However, it was found that neither Al,O3; nor
SisN alone affected the photochromic properties [5, 75]. Therefore, material exchange with
the environment can be ruled out as a necessity for photochromism, meaning that the
photochromic effect can be considered an internal restructuring of the compound.

Isotopes & oxidation conditions

Anion isotopes (D, 170, 130) have been used either to study long-range diffusion through-
out the film [41, 76] or for an enhanced NMR signal to determine structural information
along with anion dynamics [54, 55, 77]. However, none of these isotopes seem to influence
the photochromic effect (Fig. 1.4a). Based on this, one can assume that long range mobility
of the anions is not an essential ingredient for photochromism. This is because the isotopes
are slightly heavier and larger than the “normal” anions, which should result in a slower
diffusion of the atoms, and perhaps a slower bleaching time. As well, as mentioned above,
the most H-rich oxyhydrides have the slowest bleaching rate [37], while also being the
best H™ conductors [7].

What is more notable, is the fast bleaching (g <10 min) that occurs for dry oxidised
samples. It was found, though, that this is not due to any preparation or oxidation methods,
but rather due to the age of the film (Fig. 1.4b). When measured right after removal
from the vacuum chamber (or right after oxidation in the glovebox, considered “day 0”),
the samples show very fast bleaching. However, after a few days of storage in air or in
the glovebox, the bleaching speed becomes slower. Interestingly, the sample stored and
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measured in the glovebox had a slower bleaching speed with age, while the contrast was
constant, different from the samples stored and measured in air. It may be that there are
several processes contributing to “ageing” such as oxidation in air/humidity, or internal
reactions within the film (e.g., H, liberation) as it stabilises after rapid oxidation.
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Figure 1.4: (a) Relative photochromic contrast for Y-oxyhydride (0.5 Pa) films (~1000 nm) made by oxidation
with dry oxygen gas (green), oxidation with isotopic oxygen gas (pink), and oxidation with dry oxygen gas
but deposition of the dihydride with deuterium (blue). The illumination time is 1 h. (b) Comparison of the 73
(y-axis) and photochromic contrast (x-axis) for samples prepared in three different ways: (1) oxidised, stored,
and measured in air (red), (2) oxidised with dry O,, stored and measured in air (green), and (3) oxidised with dry
Oy, stored and measured in the glovebox (blue). Each sample was measured on the day of deposition right after
removal from the vacuum chamber or just in the glovebox on day 0. A twin of each sample was measured on day
2-3 to check the difference in ageing.

1.4 H™ Mobility

1.4.1 Techniques

There has long been the idea that the photochromic effect involves the mobility of hydrogen
throughout the material in some form, be it H™, HO, or something else (see Section 1.3).
However, mobility is a very general word, and it is important to consider length- and
time-scales.

Length-scale refers to the length of the diffusion pathway of the ion. This can be
anything from local displacement from one site to another, to long range diffusion across
the entire length of the material. The latter, for example, is a necessary property for a
solid-state electrolyte. In terms of photochromism, it may not be necessary for atoms to
rearrange on a large length-scale for the reversible colour change to occur.

In addition, time-scale of diffusion is an essential aspect to consider because the visibility
of diffusion is usually dependent on the time-scale sensitivity of the technique used to
study the mobility [78]. Some studies, for example, use quasi-elastic neutron scattering
(QENS) to study hydrogen motion in oxyhydrides [10, 79], but this technique is sensitive
to local mobility (~1-100 A) on a time-scale of 107-107!2 s. Despite that, Bridges, et al.
[10] studied LaSrCoOsHj 7 by QENS, deriving a jump distance and time between jumps.
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They then used this information to estimate an ionic conductivity for their measurement
temperature range (685-750 K or ~412-477°C).

Next, muon spin rotation (u"SR), discussed in Chapter 2 and Refs. [69, 80], is also
sensitive to local mobility because the signal is dominated by the magnetic fields closest to
the muon, but the time-scale is somewhat different (107*-10~'2 s) depending on the sample
environment. It has been used in Li-based materials [81] and metal hydrides [82] to observe
the onset of diffusion, and in oxyhydrides to investigate possible diffusion pathways [80].

Solid-state nuclear magnetic resonance (NMR) can also be used to probe dynamics of
particular atoms and has been used to study oxyhydrides [54, 55, 83, 84] and photochromism
[77, 85]. NMR is capable of probing dynamics on a longer time-scale than the aforemen-
tioned techniques, extending into the regime of seconds. For example, NMR can be used to
differentiate between deuterium exchange with the atmosphere (intensity changes) as a
result of aging, and more localised ion motion (hopping between sites based on linewidth
narrowing) [77].

Electrochemical impedance spectroscopy (EIS) is a method by which ion mobility is
measured across the entire length of the material and the technique is, in principle, sensitive
to phenomena occurring between the 107°-10° s. Importantly, although this time-scale
overlaps with NMR to some extent, the length-scale probed by EIS is across the entire length
of the material, which is not necessarily the case for NMR that is sensitive to more localised
phenomena. EIS has been used to probe H™ conductivity in a variety of oxyhydrides (e.g.,
[6, 7]) and will be described in Chapter 5.

Last, density functional theory (DFT) can be used in a variety of ways to simulate
diffusion pathways and energetics in oxyhydrides [86—90]. Recently, some authors used
molecular dynamics (MD) and machine learning (ML) to create a model that matches the
observed high ionic conductivity, yet large activation energy barrier, found experimentally
for La-oxyhydrides [7, 91].

1.4.2 Strontium cobalt oxyhydride

The majority of this introduction focussed on rare-earth metal oxyhydrides, which generally
contain one cation (or two in the case of doping). However, this is only a small subset of
the oxyhydride world which includes a variety of perovskite oxyhydrides (two cations)
and complex Ruddelsden-popper oxyhydrides (three cations). One of the most well-studied
perovskite oxyhydrides is BaTiOs_,H, [2], likely because it was a good case study for a
number of techniques and helped the field learn about oxyhydride properties. What was
interesting to us at the beginning of this PhD was the transport properties of BaTiOs—,Hy.
There were several reports of high electronic conductivity [92-94], as well as labile H~
[79, 89, 95-98] in BaTiO3;_,H, powders and thin films. Eventually, BaTiO3;_,H, was used
as a reversible electrode in a device [99]. Despite all this, the ionic conductivity of this
material was never fully characterised because the high electronic conductivity of the
compound obscured the measurement of the ionic contribution.

We wanted to produce our own perovskite oxyhydrides in the form of thin films to
test if we could find efficient H™ conductors made by methods other than topochemical
and high-pressure synthesis. I chose strontium cobalt oxyhydride as the goal based on the
following selection criteria (considering the perovskite ABOs;_,H, composition):

1. the A cation should be Ba, Sr, or Ca
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2. the B cation cannot be expensive or rare (many transition metals eliminated)

3. the oxyhydride should be already reported in the literature, but not by high-pressure
synthesis (Ni, Zn, Cu, Mn, Sc, V, Cr eliminated as B-cation options)

4. the reported oxyhydride cannot have metallic properties (Ti and Fe eliminated as
B-cation options)

5. a small, dense pulsed laser deposition (PLD) target should be available commercially

Part of this selection criteria was practical; it would be difficult for us to synthesis our
own dense oxide pellets and even more difficult to develop a completely new perovskite
oxyhydride compound given the time and resources available. Part of the criteria was
also based on fundamental considerations, meaning that we wanted the material to be
an insulator so that the ionic conductivity could be dominant, a key property in view of
applications as electrolytes.

Strontium cobalt oxyhydride was reported to be an insulator (band gap 2.1 eV) made
by topochemical synthesis [100]. This synthesis took advantage of the fact that strontium
cobalt oxide is stable for a range of O-concentrations (SrCoOy, x = 2.5-3) [101-103]. The
presence of anion vacancies allows for possibility of H-insertion and formation of the
oxyhydride phase. As well, the two compositions of the oxide can be easily discriminated
by XRD since SrCo0; 5 exhibits a brownmillerite crystal structure, while SrCoOs is a cubic
perovskite [101-103]. In this way, after buying a target from the supplier, and during
different stages of deposition, the O-content of the oxide can be quickly validated.

The insertion of H™ can occur in situ by ablating the target in a combination of O,/H;
gasses [50, 104], co-ablation with SrCoOy and a hydride-containing compound such as
SrH; [105], ablation of the oxide in H, [105], or by topochemical synthesis under strongly
reducing conditions (i.e., post-reduction of an as-deposited oxide thin film) [100]. Some
literature is available about the deposition of O-deficient SrCoO; 5 thin films by PLD, giving
some indications about how to approach this synthesis [106]. For example, Jeen et al. [101]
showed that it is impossible to deposit SrCoOs by PLD and only the O-deficient composition
was attainable. Post-oxidation was required to achieve the SrCoO3 composition.

Eventually, this line of pursuit was ended due to the failure of the high voltage power
supply of the pulsed laser, a part which could no longer be replaced due to the age of the
laser.

1.5 This Thesis

The aim of this thesis is to better understand the photochromic effect in rare-earth metal
oxyhydride thin films, specifically with regards to the role of H™. This is done by (1) using
hydrogen-sensitive techniques, (2) developing rare-earth metal oxyhydride thin films with
different crystal structure, and (3) altering the chemistry and defect structure of the film by
aliovalent doping or annealing. As well, H™ is investigated in these films for its mobility
throughout the material by using techniques that operate in different time and length scale
regimes from muon spin rotation to electrochemical impedance spectroscopy.

The work of this thesis is within the context presented above:
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Chapter 2 explains the use of a H™-sensitive local probing technique (muon spin
rotation) to understand Y-oxyhydride thin films. Although mobility was not observed on
the time-scale (microseconds) of the experiment, we found a fraction of muonium which
recovered to a diamagnetic state in a way that was dependent on the local environment of
the sample. This led to the suggestion that a reversible local structural or compositional
rearrangement occurs during photochromism.

Chapter 3 is the first overview of Nd-oxyhydride thin films, investigating their struc-
tural and photochromic properties as a function of the O:H ratio. Nd-based oxyhydrides
are believed to have significantly better long-range H™ mobility than, for example, Gd-
oxyhydrides, partly due to the crystal structures (tetragonal vs. cubic, respectively). How-
ever, this difference did not matter for photochromism which appeared very similar in
Nd- and Gd-oxyhydrides, suggesting that long-range mobility is not a requirement for
photochromism. More important was the moderate annealing inadvertently performed
while applying a protective ALD-coating, hinting towards the importance of defects for
the reverse process of photochromism (bleaching).

Chapter 4 is another attempt at changing the chemistry of a rare-earth metal oxyhy-
dride to observe a change in the photochromic properties. Here, Y-oxyhydride thin films
were aliovalently doped with Ca to create anion vacancies. The photochromic contrast
decreased linearly with the amount of Ca in the sample, predicting 0% contrast for ~54% Ca.
We propose this to be due to a complete emptying of the octahedral sites. The bleaching
speed was faster with the addition of Ca, as the result of a larger pre-exponential factor,
and indicating that local H™ hopping may be important for bleaching.

Chapter 5 describes the use of electrochemical impedance spectroscopy for thin film
materials where the majority carrier is unknown. In our case, it is not clear a priori if rare-
earth metal oxyhydrides are electron, hole, ion, or mixed conductors. This chapter gives a
full description of how to address such a scenario with experimental evidence. Eventually,
we conclude that electronic conductivity is dominant in Gd-oxyhydride thin films, although,
at high temperatures, there may be a signature of either a measurement artefact, or H-
mobility as a result of material decomposition (e.g., H, release). Several suggestions are
given for improving measurements, and measuring other rare-earth oxyhydride materials.

Chapter 6 summarises results from experiments which cannot be directly explained,
specifically, observations of factors that reduce the photochromic effect and factors that
lead to very slow bleaching (>60 h).
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Structural properties & anion
dynamics of Y dihydride and
photochromic oxyhydride
thin-films examined by in situ
u*SR

Isidor Isaac Rabi (1944 Physics Nobel Laureate) on the discovery of the muon:
“Who ordered that??”

Thin-films of rare-earth metal oxyhydrides, such as yttrium oxyhydrides (YH3_2xOy), show a pho-
tochromic effect where the transparency of the films decreases reversibly upon exposure to UV
light. However, the exact mechanism behind this effect is unknown. In this paper, we describe
the behaviour of YHs_5,Oy thin-films, with different O?~:H™ ratios, under dark and illuminated
conditions using in situ muon spin relaxation (u*SR), and compare that to an oxygen-free reference
compound, yttrium dihydride (YH,_s). The muon acts as a local magnetic probe in our compounds,
giving information related to electronic, structural, and photochromic properties. Although YH,_s is
the parent compound to YHs3_», Oy, the muon behaviour in these two materials is different—the muon
electrostatically interacts primarily with H™ (dihydride) or O?~ (oxyhydride)—leading to the use of
different theoretical models. For YH,_s5, we observed the formation of an entangled H-y complex
and the onset of Mu* diffusion and H™ rearrangement above 150 K (E4r = 67 + 13 meV). For the
oxyhydrides, we adopted a transition state model, where Mu® formation and gradual Mu* recovery
take place, accompanied by the formation of a Mu™-O?~ complex and a polaron at the Y-cation. The
activation energy (E4 4i,) associated with Mu* recovery is dependent on lattice relaxation and is
lower for thin-films of higher H-content (E4 4i; = 29-45 meV). In situ illumination further reduces
this energy barrier for all measured oxyhydrides, suggesting that the photochromic effect involves a
reversible structural rearrangement during photo-darkening.

This chapter is partly based on D. Chaykina, et al., Structural properties and anion dynamics of yttrium dihydride
and photochromic oxyhydride thin films examined by in situ u* SR, Phys. Rev. B., 103, 224106, 2021. [1].
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2.1 Introduction

Multi-anion compounds are a relatively new and emerging class of materials, containing
two or more different anions [2]. While cation substitutions are more common, here, the
variation of properties is achieved by anion substitution. Specifically, this study focuses on
oxyhydrides, consisting of oxide (O?~) and hydride (H™) anions.

Rare-earth metal (RE) oxyhydrides undergo a photochromic effect, and exhibit ionic
conductivity as well. In particular, thin-films of REH3_;,O,, where RE = Sc, Y, Gd, Dy, Er
[3-6], show the photochromic effect, while powdered REH;_,,Ox (RE = La, Nd) [7, 8] are
reported as H™ conductors. Because of this overlap, we suspect that photochromism and
ionic mobility are related.

The photochromic effect is a phenomenon where the optical transmittance of a material
changes when it is exposed to light with photon energy greater than its band gap. Thin-
films of REH3_, Oy, for example, are transparent materials which become opaque under UV
light [9]. The mechanism behind this colour change in REH3_,, O, is not well-understood,
but may follow a similar mechanism to Cu-doped Ag halide glasses. When these glasses are
exposed to light, electron-hole pairs are generated and atoms rearrange, creating metallic
Ag" clusters that account for the dark appearance [10, 11].

Similarly, YHs_,,O, shows increased conductivity [9] and disappearance of the most
mobile H™ fraction [12] under UV light, suggesting an analogous mechanism. However,
there is an alternative explanation for photochromism which involves the presence of
optically active defects (known as colour centres) spanning the wide absorption range of
these materials [10, 13]. Further, although these materials may also be ion conductors,
according to Ubukata et al. [8], certain REH;_,,O, compounds are predicted to form
anion-disordered compounds which would impede ionic mobility. Thus, any ion diffusion
may be very local and not long-range.

To understand the photochromic effect, we investigated thin-films of YH3_,,O, by
low-energy muon spin rotation (LE-p*SR). These films are deposited by reactive magnetron
sputtering YH, at various deposition pressures (pyep), and are then oxidised in ambient
air [3]. If pgep < 0.4 Pa, the resultant film is metallic YH,_s5. Transparent YH3_5, O, films
are achieved when py., > 0.4 Pa, resulting in increasing O*":H™ ratio on exposure to air
as pgep increases. While YH;_s films are non-photochromic and metallic, the addition of
oxygen changes the films to transparent, photochromic, and semiconducting YHs_,Oy.
The semiconducting gap is similar to that in the non-photochromic YH; phase. We showed
previously that several properties evolve with the change in O?":H™ ratio, including the
photochromic efficiency [6].

Here, we apply the muon spin rotation technique to study the electronic and structural
properties of YH,_s and YH3 5,0, thin-films. The muon (u*) is very sensitive to local
magnetic fields which, in these compounds, are primarily due to the presence of H™ ions
which carry large nuclear magnetic dipole moments. This technique has been used to
study ionic mobility in battery materials [14] and metal hydrides [15], as well as the excited
configurations of H™ in an oxyhydride (BaTiOs_,Hy) [16]. To investigate the photochromic
effect, we use in situ pi* SR where the sample is illuminated to induce the photochromic
effect during data collection.

In this chapter, we show that YH,_s and YH;_,,O, are distinctly different compounds.
Local H™ mobility and formation of a H- spin-entangled complex was observed in sub-
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stoichiometric YH_ . In the oxyhydrides, we used a transition state model [17] to explain
the muon behaviour. This model involves a temperature-driven change in the muon
configuration from interstitial Mu® (octahedral site) to bound Mu*-0?". The transition
is characterised by a lattice deformation and relaxation around Mu’, and the formation
of a polaron on the Y** cation. The associated lattice deformation had a lower activation
energy for H-rich oxyhydrides, and was further lowered by illumination. This suggests
that a reversible change in the lattice occurs during photochromism, providing an element
for the understanding of the photochromic mechanism in rare-earth metal oxyhydrides.

2.2 Experimental Methods

Thin-films of yttrium dihydride (YH,_s) and yttrium oxyhydrides (YHs3_2,O,) were de-
posited on 25x25 mm quartz plates (Ted Pella Inc.) by reactive magnetron sputtering as
described in a previous publication [3]. The deposition pressure was kept constant by a
flow of Ar and H, gases at a ratio of 7:1 Ar/H,. YH, 5 was deposited at a total pressure
of 0.3 Pa, while the oxyhydrides were deposited at 0.5, 0.6, and 0.7 Pa. From this point
on, they will be referred to as YHO-05, YHO-06, and YHO-07, respectively. Briefly, the
deposition pressure influences the O?":H™ ratio in the resultant films after exposure to air,
where a higher pressure leads to more oxidation and a higher O>":H ratio [6]. Deposition
times were chosen so that all the films were ~150 nm thick. The YH,_s was capped with a
thin layer of Pd (~12 nm) directly after deposition to prevent oxidation [18].

The band gap energies and photochromic properties of the films were measured optically
(Fig. 2.A.1) using a custom-built optical fibre spectrometer where the light sources were
a deuterium and a quartz tungsten halogen lamp (DH2000-BAL, Ocean Optics B.V.) with
a Si array wavelength-dispersive spectrometer (HR4000, Ocean Optics B.V.). The optical
transmission of the YH3_,, O, films was measured the day of deposition, 5 days after, and
10 days after to ensure that the air-oxidation process was complete (Fig. 2.A.2. Tauc plots
were used to determine the indirect band gap energies of the YHs_5, O, films (Table 2.1
and Table 2.A.1).

The photochromic properties were probed by illuminating the YH;_,, O, films with a
narrow wavelength LED (A = 385 nm, I ~ 75 mW/cm?) for 2 h and measuring the average
transmittance (1 = 450-1000 nm) with respect to time. After 2 h, the LED was turned off
and the bleaching process was measured for several hours. The resultant contrast and
bleaching rate constants are shown in Table 2.1. The contrast is the amount of colour
change which occurs during illumination, or the change in transmittance after 2 h compared
to the initial value [3, 6]. The return of original transparency after the LED is turned off
is characterised by a bleaching rate constant, rp, based on first-order kinetics [4, 6]. All
optical measurements were taken at room temperature (~295 K).

Muon spin relaxation (u*SR) experiments were done with the low-energy u* SR spec-
trometer (LE-p*SR) at the pE4 beamline [19] of the Swiss Muon Source (Paul Scherrer
Institut, Switzerland). Transverse field (TF) and zero field (ZF) configurations were used,
where the applied magnetic field in the TF had a magnitude of 10 mT. The temperature
was varied between 10-300 K for the TF and 10-260 K (YH3_5,O,) or 10-300 K (YH,_s) for
the ZF experiments. The implantation profile of the muon beam was simulated for various
implantation energies using TrimSP [20, 21], and the implantation energy of 13.5 keV was
chosen specifically to probe the centre of the film. For in situ experiments, a bluepoint
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Table 2.1: Summary of oxyhydride properties measured by optical methods. The indirect band gap (E) values for
samples 10 days after deposition are shown along with two parameters describing the photochromic performance
(contrast and bleaching rate constant, 73, at 295 K).

Compound Name Eg (eV) Contrast (%) g (min)

YHO-05 2.50 £ 0.05 21 41+ 8
YHO-06 2.55 +0.04 16 23+3
YHO-07 2.58 £ 0.03 10 12+ 2

LED (HoenleGroup, A = 365 nm) was mounted along the muon beam direction. YH3_5, 0,
films were illuminated during the y*SR measurements for ~2 h at T = 50 K and allowed to
bleach back to their original state for several hours.

2.3 Results
2.3.1 Yttrium dihydride, YH,_;

Transverse Field

Transverse field (TF) measurements were performed for the entire set of samples to char-
acterise their electronic properties and distribution widths of their local magnetic fields
(ABjocqr)- In particular, we use this information to characterise the structure of metallic
YH;_s and the mobility of H"/Mu™ in its lattice. The YH,_s data was fit by a Gaussian
cosine [22]:

1
A(t) = Agiar cos(2rvt + ) e 20t , (2.1)
where Ay, 7F is the diamagnetic asymmetry (decay asymmetry of the muons precessing

at the Larmor frequency), v is the Larmor frequency (related to external applied field,
Beyt), and o7r is the Gaussian relaxation rate (related to ABy,.q). More specifically, the
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Figure 2.1: " SR spectra for YH,_s under (a) TF of 10 mT and (b) ZF conditions. Measurements taken at 10 K and
300 K appear as blue and orange points, respectively. Solid curves correspond to best-fit analysis (see text).
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relationship between v and B,y is given by

V= Yp Bext

= (2.2)

where y, is the muon gyromagnetic ratio (y,/2 = 135.53 MHz/T) [23]. Figure 2.1a shows
fitted spectra of the time evolution of the muon spin polarisation at the two extremes of
temperature (10 and 300 K). The frequency of the oscillations is related to the precession of
the muon spin in the B,,;, described by the aforementioned Larmor frequency. The Agi,r
is obtained from the amplitude of the oscillations, while the o7r comes from the rate of
decay of the cosine.

The electronic properties of our films are deduced from the asymmetry (Agiq rr) (Fig.
2.2a). The asymmetry is close to the maximum values of the LE-u* SR spectrometer and
independent of temperature, consistent with the fact that YH;,_s is metallic. In general,
implanted muons (Mu™) can interact with electrons during thermalisation to form param-
agnetic muonium (Mu®) [24-26]. This Mu® is normally considered a “missing fraction" of
the asymmetry because its fast precession and depolarisation make it difficult to observe
in most "SR experiments [27]; thus, formation of Mu® results in a reduced diamagnetic
asymmetry. However, in metals, Mu® formation is prevented due to electron shielding of
the positive muon [23]. In YH,_s5, we determine the maximum asymmetry attainable in
our experiments, Agig max = 0.2361£0.0012. This is similar to other studies carried out at
the same instrument [20] and acts as a reference point to characterise the oxyhydrides,
discussed later.

The magnitude of orr (~0.22 ps™!) at low temperatures (T < 150 K), shown in Figure
2.2b, is a clear indication that the local field distribution experienced by the Mu™ is related
to the nuclear dipolar fields of the surrounding nuclei, and similar values were found
in other metal hydrides [15, 28]. The nuclear dipolar fields are primarily the result of
neighbouring H™ anions with a minor contribution from Y?* cations. This is due to the
large magnetic moment of hydrogen and negligible magnetic moment of yttrium in their
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Figure 2.2: Temperature dependence of the fitted (a) asymmetry and (b) relaxation rate from TF (B = 10 mT) data
of YH,_s (green, dashed), YHO-05 (navy), YHO-06 (red), and YHO-07 (yellow). These were obtained from Eq (2.1)
for the YH,_s and Eq (2.8) for all the oxyhydrides. In (a), the asymmetry is converted to the Mu® fraction based on
Adiamax (0.2361 £0.0012) by fy 1,0 = (Adiamax — Adia1F(T))/ Adiamax- Dashed and solid curves are guides-to-the-eye.
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most abundant isotopes ("H = 2.79 pn, Y = 0.14 puy). The hydrogen nuclei surrounding the
muon have random spin directions, generating a distribution of local magnetic fields with
a Gaussian shape. Each muon sees a slightly different set of randomly oriented nuclear
spins, resulting in the total muon depolarisation observed in the experiment. Thus, o7p
can be used to study the behaviour of H™ in YH,_s.

At low temperatures (T = 10-150 K), orF is constant (Fig. 2.2b), suggesting that the
distribution of local magnetic fields, ABjyqy, is static (dABy,eq/dt = 0) with respect to the
muon lifetime (2.2 ps). Above 150 K, orr decreases with increasing temperature, a clear
sign of the onset of dynamic behaviour known as “motional narrowing". If the Mu* or
the nuclear magnetic moments around it start to move, the By, distribution will appear
effectively narrower and the relaxation rate will decrease as a result. Potentially, both the
Mu* and the surrounding H™ ions begin diffusing above 150 K. Because it is not possible
to differentiate between Mu™ and H™ diffusion by p*SR [29], we assume at this point that
both are mobile.

The Abragam function can help to further characterise the “motional narrowing" effect
in YH,_s [22, 30]:

o,

szg exp(-Tt) —1+t]

A(t) = Arr gia exp[—

cos(2nvt + @) .

(2.3)

This is a general function describing dynamics which considers a Gaussian relaxation (o)
with the addition of a hopping rate (I'). When fitting the data, 0,5s Was fixed to the low
temperature value of orr from Figure 2.2b [31, 32]. As seen in Figure 2.3, T is nearly zero
between 10-150 K, confirming that no dynamic behaviour occurs in this temperature range.
Above 150 K, T is non-zero and constantly increasing, indicating the onset of diffusion
since the hopping rates, particularly above 200 K, are larger than o4, ~ 0.2 MHz [22, 30].
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Figure 2.3: The points indicate the hopping rate, I', obtained from fitting YH,_s TF data by the Abragam function,

Eq (2.3). These were further fitted by an Arrhenius equation (dashed line). The activation energy derived from
this plot reflects the energy barrier for Mu*/H™ hopping in YH,_; thin-films.
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The temperature dependency of the hopping rate is fitted by an Arrhenius equation
(dashed line,Fig. 2.3):
Ear

T =T _ZADY 2.4

sexp(— ) (24)

where I, is the pre-exponential factor or attempt frequency, E4r is the activation energy,

and kg is the Boltzmann constant. The E4r for Mu*/H™ diffusion here is 770 + 150 K (67 +
13 meV) with a I', of 5.6 + 3.0 MHz. The interpretation of this is discussed in Sec III.A.3.

Zero field

The interaction between the muon spin and the sample environment under zero-field (ZF)
conditions is different from what was observed under TF. In the latter case, the applied Bex;
is often larger than the strength of the interactions with the surroundings, so the muon spin
simply precesses as Mu* with a depolarisation rate determined by the field distribution of
the surrounding nuclear magnetic dipoles. In the absence of Bey;, the Mu™ can, for example,
form a spin-entangled complex with neighbouring nuclei. This is particularly relevant for
systems containing atoms with large nuclear magnetic moments (such as H™ and F~), and
has been used to describe muons in metal hydrides [15] and oxyhydrides [16]. We use the
ZF depolarisation signal of the complex to further analyse the structure of YH;_s and the
mobility of H"/Mu*.

The static and dynamic Gaussian Kubo-Toyabe (KT) functions were also considered for
analysing the ZF data, detailed in the appendix (Table 2.B.1-2.B.4). The static-KT analysis
was disregarded due to a lower fit quality. The dynamic-KT analysis leads to comparable
fit quality as the H-p complex, but with significantly higher relaxation rates compared to
the transverse field results, suggesting that this model is not compatible with the data.

The ZF spin depolarisation of the H-y complex considered here is described by the
following general expression:

A(t) = Fuy (Anp0zr, fau) + ANr, (2.5)

where Ang represents the fraction of non-relaxing muons which do not form the H-y state,
and Fp,, is an equation describing a spin-entangled H-p complex [16, 33]:

1 1 1
Fry = Amy (g + A cos(2r fy,t) + 3 cos(7r frut)
(2.6)
1
+ 3 cos(37 frut)) e 295"

In this equation, Agy, is the asymmetry related to the H-y complex, ozF is the Gaussian
relaxation rate due to surrounding nuclei, and fg, is a frequency which depends on the
distance between H™ and Mu™ by [16, 34]:

_ Hohyuyw
Sfau = “entdd (2.7)
Here, y, and yy are the gyromagnetic ratios of a muon and a hydrogen atom, and d is the
H-y distance. An H-p-H complex is also possible and has been used in highly concentrated
systems [33-35]. However, we dismiss it here because it did not match the oscillations in
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Figure 2.4: Summary of parameters fitted from the H-y equation. The grey separation denotes the static-to-
dynamic transition found from TF, with mobility beginning above 150 K. (a) The ZF asymmetry contributions are
compared to the asymmetry found from TF. The sum of the two ZF contributions (Ap, + AnR) is equivalent to
Arr di- (b) The fitted frequency (black) and calculated H-y distance (purple). (c) Comparison of the Gaussian
relaxation rates from TF (green) and ZF (black). (d) Image of the proposed muon stopping site in YH,_s5 based on
the H-y1 equation fitting (see text).

our data (Fig. 2.1b), likely due to the structural properties of YH,_s involving the presence
of anion vacancies, as discussed below.

The asymmetry contributions are plotted in Figure 2.4a. Ag, accounts for the majority
of the total asymmetry and is independent of temperature. Since we observe this even
above the static-to-dynamic transition temperature of ~150 K, we infer that the majority
of Mu™* are in the H-p1 complex for the entire temperature range (10-300 K). It is important
to note that the total asymmetry (Ap, + Anr) is equivalent to the asymmetry found in the
TF experiments (Arr), validating the use of Eq (2.5).

The frequency, fqr,, and the corresponding H-p distance are plotted in Figure 2.4b.
Up to 150 K, the H-i1 distance is constant with a value of 1.71 + 0.01 A. From this value,
we propose a muon stopping site (Fig. 2.4d) where Mu* (the option Mu™ is unlikely for
the H-u complex in YH, 9, as explained in footnote: !) is placed next to a H™ ion, and

The diamagnetic character of the depolarisation signal shows that the muon is either in the Mu* or Mu~ state.
However, the short H-y1 distance points to a strong binding of the muon to a neighbouring H™, indicating that
the muon is positively charged. Moreover, for the muon to accommodate two electrons in a Mu™ state, the
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adjacent to an anion vacancy. We choose this site for several reasons. First, the distance
between two anion sites is much larger than the H-p distance, so the Mu* cannot be in a
nearest neighbour anion position (tetrahedral to: tetrahedral ~2.75 A, octahedral ~2.38 A).
Second, the equation for an entangled H-u-H (see e.g. Ref. [33]) complex did not fit the
data, suggesting that the Mu™* is not surrounded by multiple equidistant H™ ions. Lastly,
an anion vacancy in this compound should be positively charged, slightly repelling the
Mu"* and pushing it towards the neighbouring H™ ion electrostatically.

Elongation of this H-y “bond" is observed for T > 150 K; however, the error bars are
very large as the frequency becomes poorly defined at high temperatures, visible also in
the spectrum in Figure 2.1b. This elongation can be the result of thermal vibrations [33]
or Mu*/H™ hopping [15]. For T ~ 200 K, thermal vibrations are likely dominant since the
hopping rate from TF was also low. However, for temperatures above 260 K, the frequency
becomes ill-defined due to the gradual “breaking" of the H-y bond as the two species move
away from each other in favour of mobility.

The Gaussian relaxation rate, oz, is compared to orr in Figure 2.4c, with ozF coming
from Eq (2.6) and o7 from Eq (2.1). Both relaxation rates are temperature-independent
in the range of 10-150 K, indicating static behaviour. The value of ozf is larger than
orr because in the TF, only the magnetic field distribution along the direction of Bey;
is measured, while in the ZF case, the muon is sensitive to the field distribution in all
directions [22]. This results in ozF > o7F.

Above 150 K, o7r decreases while oz increases, both of which are indicators of Mu™/H™
diffusion. The different temperature trends are a result of the different muon-sample spin
interactions. Under TF conditions, the spin-entanglement between Mu* and H™ is quenched,
and the muon is sensitive to the field distribution of the nuclear magnetic dipoles only.
When the Mu* or H™ begin to move, this field distribution is “motionally narrowed", as
mentioned before, and the relaxation rate decreases. In the ZF, however, the situation is
different because the muon is spin-entangled to a neighbouring H™. Mobility of the Mu*
and H™ leads to faster relaxation of the muon spin in this complex, thus a higher relaxation
rate [33]. This finding confirms that Mu* and possibly H, as discussed below, are mobile
above 150-200 K in our YH,_s films.

Implications on the structure & H™ dynamics of YH,_;

A YH,_s thin-film is used here as a reference to study the behaviour of YH5_5,O, thin-
films, which are made by air-oxidation of YH,_s. Based on the temperature independent
asymmetries in both TF and ZF, we conclude that no Mu® formation occurred in the YH,_s
film, in accordance with its metallic behaviour. Although Y-metal hydrides (YH,) span a
wide range of hydrogen concentration (0 < x < 3), only compositions where x approaches
3 are insulating, while the rest are metallic [18, 36]. To obtain the x ~ 3 semiconducting
state would require H; (g) partial deposition pressures much higher (py, > 10 Pa) than
what is used in our deposition procedure [3, 37]. The formation of the dihydride phase
requires only pp, > 1072 Pa [37].

muon would need to reside in an interstitial site like the H™, which is excluded in view of the observed short
H-p distance. Lastly, it is unlikely for a Mu™ to replace a H™ due to its light mass. Thus, although Mu™ may be
present in this material, the vast majority (~75%) of the muons behave as Mu* and are described well by the
H-p spin-entangled complex.
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Previous work has shown that the solubility of hydrogen in the dihydride phase ranges
between sub-stoichiometric YH; 9 and super-stoichiometric YH, ; [38]. These extremes
can be distinguished based on their optical properties, where YH; 9 shows an optical
transmission window, while YH; ; is opaque. Optical measurements show a transmission
window (Fig. 2.A.1), suggesting that our film has a composition of YH.; 5. In such a
compound there will be many anion vacancies due to the partial occupation of tetrahedral
interstitial sites by H™. These structural characteristics lead to the assignment of the muon
site in Figure 2.4d, explained in Sec III.A.2.. DFT calculations could be helpful in order to
examine in detail the muon site and energetics of muon binding in the H-u complex in the
sub-stoichiometric YH; ¢ phase, but are also challenging in view of disorder that may be
present in the H™ anion sub-lattice.

We observe dynamic behaviour in YH_; ¢ above 150 K, which we attribute to Mu™*
and H™ mobility. The activation energy Exr we derived for this mobility (67 + 13 meV)
is much lower than the values obtained in other metal hydrides (e.g. TiH,.5 and YH,.s)
for long-range H™ motion (~400-500 meV) [28, 39-42]. It can instead be related to local
anion reorganisation. Particularly, Kossler et al. [28] found two “motional narrowing" steps
in YHj g9, with the first relating to anion reorganisation (H™ moving from tetrahedral to
octahedral sites) and the second relating to long-range H™ diffusion. Additionally, a similar
onset temperature was reported in YH; ; where, at 155 K, the resistivity changed due to
the reorganisation of H™ anions in the octahedral sites, many of which are vacant [43].
Therefore, it is likely that in this YH. ¢ thin-film there is also a local rearrangement of H™
and vacancies above ~150 K.

The activation energy E4r obtained here is likely influenced by the simultaneous diffu-
sion of Mu* throughout the material. Mu* diffusion was reported in several other fcc metals
with comparable activation energies [31]. Not only is it impossible to distinguish between
Mu?' and H™ by "SR [15, 29], but the Mu™ is lighter in mass than H™, so it expectedly
will move faster than the H™ which may result in a lower Er. Initial z~SR measurements
have been performed for MgH; to decouple Mu™/H™ motion and to understand how they
contribute to the overall mobility observed in y*SR experiments [29, 44]. Therefore, we
conclude that above 150 K, Mu* diffusion and H™ anion reorganisation contribute to the
overall mobility in YH- ¢ thin-films.

2.3.2 Yttrium oxyhydride, YH3_,, 0,
Transverse Field
Yttrium oxyhydrides require a different analysis of the y"SR data. This is due to the
presence of both H™ and O?~ in the compound, where both ions can influence the muon
behaviour. In addition to various y™-H™ interactions, the muon can bond to 0%~ as y™-0%",
seen in many oxides [17, 45, 46]. Further, we must consider that the addition of oxygen
leads to the appearance of semiconducting properties. Thus, we follow a different type of
analysis for YHs_,,Oy (compared to YH,_s), acknowledging these aspects.

Unlike YH,_s (Eq (2.1)), the TF data for the YHs3_;, O, thin-films (Fig. 2.C.1) was fit by
an exponentially damped cosine:

A(t) = Agigrr cosrvt + @) e ATFt (2.8)

where Ay, rr is the diamagnetic asymmetry, v is the Larmor frequency, and Arr is the
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exponential relaxation rate. In general, a Lorentzian By, distribution is used to describe
a dilute distribution of magnetic moments [22, 47] or rapidly fluctuating magnetic fields,
either due to fast muon diffusion or due to fast fluctuating magnetic moments [32, 48]. In
our case, the Lorentzian By, distribution is likely due to the presence of quickly fluctuating
magnetic moments near the muon because the H™ content in YH3_5, Oy is too high (O*~:H~
~ 0.5) to be considered a dilute magnetic system [5].

The Agiqrr values of the YH3_2, O, films follow a very different trend compared to
YH,_s (Fig. 2.2a). While the asymmetry in YH,_s is high and temperature-independent, the
asymmetries of the YH3_,, O, films are reduced and constantly increasing with temperature.
In general, we find values smaller than Agigmax due to Mu® formation, which is very
common in semiconductors and insulators [23-26]. As stated previously, Mu® is difficult to
measure under our experimental conditions and appears rather as a “missing fraction" of
the diamagnetic asymmetry. We observe that for more insulating thin-films (higher py.,),
the amount of Mu® increases, indicating a relationship between the O?":H™ ratio and the
electronic properties of the material. For example, YHO-07 (which has the largest band gap
of 2.58 + 0.04 eV and highest O?~ content [5, 6]) showed the largest Mu® fraction (Table
2.2).

Interestingly, the YH;_;,O, asymmetries show a temperature dependence, increasing
over a broad temperature range. We conclude that this is due to a gradual recovery of the
diamagnetic muon state (Mu™ or Mu™). Such recovery may occur due to Mu® ionization
or charge carrier capture. First, thermally-driven Mu® ionization typically occurs in a
narrow temperature range [24, 49-51], which is not the case here. Next, Mu’ formation
and capture of thermally excited charge carriers has also been observed in lowly doped
semiconductors where Mu’ forms a defect level close to the valence or conduction band
[51, 52]. However, although our samples likely have low carrier densities (based on their
high resistivity [7-9, 53]), this process should again occur in a narrow temperature range
(related to the defect level) and not gradually between 10-300 K. Instead, we propose that
Mu® is not the lowest energy configuration of the muon, and that it undergoes a site change
through a transition state, eventually forming Mu® [17, 54].

E E

A, dia AN

Interstitial Mu® — > Bound O*-Mu*- -e- -» Y3+
initial configuration final configuration  polaron formation

transition state

Figure 2.5: Schematic image showing the transition state model and the associated activation energies where the
muon makes a site change and forms a polaron on the nearest cation. Inspired by Ref. [17].

Such a transition state model has been proposed for several different oxides (TiO,
[55], ZrO; [56], Nb:SnO, [57] and Lu;O3 [54]), and a schematic representation of this
model is shown in Figure 2.5. A detailed explanation can be found in Ref. [17]. During
thermalisation, implanted muons may form Mu® and come to rest at an interstitial site.
However, the presence of this Mu® may cause a lattice distortion. As the lattice relaxes,
Mu’ may move to a bound state with a nearby O?" anion, via a “transition state". The
relaxation of the lattice and coupled movement of Mu® are related to an activation energy,
referred to here as E4 4i,.




2 Structural properties & anion dynamics of Y dihydride and photochromic oxyhydride thin-films

38 examined by in situ y"SR
B=10mT
@ g5 . . mr (k) 4, . . :
S g i
5 1 < :
= % o 08 .
| . =
+3 (<’—
= 75 v 1= =
-s = ol 1 e 3
= = [ ] -
§ : = YHO-07
L 70 .
1 " 1 " 1 0.0 1 n 1 " 1
100 200 300 100 200 300

Temperature (K)

Temperature (K)

Figure 2.6: Boltzmann fitting results of (a) the Mu™ fraction and (b) the Arr for three YH3_5, Oy thin-films (YHO-05
(navy), YHO-06 (red), YHO-07 (yellow)). The Mu™ fraction is calculated from the TF asymmetry in Figure 2.2 by
Sfaur =100 — fy 0. The relaxation rate, Arr, is normalised to the value at 10 K. Eq (2.9) and Eq (2.10) are used to
obtain the energy barriers (a) E4 gi, and (b) E4 5, respectively.

In the bound state, the electron density of the Mu’ shifts to a neighbouring cation to
form a polaron at the metal cation. The formation of this polaron is associated with an
additional activation energy (E4 ;), sometimes called the muon-electron binding energy
[17, 56]. In general, E4, is lower than E4 4, [17, 56]. In this way, although the muon
initially forms interstitial Mu’, as the temperature increases, more muons can surmount
these energy barriers in favour of the final Mu*-O?" state.

Table 2.2: Summary of the E, energies (from optical measurements), Mu? fractions (fj,0), and activation energies
(E4) (from p*SR) for YH,_5 and YH;3_,,Ox. Mu® fractions are from TF measurements and based on Agiqmayx. The
E4r is related to Mu™/H™ diffusion, found only in metallic YH,_s. The other activation energies are related to the
muon transition state model used to describe the muon behaviour in the semiconducting oxyhydrides (see text).

Name  fypo (10K) (%) fago (300K) (%)  Ear (meV)  Eagiq (meV)  Eaj (meV)
YH, ; 0 0 6713 - -
YHO-05 28 17 - 2942 1741
YHO-06 27 20 - 39+1 1241
YHO-07 30 23 - 4542 16+1

The activation energy E4 4;, can be determined based on the fitting of the increasing
Mu* fraction (Fig. 2.6a) by a Boltzmann-like equation [58]:

(100 _fO)Ne—EA,dia/kBT
1+ Ne Eadia/ksT

S (D) = fo+ (2.9)

where fy is the initial Mu™ fraction at 10 K, N is a density of states parameter (fixed at 1.7),
kg is the Boltzmann constant, and E4 g;, is the activation energy for converting interstitial
Mu’ to the bound state (Table 2.2).

In general, the values for E4 4;, are lower than what has been reported previously
in oxides (~120-260 meV) [17, 56]. However, our samples are different from previous
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work because they are not pure oxides, but contain a significant amount of H™ and anion
vacancies [5, 6]. Values outside this range have also been reported, for example, for CIGS
and CZTS thin-films which had E, 4;, barriers of 50-70 meV and 100-160 meV, respectively
[58]. This could be the result of the nature of the anions (Se or S, respectively), the amount
of defects, or other aspects. Differences may also be attributed to structural properties; the
E 4 giq values obtained for some monoclinic oxides were consistently larger than those for
cubic oxides [56]. Hence, we conclude that E 4 4;, depends on the local lattice structure of
the material.

Indeed, our values for E, 4, depend on the O?":H™ ratio, being higher as the films
become more O-rich (higher pg,,), which is likely due to structural differences between
the oxyhydrides. For example, the O?":H™ ratio determines the quantity and distribution
of vacancies in the interstitial sublattice (Fig. 2.7). Cornelius et al. [5] proposed an
anion-disordered model to describe the anion occupancy in REH3_;, O, thin-films, where
tetrahedral sites (T) are occupied preferentially by O?~ [59]. Since addition of O?~ leads
to removal of two H™, one from an octahedral (Oc) and one from a T site, more O-rich
thin-films have more Oc (and eventually T) vacancies. Interstitial Mu® likely stops in an
Oc vacancy, since this may be the only available site in the films measured here [6]. Thus,
the availability of vacancies and their quantity may affect the stability of the interstitial
Mu® state.

In some RE-oxides (Y,03 [60] and Lu,Os3 [54, 61]), the Mu® state was described as
the lowest energy configuration, opposite from our finding. These oxides are typically
characterised by anion vacancies. This suggests that, not only the quantity, but the type of
available vacancy is important for the muon behaviour. Vacant T and Oc sites differ, with
Oc sites being larger and 6-fold coordinated [59]. Thus, the Mu® state may be stabilised in
compounds with many Oc vacancies such as YHO-07, and further stabilised in the presence
of additional T vacancies, as in Y,0s.

filling Oc-sites =~ emptying T-sites

Y

photochromic

Figure 2.7: Schematic representation of yttrium dihydride (YH3), two oxyhydrides (YH3_2,Oy), and yttrium oxide
(Y203), highlighting their structural differences. In this anion-disordered model, partial occupancy of interstitial
sites is denoted by multi-coloured circles: Y+2/43 (black), H™ (blue), 0%~ (red), and vacancies (white). As the
Pdep increases, more oxidised compounds are formed, where YHO-05, YHO-06, and YHO-07 likely fall in the
photochromic range between YH,Og 5 and YHO. More detailed explanations can be found in Ref. [5, 6, 59].
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Another reason for the instability of the Mu® state in oxyhydrides may be the “flexi-
bility" or deformability of their lattices. While our compounds have a face-centred cubic
crystal structure, Y,03 has a bixbyite structure, which is a distorted fcc lattice [5]. This
distorted lattice may be resistant to relaxation around a foreign species like Mu®. Note
also that, H™ is a very polarisable ion [2] which can be mobile in hydrides (see above) and
oxyhydrides [7]. Thus, more H-rich oxyhydrides may need less energy for lattice relaxation
since this process is related to local atom displacements [17], and O?~ can be considered a
hard-shell ion while H™ is polarisable.

From the temperature dependence of Arp (Fig. 2.2b), an activation energy can be de-
termined based on another Boltzmann-like equation (Fig. 2.6b):

1

Arr(T) = e Ne kT’

(2.10)
where where the empirical parameter N relates to the shape of the binding potential (fixed
to 1.7), kp is the Boltzmann constant, and E, , is the muon-electron binding energy (Table
2.2). The magnitude of E4 ; is similar to what has been found for other compounds (5-15
meV) [56] and appears to be independent of the O?~:H™ ratio.

E 4, describes the shift of the Mu® electron density towards the nearest metal cation,
reducing its oxidation state (Y>*—Y?") and forming a polaron [17, 56]. At low temperatures,
the electron is close to the Mu™ in the bound state, resulting in a larger relaxation rate. But
as the temperature increases, the electron gradually moves closer to the cation, reducing
the hyperfine interactions between Mu* and the polaronic electron, and leading to a lower
relaxation rate. The Mu® electron density in Y,0s, for example, was described as being
centred on the cation by DFT [60]. As well, yttrium can be stable in a divalent oxidation
state (able to form compounds such as YH,_s) and has a relatively small reduction potential
(E° (Y3*/Y?*) = -2.81 V) [62]. Such cation reduction has also been seen in ZrO, [56] and
TiO; [55] where the oxidation state of Ti, for example, was reduced from 4+ to 3+ upon
formation of a polaron and transition to the bound Mu™-O?" configuration. In this way,
the transition state model explains the temperature-dependent trends of both the Mu™*
fraction (Agig7r) and Arr.

Zero Field

As we showed in previous sections on YH,_s5, ZF measurements can be used to both probe
different muon-sample interactions compared to the TF, and to give further evidence for
ideas derived from TF results. Similarly, for the oxyhydrides, we use the ZF results to
comment on the behaviour of H™ (to which the TF was insensitive), and to support the
transition state model we proposed based on the TF temperature trends.

In the YH,_s sample, the ZF data was considered in terms of H-y complex formation
and local mobility of H™ ions. A similar H-y complex was found in a metallic oxyhydride
(BaTiOs_,H,) [16], showing that such a complex can form despite the presence of O*~
and regardless of the (large) 0% :H™ ratio. However, in our YH;_5, O, films, this is not the
case. The muon behaviour more closely resembles the transition state model and the H-u
equation did not fit the data well (Fig. 2.C.1), possibly due to the amount of defects and
anion disorder present in our samples, as well as Mu® formation. Though a small fraction



2.3 Results 41

of muons may have formed this complex, other interactions between the muon and sample
environment are more relevant. Thus, a different treatment of the data follows for the
YI‘Ig_ZxOx films.

The ZF data for the YH;_,,O, films was fitted by a phenomenological description of
the static Gaussian Kubo-Toyabe (KT) equation:

1 2 1 2
A(t) = Agr(= + = [1=(Agpt)?] e 2Bz g =Azrt
®) KT(3 3[ (Azrt)7] ) (2.11)

+ ANR,

where Akt is the asymmetry related to the Kubo-Toyabe function, Azr is the Gaussian
relaxation rate, Azp is the exponential relaxation rate, and Ayg is related to the fraction of
non-relaxing muons. Without the exp(-Azrt) term, the static Gaussian KT function describes
a muon surrounded by static nuclear spins which generate an isotropic Bjy,y distribution
with a Gaussian shape [22]. However, if there are also rapidly fluctuating interactions of
the muon with surrounding electrons, adding the exponential term significantly improves
the fits by including the different contributions to the muon spin depolarisation [14, 44, 47].
This is especially important when dealing with the combined contributions of nuclei and
electrons which normally result in relaxation rates of very different magnitudes [14, 32, 44].
We note that longitudinal field (LF) measurements are also useful for discriminating between
different phenomena, and are open for future study.

Figure 2.8a shows the asymmetry contributions from Eq (2.11) compared to the TF
asymmetry from Eq (2.8). The sum of the ZF asymmetry components (Agr + ANg) is
equivalent to Arp. Further, the phenomenological KT equation represents the majority
of the data, with a small contribution from the non-relaxing muon fraction. Overall, the
asymmetry values support the use of the chosen fitting equation. However, Axr accounts
for the asymmetry of both Gaussian and exponential contributions simultaneously and
cannot be used to distinguish them.
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Figure 2.8: A summary of the fitting parameters obtained from the analysis of the ZF YH;_5,O, data with Eq
(2.11). (a) The asymmetry contributions from the ZF (Agr + Ang) are compared to the TF values. The sum of the
two ZF components is equivalent to the TF value. (b) The two relaxation rates contributing to the total muon
depolarisation, where Az is related to quickly fluctuating electron moments, while Az is related to nuclear
moments, mostly H™. Lines are guides to the eye.
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More detailed information about the muon environment can be obtained from the
relaxation rates shown in Figure 2.8b. The Gaussian relaxation rate can be related to nearby
nuclei (mainly H™). The magnitude of Azr (~0.2 us™!) is almost equivalent to the ozr
found in YH,_s (Fig. 2.4c) for static H™, in line with the fact that the films we measured
are oxyhydrides (or oxygenated YH,) with a significant quantity of H™ rather than the
oxide (Y,0Os3). Further, the largely temperature-independent trend of Azr suggests that
H™ is static within the muon lifetime (2.2 ps) for all three measured oxyhydrides. It is
possible that H™ mobility in these compounds is hindered by the presence of O~ ions,
anion disorder, and other effects. Thus, the onset temperature for diffusion may be above
300 K. In general, H™ conductivity in oxyhydrides has been reported for temperatures in
the range of 400-600 K [7, 63]. Further, some rare-earth metal oxyhydrides are predicted to
form anion-disordered compounds, reducing the ionic mobility [8].

The exponential relaxation rate, on the other hand, can be related to electron moments
and serves as further evidence in favour of the transition state model. We showed that in
YH,_;, relaxation rates related to nuclei with large magnetic moments (specifically H™) are
in the range of ~0.22 us™!. Thus, the magnitude of Az (~0.5 us™!) cannot be explained by
considering nuclei in proximity to Mu*. Rather, Az has to be the result of electrons near
Mu*, since only such interactions between Mu™ and electronic moments can lead to larger
depolarisation rates compared to interaction with nuclear moments [14, 32, 44]. This is
relevant to the transition state model where in the final configuration, Mu* is sensitive
to the magnetic moment of the neighbouring polaronic electron and the Mu*-polaron
distance increases with temperature, leading to a gradual reduction of the exponential
relaxation rate, Azf.

2.3.3 in situ Illumination

Rare-earth metal oxyhydride thin-films exhibit a photochromic effect [9], the origin of
which is not yet clear. We performed in situ p* SR experiments to see if the muon behaviour
is affected by optical illumination. This muon behaviour is discussed in terms of the
transition state model proposed in Sec. IIL.B.1, where samples measured “in the dark"
exhibit a gradual, thermally-driven Mu™ recovery.

Oxyhydride samples were illuminated and their photochromic response is shown in
Figure 2.9a. A transmission spectrum is collected every 15 s from which the average
transmittance (A = 450-1000 nm) is calculated with respect to time. The relative contrast is
plotted to normalise for the initial transmittance of the samples which differ slightly. The
samples were illuminated for 2 h by a 385 nm LED (grey area in figure), during which the
samples became opaque. After illumination, the original transparent state was recovered
within 2 h. The amount of colour change which occurred is called the contrast and the
time with which the samples return to their transparent state is called the bleaching time,
7g (Table 2.1). The calculations for these quantities are discussed in Ref. [3, 4, 6]. Higher
Pdep samples had the lowest photochromic contrast but the fastest 75, observed also in our
detailed studies of the py.,-dependence of the photochromic effect in various REH3_2,Ox
(6].

Twin samples (deposited alongside those described above) were measured by p*SR
using in situ illumination from a 365 nm LED. Only TF measurements were performed
and were fit by Eq (2.8), where two parameters are considered for this discussion: Arr and
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ArF gig- While Arp was constant during the measurement (Fig. 2.D.1), Arr 4i, showed a clear
difference upon illumination (Fig. 2.9b). As well, it shows a pg,,-dependence, with the
largest change in the asymmetry for YHO-05, which also had the greatest photochromic
contrast.

After many hours of bleaching (and a heating programme described in the supplemental
material), the samples returned to their initial value of Arp 4;, (Fig. 2.9b and Fig. 2.E.1). The
difference in kinetics is likely due to the lower experimental temperature, which generally
results in slower bleaching rates [11, 64, 65]. Nevertheless, these observations clearly
establish a relation between the optical and muon behaviour under illumination, showing
both reversible and pgep-dependent changes.

An increased asymmetry during illumination suggests a larger diamagnetic (Mu* or
Mu~) and a smaller paramagnetic (Mu’) fraction. This can happen for several reasons
(Fig. 2.10a). In general, we consider three muon populations in the oxyhydrides [17]: (1)
diamagnetic Mu™ which form the bound state promptly, (2) muons which start as Mu®,
but form the bound state (Mu™") via a transition state (delayed by lattice relaxation), and
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Figure 2.9: (a) The relative optical contrast with time for the YHs_,Oy films under illumination of a 385 nm LED
for 2 h at room temperature. The grey area indicates when the LED was on and inducing photo-darkening. (b)
TF asymmetry (Arr 4iq) from in situ illumination by a 365 nm LED for ~2 h at 50 K. Between the last two points
in every line, the temperature was increased incrementally to 300 K and then back down to 50 K to promote
complete thermal bleaching (Fig. 2.E.1).
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Figure 2.10: (a) Reactions showing the possible routes Mu’ may take to form a diamagnetic species (Mu™ or Mu~)
under illumination. Reverse arrows indicate the return to the original Mu® state once illumination is stopped.
(b) Schematic representation of E, 4;,, an energy barrier involved in the transition state model. E4 4i, decreased
for more H-rich samples, and further decreased by in situ illumination. Arp, and thus E4 4, was unaffected by
illumination (Fig. 2.D.1). Image inspired by Ref. [17].

(3) interstitial Mu® which account for the “missing fraction" of the asymmetry. The latter
two may be converted to a diamagnetic state by photo-induced ionisation [66, 67]. The
incident light energy was larger than the band gap, E,, thus, sufficient to ionise in-gap
states created by Mu® [60]. However, this is an unlikely mechanism because we expect
the recovery of the Mu’ state after light is ceased to be faster than what is shown in our
results. Here the asymmetry remained elevated for several hours. So, this process cannot
be treated as the main reason for the Arr g, increase upon illumination.

Generally, we assume that light exposure results in charge carrier generation. Since
the energy of the photo-darkening LED must be larger than E, to induce photochromism,
the first step in the mechanism is the formation of electron-hole pairs. Carrier generation
can lead to a decrease of the initial Mu® population after thermalisation and a lower Mu’
formation probability due to electron shielding. However, this would typically require
a very high carrier density (>10'® cm™3) [24, 68] which is likely not attained here under
illumination [7-9, 53].

Photo-generated carriers can also be captured by Mu® to form diamagnetic Mu™ or Mu™
(Fig. 2.10a). However, there must again be a sufficient number of charge carriers available
(>10'7 cm™3) [24, 68] such that Mu® formation and charge carrier capture occur very rapidly
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(within nanoseconds) and result in a larger diamagnetic fraction. Further, the relaxation of
ArF giq back to its original value is slower than expected for charge carrier recombination
[69], suggesting that this is not the reason for the observed reversible increase in Arr gi,.

In fact, the photochromic mechanism likely consists of many more reaction steps follow-
ing photo-generation of carriers. For example, in Cu-doped Ag-halide glasses, electron-hole
pair generation is followed by trapping, with A" oxidising copper (Cu*—Cu?*) and e~
reducing silver (Ag*—Ag?), eventually forming light-absorbing Ag-clusters [10, 11]. Trap-
ping of the carriers leads to a prolonged darkened state and a bleaching process which is
not instantaneous. Therefore, the aforementioned processes (shown in Fig. 2.10a) are not
the main contributors to the increased Arr 4i,. Rather, the photo-generated carriers may be
trapped at a defect, ion, or atom and the formation of a light-absorbing species affects the
muon behaviour.

Similar to Cu-doped Ag-halide glasses, a number of papers attribute the photochromic
effect in REH;_,, O, thin-films to the formation of metallic clusters (discussed more in sec-
tion IV.A.1) due to the increased electronic conductivity and decreased optical transparency
of the darkened state [9]. If metallic (n >10%! cm™) clusters are formed and are large
enough (>1 nm) to create sufficient static shielding of the implanted muon (Mu"), this can
prevent some Mu® formation, resulting in a higher diamagnetic fraction upon illumination.
The increases we see in Arp g, (2.9b) from the transparent (t = 0 h) to the photo-darkened
state (t ~2 h) (YHO-05: ~8%, YHO-06: ~5%, YHO-07: ~3%) would imply that the volume
fraction of a metallic phase decreases with increasing O?~ content, consistent with the
observed decrease in photochromic contrast (2.9a).

However, a volume fraction of ~6% of formed metallic clusters (from Ref. [70]) is hard
to reconcile with the large reduction in the Mu® fraction observed between the transparent
and photo-darkened states. This volume fraction would only account for ~30-40% of
the observed reduction in Mu® fraction. Further, the temperature-dependent recovery of
Arr giq (Fig. 2.E.1) is difficult to explain simply by metallic phase formation as we expect
similar recovery temperatures for all three films, which did not happen. The most notable
difference is between YHO-05 and YHO-07 which return to their original Arr 4;, at ~260
K and ~100 K, respectively (Fig. 2.E.1a-c), showing that the light-induced changes in
asymmetry are not a pure volume fraction effect. Instead, it appears that each YH;_5,O,
follows a different energy barrier height for bleaching to the transparent state.

Thus, although metallic cluster formation may be partially responsible for the increased
ATF gig, We propose that the main phenomenon driving this reversible behaviour is related
to the transition state model (Sec IIL.B.1). Within this model, Arr 4, depends on the energy
barrier E4 4;,, which is associated with the local lattice structure and the activation energy
of lattice relaxation. An increase in Arr g, suggests a decrease in E4 4;, during illumination,
leading to a higher formation probability of the bound Mu*-O?" state as more muons can
surmount this lower energy barrier (Fig. 2.10b). This can happen as a result of a local
lattice change which facilitates the Mu® site change or causes the interstitial Mu® state to
become less stable. Interestingly, the reversible increase in Arr 4;, shows the same trend
as a function of pg,, as the photochromic contrast and E4 g;4, supporting the connection
between the transition state model, photochromism, and the importance of structural
properties in the photochromic effect.

Along these lines, we conclude that a reversible change in the interstitial sublattice
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occurs during illumination, after which, some light-absorbing species is formed (e.g. metal-
lic clusters). The lattice change depends on factors such as the O?":H™ ratio, amount and
distribution of anion vacancies, ease of lattice distortion, and other structural properties.
Eventually, oxyhydrides with lower H™ content (and lower photochromic contrast) may
have smaller volume fractions of these metallic phases. Although this conclusion is possible,
other theories are discussed below to suggest alternative steps after the light-induced local
lattice changes (e.g. local lattice relaxations, octahedral site occupancy changes).

2.4 Discussion

2.4.1 Implications on the Photochromic Effect
When exposed to UV light, photochromic YH3_2, Oy thin-films exhibit a reversible and pye-
dependent optical response. Remarkably, we observe a correlated (reversible) increase in
the diamagnetic asymmetry of the muon during illumination. This suggests that the energy
barrier for lattice relaxation, E 4 4i4, is lowered by exposure to UV light, shown schematically
in Figure 2.10b. To understand this change in E4 4;, in terms of the structural properties of
YH3_,, Oy, we will discuss the various mechanisms proposed for the photochromic effect.
The first step of the photochromic mechanism in REH3_,, O, is the formation of electron-
hole pairs since the energy of the incident light must be larger than the E, to induce
photo-darkening. The subsequent steps and the identity of the light-absorbing species are
debated. Several ideas have been proposed and are summarised below, discussed in the
context of our "SR results.

Formation of metallic centres by 0>~ or H™ diffusion

In analogy to Cu-doped Ag-halide glasses [10, 11, 13, 64], several reports have suggested
that the photochromic effect in REH;_,,Oy is due to metallic cluster formation. Ellipsom-
etry studies on YHs3_»,O, thin-films, for example, suggested the formation of metallic
clusters (volume fraction ~6%) in a semiconducting matrix, stating that even 2% of such
clusters would result in a decrease in transparency of ~30% [70, 71]. We explained also in
section III.C. that metallic cluster formation (which follows from changes in the interstitial
sublattice) may explain up to ~30% of our observed changes in Arr gi,.

However, Baba et al. [72] proposed that such metallic phases are formed due to 0%~
diffusion, causing a reversible lattice contraction and formation of a highly oxidised thin-
film surface. Such O?" diffusion is hard to reconcile with the results of our study. We
observed photochromism at temperatures as low as 50 K, where O?~ ions are usually
immobile, even in O?~ conducting oxides [73]. Also, mobility in oxyhydrides is generally
seen to involve only H™, with 02 being regarded as stationary [7, 8, 63, 74, 75]. Likewise,
we find that 0%~ behaves as a hard-shell atom, compared to the polarisable H™ ion, making
0?~ diffusion difficult.

Alternatively, metallic centres can be formed by H™, rather than 0%, mobility. H™ has
been reported as mobile in metals [76], hydrides (see above), and oxyhydrides [7, 63]. As
well, an NMR study showed that a fraction of mobile H™ disappear or become stationary
upon illumination [12].

We note that, prior to illumination, we did not observe H™ mobility in the oxyhydrides
(Fig. 2.2b, trend of A7p(T)), contrary to this room temperature NMR study [12]. However,
this apparent discrepancy may be due to the time scale of a ™SR experiment, since mobility
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should occur within the muon lifetime (2.2 ps), while NMR is sensitive to slower dynamics.
So, H™ mobility in these materials may be slow with respect to the muon lifetime, making
1SR insensitive to this under our experimental conditions. Slow H™ dynamics could
potentially explain the prolonged darkened state and bleaching kinetics [3, 4, 6], where
H~ diffusion may act as the rate-limiting step for the formation/dissolution of metallic
domains.

Alternatively, a DFT study predicted a mobility bottleneck for REH3_2,O, containing
certain cations [8], with our photochromic materials falling in the ion-insulating regime
[3, 4, 6]. This implies that long-range H™ diffusion could be hampered in our photochromic
materials, and may be unrelated to the underlying mechanism. Short-range mobility,
though, may still play a role.

Hydroxide Formation

Another possibility is the formation of hydroxides (H*-O%") upon illumination, as observed
in mayenite (12Ca03-7Al,03) [77-80]. In this oxide, UV light exposure causes a reaction
where H™ ions are converted into hydroxides and release electrons, improving the con-
ductivity and the optical absorption of the originally insulating oxide. This reaction is
reversible and influenced by temperature.

As it appears to match some of our observations, the formation of a hydroxide species
in our materials seems worthy of future investigation (e.g. IR spectroscopy). The proposed
hydroxide may be analogous to the bound Mu*-O?" configuration, where Mu™ mimics H*.
This suggests that hydroxide formation may be possible in our materials, assuming the
muon behaves similarly to hydrogen which is not always the case [56].

However, a recent DFT study reported that, at room temperature, the hydroxide is
unstable in YH, O, and tends to dissociate quickly, prompting the authors to exclude this
mechanism [81]. More detailed studies of this reaction could be useful for determining the
stability of the hydroxide species and its role in photochromism. In particular, the initial
charge state of hydrogen can be important since, in our transition state model, Mu® is an
analogue of atomic hydrogen, H, not H™. It is possible that during illumination H° is
formed at the Oc (octahedral) sites of YH3_,,O, and acts as a mobile fraction, able to form
a hydroxide. Such details may be investigated by NMR.

Colour Centres

The most important structural characteristics of our oxyhydrides are the vacancy concen-
tration, vacancy type, and possibly the deformability of the lattice. In general, we expect
that the presence of fewer Oc vacancies (as occurs in more H-rich YH;_,,0,) and a more
deformable lattice lead to the lowering of E4 4;, by either lowering the stability of the
interstitial Mu® state or allowing for easier lattice relaxation. Since this energy barrier
decreases further during illumination, some of these structural properties changed, such
as the number of available Oc vacancies. This begs the question: what is occupying these
vacancies during illumination?

One explanation is that colour centres have formed. These were reported in other
photochromic materials [10, 82] and rare-earth compounds are known to form colour
centres in some situations [65, 83]. The most basic types are known as F centres, where
one electron is captured in a cation vacancy (F") or two electrons are trapped in an anion
vacancy (F7) [10, 83].
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The presence of a paramagnetic electron (F*) could lead to very fast depolarisation of a
nearby muon due to its hyperfine coupling with the muon. This would result in a higher
AdigTF upon illumination, contrary to our observations. Therefore, it is unlikely that an
F*-type centre is responsible for the photochromic effect here.

However, the capture of two electrons by an Oc vacancy (F~) might not impact the
muon depolarisation rate because these electrons would be paired. Also, there would
be fewer Oc vacancies available, which seems to promote the Mu*-O?" configuration by
lowering E4 4i, and increasing A, 7r- Although this appears to agree with our in situ pu*SR
results, a Y>*(F~) centre absorbs specific wavelengths [83], and may not necessarily lead to
the broad absorption range seen in REH3_2,Oy.

It should be noted, that many other types of colour centres are possible, and future EPR
measurements may help to elucidate this.

Dihydrogen Formation

A recent computational paper suggested that the photochromic mechanism involves for-
mation and dissolution of a “dihydrogen species", similar to a hydrogen molecule, H;
[81]. This molecule forms between two adjacent H™ ions in an octahedral vacancy and
creates a shallow donor level close to the conduction band edge. The activation energy for
formation, and especially for dissolution, appears to be related to the O? :H™ ratio. The
authors [81] show that dissociation of the molecule has the lowest energy barrier in O-rich
compounds, which may explain the faster bleaching kinetics which they also observe. This
theory is interesting because it does not require long-range structural rearrangements,
with “dihydrogen" formation on a very local scale.

The formation of a “dihydrogen species" in the Oc sites of the lattice could potentially
impact the muon behaviour. The stability of interstitial Mu® in an Oc site could change due
to the formation of a new molecule in the same octahedron, although the concentration of
this dihydrogen species needs to be very large to have a noticeable optical effect. We note
that the formation of a hydrogen muonium molecule (as an analogue of H;) by binding
of the interstitial Mu® to hydrogen is not expected, in view of its large thermodynamic
instability compared to the formation of a H, molecule [84].

However, it is important to note that Chai et al. [81] consider a defect concentration of
07" in what is essentially a YH3 lattice. In their DFT calculations, the highest O:Y ratio is
0.25. This is significantly lower than the lower boundary we expect for our photochromic
thin-films (O:Y = 0.5-1.0) [5, 6, 59]. We believe that the formation of H; upon illumination
requires a more in-depth experimental analysis (e.g. Raman spectroscopy).

2.5 Conclusion
Photochromic rare-earth metal oxyhydrides darken reversibly over a broad range of wave-
lengths when exposed to UV light. Based on p*SR data, and the electronic and struc-
tural properties of our materials, we proposed models to describe the muon behaviour in
YH;_5,O, thin-films with different O>~:H™ ratio, compared to metallic YH,_5 which serves
as a reference compound.

Briefly, YH,_s shows a H-u complex, which competes with the onset of Mut/H™~
mobility above 150 K. The oxyhydrides, though, are better described by a transition state
model, where a transition between interstitial Mu® and bound Mu™-0?" occurs, dependent



2.5 Conclusion 49

on the activation energy for lattice relaxation, E, 4i,. This barrier decreases with reduced
O?":H" ratio, and is influenced by structural factors such as the concentration and types of
available anion vacancies, and the deformability of the lattice. We also observed polaron
formation at the Y-cation together with the formation of the bound state.

Upon illumination of the YH3_;, O, thin-films, we observe reversible changes in the
diamagnetic asymmetry of the muon related to the transition state model and correlated
to the photo-darkening. Assuming the muon mimics hydrogen, one option to explain
these changes is the formation of a hydroxide during photo-darkening, possibly from
HO, although a previous DFT study suggested that the hydroxide is unstable at room
temperature. Another option is that changes occur in the interstitial sublattice during
illumination which lower the energy barrier for muon site changes, thereby increasing the
diamagnetic muon fraction. Particularly, there may be fewer available octahedral vacancies
in the darkened state which could be populated by electrons (colour centres), a dihydrogen
species, or H™ ions slowly moving between sites. Additional measurements are needed to
understand the full reaction scheme for the photochromic effect in these materials.
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2.A Optical transmission and band gap energies
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Figure 2.A.1: The final optical transmission spectra (day 10) for all of the thin-films studied here (day 10). YH,
shows a transmission window, implying that its composition is sub-stoichiometric YH; 9. The YH3_5, Oy thin-films
show high optical transparency until their band edge, which shifts to higher energy values as the py,, increases
and the O:H ratio increases. The transmission of the YH;_,, O, thin-films is not flat due to thin-film interference
which results in an oscillating pattern. Because this pattern is nearly identical for all the samples, they can be
assumed to be of nearly identical thickness (~ 150 nm).
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Figure 2.A.2: Optical transmission spectra of (a) YHO-05, (b) YHO-06, and (c) YHO-07 showing the progression of
air-oxidation over the course of several days, where “day 0" is the day of deposition. The air-oxidation process
causes the band gap energy to shift towards higher values, but is completed after less than a week. The samples
were measured by uSR after the air-oxidation process stabilised.

Table 2.A.1: Calculated band gap energies for the data in Figure 2.A.2. These values are determined by fitting the
data as a Tauc plot. Day 0 shows a smaller band gap energy than the others because it is from the very beginning
of the air-oxidation process. By day 5, the band gap is larger due to the replacement of H™ by O%~. Between day 5
and day 10, the band gap does not change significantly, meaning that the air-oxidation process has stabilised and
the composition (O?~:H™ ratio) is constant over time. This is consistent with our previous detailed study on the

photochromic effect in REH;_2,Ox (RE = Sc, Y, Gd) [1].

Pdep (Pa) Eg (eV)Day 0 Eg (eV)Day5 E, (eV) Day 10
0.5 2.38+0.03 2.50+0.03 2.50+0.05
0.6 2.39+0.03 2.53+0.05 2.55+0.04
0.7 2.38+0.03 2.56+0.03 2.58+0.03
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2.B Fitting zero field YH,_; data

The zero field YH,_;s data (Fig. 1b) was ultimately fit by an equation describing a spin-
entangled state between a hydride ion and a muon (Eq. 6). However, this equation contains
several cosine functions, thus, may result in several observable oscillations. Only the first
oscillation is seen in the data shown in Figure 1 because of the limitations of the LEM
continuous beam for thin film studies used to acquire the data, where sufficient statistics
can be obtained for a maximum of 10-12 ps.

For this reason, other equations (most notably the Kubo-Toyabe (KT) function) can be
used in an attempt to fit our data as well. The KT function can be written in two forms:
static and dynamic. As described in Section III.A., the TF results indicate that the muon is
static until T ~ 150 K, beyond which hopping dynamics occur with an activation energy of
67 + 13 meV. Therefore, for temperatures below 150 K| the static-KT function would be
applicable, while for higher temperatures, the dynamic-KT equation may be used.

Below we show the results of fitting these three equations to our data at different tempera-
tures. The result is that:

1. (Table SIII) the static-KT equation does not fit low temperature data well because it
plateaus at 1/3 of the asymmetry at long t, not accounting for the damping that is
present

2. (Table SII, SIV) the dynamic-KT and H-p functions can result in similar shapes,
thus, similar values for the reduced )(2

3. (Table SIV) the reduced y? is not the only important fitted parameter, so we evaluate
the physical meaning behind the fitted parameters of the equation as well. For the
dynamic-KT function, the relaxation rate (Azr ~ 0.3861 us™!) is nearly twice as large
as the value obtained from the transverse field for low temperatures (o7r ~ 0.2179
ps™1). This suggests that this model is not compatible with the data.

4. (Table SV) Proper fitting of the dynamic-KT equation requires that the Azr is fixed
to its low temperature value since the static width of the field distribution should
not change when dynamics set in. This was attempted although the Azr value of
0.3861 pus~! was deemed unphysical, and this did not lead to better results than the
H-p equation.
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2.B.2 Spin-entangled H-i complex

1 1 1 1
A(t) = [ Any (g + A cos(2r fi,t) + 3 cos(rr fr,t) + 3 cos(37 fiut)) o295t 1+ Anr

Table 2.B.1: Fitting results for the H-i equation where Ap), is the asymmetry related to this function, ozF is
the Gaussian relaxation rate, fy, is the frequency which can be converted to the H-y distance, and Ayp is the

asymmetry of the non-relaxing fraction of muons. The last column includes the reduced y2.

T (K) Ay ozr (us™) fry (MHz) ANR Xx°/NDF
300 0.18454+0.0019 0.414040.0290 0.0040+0.0320 0.06034+0.0019 0.9638
260 0.18344+0.0026  0.406040.0595 0.0370+0.0160 0.061440.0025 0.9521
200 0.17824+0.0022  0.315040.0255 0.0653+0.0029 0.0660+0.0019 1.0572
150 0.17184£0.0016  0.27304+£0.0190 0.07524+0.0016 0.0718+0.0013 1.0020
100 0.17174£0.0015 0.259040.0175 0.0775+£0.0013 0.071640.0012 1.0045
50 0.177240.0016  0.274040.0021 0.0764+0.0016  0.067240.0013 1.0165
25 0.17334+0.0015 0.259040.0019 0.0774+0.0013  0.06794+0.0013 1.0068
10 0.17414+0.0016  0.286040.0021 0.0774+0.0017 0.0702+0.0013 1.0146

2.B.2 Static Gaussian Kubo-Toyabe function (static-KT)

1 2 _1 2
AW = [ Awcr (G +35 [1=(Azr0)* e 202 [+ Axg

Table 2.B.2: Fitting results for the static Gaussian Kubo-Toyabe equation where Akt is the asymmetry related
to this function, Azr is the Gaussian relaxation rate, and Ay is the asymmetry of the non-relaxing fraction of
muons. The last column includes the reduced y?.

T (K) Ak Azr (us™) ANR x*/NDF
300 0.191840.0017 0.2655+0.0026  0.03904+0.0017 1.0485
150 0.194240.0014 0.3482+0.0026 0.0360+0.0012 1.1166
10 0.196 £0.0014  0.3588+0.0026 0.0340+0.001 1.1696
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2.B.2 Dynamic Gaussian Kubo-Toyabe function (dynamic-KT)
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Table 2.B.3: Fitting results for the dynamic Gaussian Kubo-Toyabe equation where Ajkr is the asymmetry
related to this function, Azr is the Gaussian relaxation rate, T' is the hopping rate, Ayg is the asymmetry of the
non-relaxing fraction of muons, and finally the reduced y2. The parameter v (seen in the above equations, v =

YuB/2m) was fixed to 0 because this data was acquired under zero field conditions.

T (K) AdkT Azr (us™) I' (MHz) ANR x*/NDF
300 0.2047+£0.0028 0.299240.0054 0.21904+0.0315 0.0338+0.0026 0.9619
260 0.2029+£0.0021  0.334940.0053 0.21604+0.0260 0.0336+0.0019 0.9527
200 0.2027+£0.0017 0.36524+0.0048 0.17904+0.0195 0.0345+0.0015 1.0638
150 0.1979+0.0015 0.380140.0046 0.13904+0.0165 0.0382+0.0013 1.0101
100 0.1983+0.0015 0.3818+0.0044 0.1190+0.0145 0.0367+0.0012 1.0098
50 0.2044+0.0015 0.387140.0046  0.145040.0165 0.0305+0.0013 1.0170
25 0.2004+£0.0015 0.385040.0045 0.13704+0.0155 0.0345+0.0013 1.0157
10 0.2006+£0.0015 0.39654+0.0047 0.16004+0.0165 0.0359+0.0013 1.0201

Table 2.B.4: Fitting results for the dynamic Gaussian Kubo-Toyabe equation with Az fixed to its average low

temperature value.

T (K) AdkT Azr (us™h) I' (MHz) ANR x°/NDF
300 0.219740.0042 0.3861 0.7920+0.0465 0.025140.0041 1.0638
260 0.2063+0.0025 0.3861 0.459040.0265 0.034140.0023 1.0036
200 0.202740.0017 0.3861 0.24704+0.0155 0.036240.0015 1.0766
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2.C Zero field Y-oxyhydride data
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Figure 2.C.1: p*SR spectra for YH3_5,Oy thin-film samples with (a) and (b) showing the TF spectra, while (c)
and (d) are from the ZF. Further, (a) and (c) show the influence of temperature on the "SR spectra for YHO-05,
where blue circles and orange squares correspond to 10 K and 300 K (TF) or 260 K (ZF), respectively. (b) and (d)
show the influence of pge, on the spectra, where navy, red, and yellow represent YHO-05, YHO-06, and YHO-07,
respectively, either at 10 K (TF) or 50 K (ZF).
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2.D Transverse field Y-oxyhydride: Arr under illumina-
tion
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Figure 2.D.1: The three YH3_,O, thin-films were in situ illuminated under TF conditions where the fitting
parameters are the diamagnetic asymmetry (Ag,rr) and the Lorentzian relaxation rate (Arr). The Agqrr is
shown in the main text, increasing reversibly upon illumination with a UV LED. On the other hand, Arr does not
change during illumination. This parameter is related to E4  which was calculated to be ~15 meV under “dark”
conditions. This is already a very low activation energy, only slightly higher than thermal energy at 50 K (~4
meV). Therefore, if the E4 ; changed under illumination, the difference may be very small and not resolved well
in our data. However, if we consider E4 » to be unaffected by illumination, that would mean polaron formation is
neither enhanced nor impeded during photochromism, and local lattice changes are more responsible for the
colour changing effect.
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2.E Transverse field Y-oxyhydride: Recovery of asym-
metry with heating post-illumination
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Figure 2.E.1: The TF asymmetry is plotted from in-situ measurements of (a) YHO-05, (b) YHO-06, and (c) YHO-07.
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The lines are meant to guide the eye. The asymmetries are shown for the samples (i) before any illumination was

performed (circle, cooling run), (ii) after ~2 h of illumination with the LED turned off (star, dashed line, heating
run), and (iii) after heating at 300 K for 70 min (triangle, cooling run). (d) After the LED was turned off, each
sample went through a different heating programme. Illumination experiments were done at 50 K and kept at
this temperature for several hours. Because the Ay, 7r did not return to its original value within that period of
time, the samples were heated to see if temperature could facilitate the recovery. The asymmetry obtained during
heating is indicated by the dashed line and star symbol in (a), (b), and (c). The samples were then kept at 300 K
for 70 min and cooled back to low temperatures. The asymmetries obtained from cooling are indicated by the

triangles in (a), (b), and (c).
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Influence of crystal structure,
encapsulation, & annealing on
photochromism in

Nd-oxyhydrides

“Science is organized common sense where many a beautiful theory was killed by an ugly fact.”
—Thomas H. Huxley

Thin films of rare-earth metal oxyhydrides show a photochromic effect, the precise mechanism of
which is yet unknown. Here, we made thin films of NdH3_,, 0O, and show that we can change the
band gap, crystal structure, and photochromic contrast by tuning the composition (O?~:H™) via the
sputtering deposition pressure. To protect these films from rapid oxidation, we add a thin ALD coating
of Al,O3, which increases the lifetime of the films from 1 day to several months. Encapsulation of
the films also influences photochromic bleaching, changing the time dependency from first-order
kinetics. As well, the partial annealing which occurs during the ALD process results in a dramatically
slower bleaching speed, revealing the importance of defects for the reversiblility (bleaching speed) of
photochromism.

This chapter is partly based on D. Chaykina, et al., "Influence of Crystal Structure, Encapsulation, and Annealing on
Photochromism in Nd Oxyhydride Thin Films,” The Journal of Physical Chemistry C, 126 (4), 2276-2284, 2022. [1].
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3.1 Introduction

Rare-earth metal oxyhydrides (REH;_;,O,) thin films receive attention due to their re-
versible photochromic effect [2], where the material reversibly changes colour triggered by
UV light. In the presence of this incident light, the films “darken”, absorbing light over a
wide range of wavelengths (visible to near-IR). Yet, when the light is removed, the original
transparency is returned by “bleaching”. Such optical properties are attractive for smart
window applications, especially since the bleaching speed (time required to recover the
transparent state) has recently been reported as low as 9 minutes [3].

Thin films of REH3_,, Oy (Sc, Y, Dy, Er, Gd) are prepared by reactive magnetron sputter-
ing of a metallic REH; film, which oxidises to a semiconducting photochromic oxyhydride
when exposed to air [3-5]. The extent of oxidation (O?:H™ ratio) is related to the depo-
sition pressure during sputtering, where more oxidised films are achieved by sputtering
the parent REH, at a higher pressure which invokes a higher porosity of the as-deposited
REH;. In this way, both the type of cation (RE) and the O?":H™ ratio of these materials can
be tuned, impacting their photochromic properties [3].

Although the mechanism of photochromism in these materials is not well-defined, it
has been proposed that ion mobility plays a role in the process [3, 6]. This is partly because
some REH;3_,, 0, powders (RE = La, Nd) have shown pure H™ conductivity [7, 8]. In general,
these large RE-cations lead to tetragonal lattices, which has sometimes been associated with
anion-order [8, 9], although this last aspect is debated [10]. Smaller RE-cations, instead,
result in anion-disordered cubic lattices, thus, behaving as ion-insulators [8].

Since most of the reported photochromic oxyhydrides fall in the cubic ion-insulator
range (RE = Sc, Y, Dy, Er, Gd) [3-5], it may be that short-range mobility, rather than
long-range, influences the photochromic effect. An NMR study of YH;_5,O,, for exam-
ple, showed the presence of a mobile H fraction which reversibly disappeared during
photochromic darkening [6]. However, it should be noted that other theories about the
photochromic mechanism have been proposed, and not all involve a diffusion-related step,
namely the formation of hydroxides, colour centres, and dihydrogen species [11].

Here, we investigate the structural properties of NdH;_;,0, thin films and their pho-
tochromic performance. While photochromism in Nd-based oxyhydrides was reported
earlier [12], a complete optical and structural analysis has been lacking so far. Rare-earth
oxyhydrides based on Nd are of particular interest because they show a high H™ conductiv-
ity [8], have a large RE-cation, and have sometimes been described as anion-ordered with a
tetragonal crystal structure [8, 9, 13]. These structural properties of Nd-oxyhydrides differ
from the cubic oxhydrides we reported earlier[3-5], allowing for the unique opportunity
to assess which structural aspects are relevant to the photochromic effect.

We find that NdH;3_,,0, thin films can be made by air-oxidation of NdH; ¢, films,
where the O*":H" ratio of the resultant film depends on the deposition pressure (pge).
However, these films are unstable in air and require a protective coating of Al,O3 deposited
by ALD. Remarkably, the c¢/a ratio of our tetragonal NdH;_,,O, films depends on the
Pdep (or O:H ratio). While all these films are photochromic, samples made at the same
Pdep showed very different colour changing kinetics during photochromism, despite being
equivalent in terms of crystal structure and optical properties. The variability in bleaching
time is found to be due to: (1) the encapsulation of the film by the protective layer, and (2)
the heating occurring during ALD. The former changes the order of bleaching (no longer
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first-order kinetics), while the latter may lead to a partial annealing of the films which
eliminates some defects, slowing the bleaching time constant. This suggests that a certain
“meta-stability” of an as-deposited REH3_,, O, film and the associated structural defects
are necessary ingredients for photochromic bleaching.

3.2 Experimental

Thin films of NdH; ¢4s (~300 nm) were deposited by DC reactive magnetron sputtering
of a Neodymium target (purity 99.9%, MaTecK) at 100 W in an Ar/H, gas mixture at a
ratio of 7:1. The vacuum system was operated at a base pressure of < 107° Pa. The films
were grown at various deposition pressures (pgep = 0.3 —0.9 Pa) on 10x10 mm? fused silica
(f-SiOy) substrates at room temperature (~21°C). After deposition, the films were oxidized
in ambient air to form the oxyhydride (NdH3_2,O,). For comparison, some GdHs_,Oy
thin films were made by the same methods and conditions (pg,, = 0.7 Pa).

The Nd-oxyhydride films are not stable in ambient air over long periods of time. Within
a few days of removal from the vacuum chamber, the films fully oxidise (complete removal
of H™), which is seen as a widening of the optical band gap in the transmission spectra
(Fig. 3.1, Fig. 3.A.1). To protect the films from this complete oxidation, they were coated
with a conformal Al,O5 layer by atomic layer deposition (ALD) (Fig. 3.B.1). After taking
the as-sputtered films out of vacuum, they were brought to the ALD system, limiting the
ambient air-exposure during sample transport to typically a few minutes (detailed in Table
3.C.1).

The Al,O5 layers were deposited by ALD at 87°C using TMA (trimethylaluminum) as
the precursor and O; as the reactant. The TMA pulse time was set to 0.06 s, followed by
a waiting time of 4 s, and an O, plasma for 6 s at 300 W. The base pressure was (p ~ 2
pbar), while the process pressure varied between 0.1-0.2 mbar. After 300 cycles (1.8 h),
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Figure 3.1: Optical band gaps for uncoated (grey) and ALD coated (red) Nd-oxyhydride thin films deposited at 0.6

Pa. Day 0 is the day of deposition and removal from the vacuum chamber. Grey filled-in area indicates that the
compound is fully oxidised and no longer an oxyhydride.
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the ALD layer was ~47 nm thick, determined by X-ray reflectometry (XRR) (Fig. 3.D.1).
ALD coated NdHs_,, O, films showed remarkably longer lifetimes, maintaining a stable
composition (indicated by the reproducible optical transmission spectra) for at least 138
days, or 5 months (Fig. 3.1, Fig. 3.A.2). A band gap shift is noticeable in the ALD coated
films compared to the as-deposited uncoated films (day 0) (Fig. 3.A.3), which may be due
to slight oxidation from the combination of O, plasma and heating during ALD, an effect
that likely disappears as more monolayers are deposited.

Optical transmission spectra were acquired by a custom-built optical fibre spectrometer
containing a deuterium and a quartz tungsten halogen lamp (DH2000-BAL, Ocean Optics
B.V.), and a Si array wavelength-dispersive spectrometer (HR4000, Ocean Optics B.V.). The
transmission spectra of Nd-based thin films were measured for several days to monitor the
extent of oxidation for both ALD coated and uncoated films. The optical band gap energies
of the films were calculated via the Tauc method (Fig. 3.A.3, Fig. 3.F.1).

The photochromic properties of ALD coated NdH3_, O, were measured by illuminating
the films with a narrow wavelength LED (A = 385 nm) for 1 h and measuring the average
transmittance (A = 450 — 1000 nm) with respect to time. After 1 h, the LED was turned off
and the bleaching process was measured for several hours until the original transparency
was recovered. All optical measurements were taken at room temperature (~21°C). The
photochromic effect was only measured for ALD coated films because uncoated NdHs_,, O,
films oxidise constantly over time, preventing any reliable time-dependent measurements.

The structural properties of the thin films were analysed by X-ray diffraction (XRD,
Bruker D8 Discover) with a Cu source in grazing-incident (GI-XRD) geometry (incident
angle = 3.2°, primary = 40 mm Goebel mirror with 0.6 mm slit, secondary = 8 mm motorised
slit with LynxEye XE detector). Lattice constants were derived based on Pseudo-Voigt
fitting of each diffraction peak considering both k,; and kg,. The evaluation of the unit cell
symmetry can be misinterpreted due to the influence of thin film stress and texture on the
observed XRD pattern. To investigate their presence, these properties were measured in
Bragg-Brentano (6 — 26) geometry with varying ¢ angles (¥ = 0—80°) to probe crystallites
of different orientation. The angle { describes the tilt of the sample perpendicular to
the X-ray beam. Only ALD coated NdH;_,, O, films were analysed by XRD since such
measurements take several hours during which the uncoated samples oxidise.

3.3 Results

3.3.1 Optical properties of Nd-based thin films

Thin films of NdH3_2,O, deposited between pg,;, = 0.3 —0.9 Pa result in various optical
properties upon air oxidation, similar to our previous work using other rare-earth cations
(RE = Sc, Y, Gd, Er, Dy) [3-5]. Films deposited at low pressures (pgep = 0.3 — 0.5 Pa) are
opaque (Fig. 3.2a), meaning low average transmittance (Fig. 3.2b), and have no optical band
gap, suggesting that they largely maintain the as-deposited NdH; 9,5 composition [14-18].

The dihydride phase of the films deposited at pge, < 0.6 Pa is further confirmed by
the small transparency window observable in the transmission spectrum (Fig. 3.E.1),
typical of RE-dihydrides [3-5, 19, 20]. The transmission spectrum for the 0.5 Pa sample,
however, shows a larger transparency window, extending towards longer wavelengths.
This film could be very minimally oxidised, yet still maintaining the metallic properties of
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as-deposited NdH; ¢.5 [14, 15, 17, 18].

However, films deposited at and above a critical deposition pressure[4] (p], »~ 06 Pa)
are more transparent (Fig. 3.2a, Fig. 3.2b) and have an optical band gap (Fig. 3.2c). This is
expected since, as the deposition pressure increases, thin films produced by sputtering are
progressively more porous. Eventually, this porosity is sufficient to allow for the oxidation
of the as-deposited NdH; 9. film in air, and the appearance of semiconducting properties
that are characteristic of oxyhydrides (NdH3_5,Oy) [3, 4].
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Figure 3.2: (a) Image of a set of Nd-based thin films considered for this work. They are arranged by deposition
pressure (pgep) from 0.3 Pa (left) to 0.9 Pa (right). (b) Average transmittance (4 = 450 — 1000 nm) of NdH3_, Oy
thin films sputtered at different pg.p. (c) Optical band gaps (E,) of films deposited at and above the critical
deposition pressure (p}, p~ 06 Pa). Pink and blue lines indicate films which showed “slow” or “fast” photochromic
bleaching, respectively.

The optical band gap increases with the deposition pressure (Fig. 3.2c) for pge, > 0.6
Pa. The relationship between the anion composition and the band gap is a phenomenon
seen often in multi-anion compounds such as oxyhydrides [3, 5], oxyhalides [21], and
oxynitrides [22]. Since the oxyhydride valence band is comprised of the oxide and hydride
states, and O~ is more electronegative than H™, a replacement of H™ by O®~ shifts the
valence band down [23]. This was further investigated experimentally using a combination
of RBS and ERDA to confirm that REH3_,,Oy (RE = Sc, Y, Gd) thin films deposited at higher
pressures contain more O?~ and have a larger band gap [3, 5]. Since the NdH3_,, 0O films
described here are produced by the same methods, we expect the same trends to appear
here, namely that NdH;_,, Oy films deposited at 0.9 Pa have a larger optical band gap and
O? -content than those deposited at 0.6 Pa.

Notably, the band gap energies observed here for NdH3_5,O films (E, = 1.91 - 2.61
eV) span over a wider range than what was found for other rare-earth metal oxyhydrides
(REH3-2¢Ox, RE = Sc, Y, Gd: E; = 2.2—-2.5 eV) [3, 5] for a similar set of pg,, (Fig. 3.F.1).
Since the optical band gap and the O?":H™ ratio are related, this may indicate that stable
Nd-based oxyhydride thin films can be made in a larger composition range than for the
other RE-cations. A similar trend has been observed, for example, by Fukui, K., et al. [10],
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where a larger stable composition range was found for La-oxyhydride powders compared
to Y-oxyhydrides. Another possibility is that a larger spread in E, can be generated for
a similar O?":H™ range due to the higher polarisability of Nd compared to the smaller
Sc, Y, and Gd cations. Cation-based band gap engineering was shown, for example, in
oxysulfides, where the conduction band was shifted by changing the RE-cation gradually
from Gd to Ce [24].

3.3.2 Structural properties

The cation size is an important determining factor for the structure of REHs_,O,, where
large cations (La-Nd) often lead to tetragonal (P4/nmm) lattices [13, 25] with anion-ordering
[9] and long-range anion mobility [8]. Smaller RE-cations (Sm-Er) should then result
in cubic (Fm3m), anion-disordered, and anion insulating materials [8, 9, 26]. However,
alternative structures were reported for RE =Y, La, Dy, Er, and Lu (orthorhombic Pnma,
monoclinic P2; /m, cubic F43m) [10, 27, 28]. Eventually, though, the crystal structure of
the best H™ conductor thus far (LaHs_»,Oy) [7] was identified as tetragonal, but anion-
disordered [10], challenging the view that anion-order is a necessity for long-range diffusion
and a direct consequence of a tetragonal lattice.

Importantly, all of the aforementioned studies dealt with powder REH;_,,Oy, and often
only in stoichiometric compositions (REHO). For thin films, only Fm3m has been reported
for RE = Sc, Y, Gd, Dy, and Er [3-5, 29]. The situation is less obvious for thin films of
NdH3_2, Oy, where some authors obtained a cubic crystal structure by epitaxy [30], and
others were not able to assign a crystal structure from XRD. Specifically, many authors
use the low intensity (101) reflection to distinguish between Fm3m and P4/nmm since it
only appears for the latter space group [8, 9, 26]. However, Adalsteinsson et al. [12] did not
find this reflection for their NdHs_;, O, films and assigned no space group. Therefore, it is
unclear whether Nd-oxyhydride thin films exhibit a tetragonal crystal structure as their
powdered counterparts do [8, 13].

Also for our ALD coated NdH;_,, O, thin films, we did not observe any (101) reflection,
even with careful measurement at low 0 (Fig. 3.G.3). This could be due to: (1) the pres-
ence of a cubic lattice, (2) the inherent low intensity of this reflection (at least 10x lower
intensity than (220), (002) [8, 9]), (3) an absence of anion-order [7], (4) thin film texture
(Fig. 3.H.2). To exclude the latter possibility, we performed XRD measurements tilting the
film in the direction perpendicular to the X-ray beam by i = 0 - 80°. Since none of these
measurements show a (101) peak, its absence is not caused by thin film texture. Because
it is not immediately apparent if our NdH3_,, Oy thin films are tetragonal or cubic, we
assign the reflections observed from XRD by their expected notation for a face-centred
cubic lattice. Here, the (200) reflection is used to calculate “a” (or the (220) in the case of 0.3
Pa), while (111) is used to calculate “c”. In case the unit cell is truly cubic, the two values
should be equal (c/a = 1). Otherwise, if ¢/a # 1, there is a degree of tetragonal distortion.!

XRD patterns for films deposited below py, , are shown in Fig. 3.G.1. The result for 0.3 Pa
is in agreement with the fcc NdH; ¢, structure. The average lattice constant (a = 5.52+0.01
A, Fig. 3.3a) is only slightly larger than the literature value (a ~ 5.46 A) [15, 16]. For 0.5

'When the unit cell is indeed tetragonal, the (200) from cubic notation is indexed instead as a doublet of the
(220) and (002) planes. Conversion from aygg to azz can be done by azg = azg/ sin(45°). After performing this
conversion, our values for a and ¢ remain consistent with the literature.
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Figure 3.3: (a) Zoomed-in GI-XRD patterns of the (111) and (200) reflections for ALD coated NdH3_5, O, films
sputtered at different pressures showing the change with O%~:H™ ratio (full patterns in Fig. 3.G.2). Red reference
lines are for the fcc (cubic) NdH; 945 pattern from ICDD-PDF database # 00-89-4199. Data shown is with 2-pt
smoothing. (b) The calculated lattice constants based on the (111) and (200) reflections. (c) To show the extent of
tetragonal distortion, the two lattice constants are plotted against each other with a reference line for perfect
cubic unit cell (a = ¢).

Pa, on the other hand, Figure 3.3a shows an expansion of azy and a compression of c11,
meaning that this film is tetragonal (c/a = 0.985). Apparently, even a minimal addition of
0?" is sufficient to induce a tetragonal structure.

Figure 3.3b shows the XRD patterns for five ALD coated NdH3_;, Oy thin films produced
at and above the critical pg,, (full patterns in Fig. 3.G.2). In general, as pge,, increases, the
(200) reflection shifts to larger 26, while the (111) peaks largely remain at the same position.
Based on the calculated azg and cq1 lattice constants (Fig. 3.3a), samples made close to
the critical pressure (0.6 Pa) show a tetragonal lattice with a ¢/a ratio of ~0.973, while
those made at 0.9 Pa have a ratio of ~1.005. Since the py., and O:H composition are related
[3, 5], we find that as more 0%~ is incorporated into the NdH;_,, Oy lattice, the difference
between aygo and c11; decreases, and the oxyhydride appears less tetragonal.

This difference in ¢/a and the tetragonal distortion is further highlighted in Figure 3.3c
where the two lattice constants are plotted together with a reference line for a perfect cubic
lattice (a = ¢). The 0.3 Pa sample is close to the cubic line, in accordance with the notion that
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it is NdH;j 94s. Nd-oxyhydride samples made at 0.8-0.9 Pa also tend towards the cubic line,
while all the others are clearly tetragonal (a > c). Therefore, by changing the deposition
pressure, we can produce NdHs_,, Oy films of slightly different crystal structures.

In Figure 3.3c, we also compare our samples to the stoichiometric NdHO powders
reported in Refs. [8, 13]. Our values for ayg are in agreement with those of stoichiometric
NdHO, but our c¢y1; is consistently smaller. Although substrate clamping of the thin film
can prevent complete expansion during air-oxidation, we found no residual stress in our
films (Fig. 3.H.3, Table 3.H.1) and no significant peak shifts during heating of the films for
~30 h at 87°C (Fig. 3J.1), suggesting that the tetragonal distortion c¢/a # 1 we observe is an
intrinsic material property.

We further note that some of our films are more tetragonally distorted than the literature
reports, with a minimum c/a of 0.973 for 0.6 Pa, while Widerge, M., et al. [13] and Ubukata,
H., et al. [8] report 1.000 and 0.998-1.000, respectively. This could be due to the composition,
where films produced at py., > 0.8 Pa tend towards a stoichiometric NdHO composition,
while all the others are H-rich. This aligns with our previous work [3, 5] where we show
that our photochromic REH;_,,O, thin films produced by air-oxidation of a sputtered
dihydride generally encompass the H-rich regime of the REH3-RE,O3 composition line
[23]. We, therefore, consider that the c¢/a ratio is a function of the O?":H™ ratio, where
less tetragonal distortion is present for a composition close to the stoichiometric NdHO,
perhaps due to the decreased occupation of octahedral interstitial sites [3, 5, 11, 31].

At this point, it is not possible to determine if these films differ in terms of anion-
ordering due to the lack of neutron diffraction data. However, we assume for now that
these films, similar to our previous studies [5, 23], are anion-disordered, especially since
we did not find any super-structure reflections in the XRD indicative of anion-ordering.
The disordered nature of the films may be due to the methods by which we produce these
materials, and the apparent greater stability of anion-disordered RE-oxyhydrides away
from the stoichiometric REHO composition [10, 23].

3.3.3 Photochromic properties of NdH;_», 0,

REHj3_, O, thin films (RE = Sc, Y, Gd, Dy, Er) have photochromic properties, where the
films darken during UV-light exposure, and bleach back to their original transparency
when the light is removed. The relative photochromic contrast ([T —Tp|/Tp) over time for
our NdHj;_,,0, films is shown in Figures 3.4a and 3.4b. Darkening occurs for 1 h using
light with energy greater than the band gap (A = 385 nm), which increases the relative
contrast as the film becomes optically darker. The maximum colour change after 1 h is
called the photochromic contrast (AT).

All of the NdH3_,, O, films measured and presented in Figures 3.4a and 3.4b were
coated by a protective ALD layer. The addition of this ALD coating appears to change the
nature of the bleaching kinetics such that our typical expression for the rate of change
during bleaching based on first-order kinetics () [3, 4, 29] is no longer valid. This is
visible for ALD coated NdH3_, Oy (Fig. 3.4c) and ALD coated GdHs_2, O, films (Fig. 3.1.1)
when compared to a Gd-based film without the coating. If the assumption of first-order
kinetics is correct, a linear time dependency should be visible in Figure 3.4c; this is only
true for the uncoated GdH;_»,0O, film. Therefore, for this work, we define a new value,
TB50%, Which is the time required to lose 50% of the darkened contrast (grey line in Fig.
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in (a,b). Labels indicate the deposition pressure.

3.5a).

We have shown earlier that the photochromic efficiency of a REH; 5,0, thin film
depends not only on the RE-cation, but on the pg,), (O :H™ ratio) of the film [3]. Briefly,
films made at higher pg,, resulted in a higher O-content, lower AT, and faster r5. Comparing
to the photochromic contrast of ALD coated Nd-based films, this expected pye,-dependent
trend is reproduced, since the largest contrast appears for pg,, = 0.6 Pa and the lowest for
0.9 Pa.

On the other hand, the bleaching speed (zp50%) does not follow any specific trend and
we find a wide array of values (Fig. 3.4d). While we can distinguish between “slow” and
“fast” samples (Fig. 3.4a, Fig. 3.4b), the bleaching times do not show a dependence on pge,.
The irreproducibility of the bleaching time can also be observed in GdHs_2, Oy, used here
as a reference to compare photochromism in ALD coated and uncoated films (Fig. 3.1.1).
Without the ALD coating, the bleaching speed of GdH3_2,Oy films made at the same pye,,
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is fairly reproducible, which changes dramatically with the addition of the coating.

We can eliminate some reasons for why 7p 504, varies in such a wide range. In principle,
two films deposited at the same pye, should be identical, and in many ways they are. We
compared the following properties, finding, for example, two 0.6 Pa samples of NdH3_5, O,
to be identical in terms of their: (1) band gaps (O?":H™ ratios) (Fig. 3.2c), (2) crystal structure
and lattice constants (Fig. 3.3c), and (3) thin film stress and texture (Fig. 3.H.2-3.H.3).

Instead, we studied the procedure used to deposit the ALD coating which requires
heating of the films to 87°C for a minimum of 1 h 48 min, along with a few minutes of
transfer time between vacuum and air (Fig. 3.5a). Since our samples are normally deposited,
oxidised, handled, and measured entirely at room temperature, this heating can cause an
annealing effect that has not been observed in previous experiments. This is especially
important considering that the air-oxidation used for the preparation of our films is rapid,
leading to a potentially “meta-stable” state of the film. As well, our sputtered films tend
to be polycrystalline and can contain many microstructural defects. To test the effect of
annealing under vacuum (p ~ 2 pbar), we made several NdHs_,,O, films at 0.6 Pa and
deposited the ALD coating onto them. Some films were removed directly after the ALD
procedure was completed (tpearing = 1.9 h), while the others were left in the vacuum chamber
at 87°C for additional time.

The bleaching speed (rp50%) is strongly dependent on fjeqring (Fig. 3.5b), with longer
annealing times leading to progressively slower bleaching. Since annealing can affect the
structure of a material, XRD patterns were obtained for these films (Fig. 3.J.1). However, we
find that the lattice constants (peak positions), texture (peak intensity ratios), microstrain
(FWHM), and crystal structure (c/a) do not change significantly during heating, suggesting
that long-range ordering that is probed by XRD is not affected by ~ 30 h of heating at
87°C, but local/short-range order may be altered. These latter aspects are then relevant to
the photochromic effect. These can include, for example, reorganisation of occupied and
vacant interstitial sites (i.e., changes in the compositional and structural homogeneity of
the films, anion ordering), partial removal and/or line defects, growth of grains/removal of

(a) T T T T T T (b) T T T T T T
x or | 240 Paep = 06Pa
g 19h r 1
B 473h
< o8t ——677h 1 o
e ——820h
B ——214h 180 - o 1
[} —
2 =
g 0.6 [ B é o
S o505 2 o0l ° J
< ©
e 04 4 &
l—.o 60 Ndslnw
E o2} g
Ndfas(
00 1 1 1 1 1 0 1 1 1 1 1 1
0 1 2 3 4 5 6 0 5 10 15 20 25 30
Time (h) theating (N)

Figure 3.5: (a) Relative photochromic contrast normalised to the maximum contrast for annealed NdH3_», Oy
films made at pye, = 0.6 Pa. Normalisation was done to better visualise the bleaching speeds of films made at
progressively longer theqring (b) Bleaching time constants (zp 50%) for several NdH;_5, O, films made at pye, = 0.6
Pa with controlled heating times. Pink and blue lines indicate the “slow” and “fast” samples discussed in Fig. 3.4.
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grain boundaries, and others. From Doppler-broadening positron annihilation spectroscopy
(DB-PAS), the formation of point defects upon heating is also regarded as a possible process
that occurs during progressive heating (Fig. 3.J.3, Table 3.J.1). For example, H; liberation
during heating could give rise to an increase in neutral divacancies [3, 32].

3.4 Discussion

We found that our NdH3_;, O, films are photochromic despite having a different crystal
structure compared to our previous reports on other RE-cations [3-5]. RE-oxyhydrides
based on Sc, Y, Gd, Dy, and Er exhibit a cubic Fm3m crystal structure, while the Nd-
oxyhydrides we present here are tetragonal to varying degrees dependent on pge. This
shows that the photochromic effect is robust and not influenced by any particular symmetry
aspects.

The protective ALD coating changes the kinetics of bleaching from the first-order
behaviour we normally find. [4, 29] We observe this effect also when comparing coated
and uncoated GdH;_,, 0, films (Fig. 3.1.1). Whether or not encapsulation of REH;_;, O
thin films influences the photochromic effect is being debated [33-35], but is outside
the scope of this work. We suppose that the ALD coated films are better described by a
series of processes with no single rate-constant, or by kinetics of a different order. Precise
conclusions require more insight about the underlying mechanism of the photochromic
effect, which is still missing.

Therefore, we focus primarily on the heating in the ALD chamber, and the effect of this
on the photochromic properties of NdHs_,, Oy films. During this heating, local/short-range
changes such as reorganisation of the anion-sublattice, removal of line defects, and a slight
growth of grains are possible. Although these changes are difficult to quantify, they can
play an important role during photochromism. Several theories have been put forth to
explain this effect in REH3_5, Oy thin films [11] without unanimous consensus. However,
important phenomena can be identified and assessed within the context of this work.

We note that while the bleaching speed was dramatically influenced by heating (be-
coming ~6 times slower after 30 h of heating), the photochromic contrast did not show
the same trend, barely changing with heating (Fig. 3.J.2). Thus, although the contrast and
bleaching speed have often been considered related, this does not appear to be true for ALD
coated NdH;3_,, O, films. We suggest that darkening and bleaching do not depend on the
same factors. Darkening likely depends on the presence and concentration of H™ and 0%~
ions in the material since neither RE-hydrides nor RE-oxides are photochromic, and the
photochromic contrast here only depends on the pg,, (O:H ratio) (Fig. 3.K.1). Bleaching, on
the other hand, is more difficult in an annealed material, perhaps due to a greater stability
of the optically absorbing species in an annealed material.

For example, some proposed theories describe the separation of a metallic phase during
darkening, and re-mixing back into a single phase upon bleaching. The driving force
for phase de-segregation/bleaching can be impacted by annealing. Our as-deposited
REH;_5,Oy thin films may have an inherent anion-disorder, inhomogeneity, and/or overall
“meta-stability” which may make the dissolution of the metallic phase more favourable,
a property annealed away with heating. Therefore, an annealed film would retain the
darkened state for a longer period of time.

Other ideas about the mechanism of photochromism involve the trapping of charge
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carriers by formation of H via the excitation of an electron from H™. For bleaching to
occur, this neutral species would have to recombine with a released electron, but this may
be more difficult in an annealed material if the H can diffuse very far. Another option is
that H can form a “dihydrogen” molecule [36], where again the energetic stability of the
species in the post-annealed material is important.

3.5 Conclusion

We prepared NdHs_2, Oy thin films by air-oxidation of as-deposited NdHj g, s thin films
sputtered at different deposition pressures. As the deposition pressure increases, so does
the O?":H™ ratio and optical band gap, while the photochromic contrast decreases. The
films appear to be tetragonal, with the ¢/a ratio approaching 1 as the deposition pressure,
thus the O?":H™ ratio, increases. Although this does not influence the photochromic effect,
the tunability of the crystal structure could be important for other applications such as ion
mobility.

Importantly, these films are unstable in air without a protective coating of Al,0O3
deposited by ALD. Although this coating increases the stability of these films from 1 up
to at least 138 days, it changes the observed bleaching kinetics. The time evolution of
bleaching can no longer be described by the first-order kinetics observed for uncoated films.
In addition, we find that the values for the bleaching time constant become dependent on
the time spent heating in the ALD chamber (temp. = 87°C, p ~ 2 pbar).

We assume that the heating which occurs during the deposition of the protective coating
results in a reduced defect concentration. As the samples were left in the ALD chamber
for longer periods of time, the bleaching rate became slower, suggesting that the presence
of defects in the material (e.g., grain boundaries, vacancies) and the overall imperfections
of the as-deposited material are important to the reversibility of the photochromic effect.
The stability of the dark species in the oxyhydride matrix may determine the bleaching
speed, and annealing the oxyhydride acts to stabilise the darkened state, increasing the
time needed for bleaching.
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3.A Optical transmission of uncoated & ALD coated

Oxidation in ambient air is a necessary step for the formation of our NdHs_;, O, films.
However, likely due to the reactivity of neodymium, these films are not stable in air. This is
visible by optical transmission measurements, where the transmission of a semiconductor
has a characteristic shape. At low energy (long wavelength), the transparency should be
high (limited only by the substrate) since this energy is not sufficient to excite carriers
across the band gap. Once this threshold (band gap) is reached, however, the transparency
decreases to zero and the light is absorbed.

It has been shown in previous work that the optical band gap of RE-oxyhydrides is
related to the O?":H™ ratio, where more oxidised samples lead to larger band gaps [1].
Eventually, a fully oxidised sample (e.g., Nd,O3 or Nd(OH);) have band gaps so large that
they are outside the measurement range of the equipment used here.

The evolution of the optical band gaps of uncoated Nd-oxyhydride films, thus, shows
that the band gap expands rapidly, and a fully oxidised film is formed within 2 days of
air-exposure. Nd-oxyhydride films coated by ALD maintain a more stable optical band gap
(therefore, composition) for at least 5 months. We can compare a freshly ALD coated film
to the change in transmission for an uncoated film. Although it appears that the band gap
of the material expands during the ALD process, this new composition is maintained for at
least 5 months.
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Figure 3.A.1: Optical transmission spectra for some Nd-oxyhydride thin films produced at different deposition
pressures (pgep = 0.6 —0.9 Pa without a protective coating. Day 0 is the day of deposition and onset of air oxidation.
The low transmission at short wavelengths is related to the band gap of the material. This absorption edge quickly
shifts to the left (larger band gap), resulting in a completely oxidised (no H™) compound by day 2 for all deposition
pressures.
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Figure 3.A.2: Optical transmission spectra for some Nd-oxyhydride thin films produced at different deposition
pressures (pgep = 0.6 — 0.9 Pa with a protective coating of Al;03 deposited onto the films by ALD. Unlike the
uncoated films, these Nd-oxyhydrides are stable in ambient air for at least 138 days since the absorption edge

shows little-to-no shift over time. This implies that no signficant oxidation occurs for these films, substantially
extending their lifetime.
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Figure 3.A.3: (left) A comparison of uncoated and coated Nd-oxyhydride films deposited at 0.6 Pa. The black line
is the transmission spectrum of a film before ALD, and the blue line is after ALD. The band gap opens slightly
during this process. Despite this oxidation, an ALD coated sample will maintain this composition for at least 138
days, unlike the uncoated film. (right) Tauc plots for the transmission data of ALD-coated Nd-oxyhydride films
deposited at 0.6 Pa. Fitting lines for day 0 and day 138 are shown, where the x-intercepts (indicating the optical
band gap) are similar. Shifts towards the right are related to an expansion of the optical band gap.
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3.B Microscopy & imaging of ALD coating

Our NdH3_,, Oy films were coated by an ALD layer of Al,Os to protect them from rapid
oxidation. Below, we show the characterisation of this layer by atomic force microscopy
(AFM) where we show that it is conformal (Fig. 3.B.1).

However, although this coating indeed protects our films from complete oxidation for
at least 5 months, we noticed that imperfections can occur sometimes, for example, in the
presence of dust (Fig. 3.B.2). The coating will deposit on the dust particle, which can fall
off later and reveal either the substrate or a part of unprotected NdHsz_5,O,. This results
in pinholes in the coating which act as centres of oxidation. If there are enough pinholes,
complete oxidation can take place. This is also a further testament to the positive function
of the coating, without which, the samples cannot retain their composition.

Atomic Force Microscopy of ALD-coated NdH_ , O,
Nd Pyep = 0.6 Pa

fast, ALD

14.8 nm 15.2 nm 14.8 nm

-146 nm GRS § -14.3nm : ; -14.0 nm
200.0 nm 600.0 nm 2.0 um

Nd

slow, ALD

11.8 nm 11.2 nm

4 -10.2 nm
600.0 nm

-9.4 nm

.-

200.0 nm 2.0 ym

Figure 3.B.1: Topographic images of two NdHj3_,, Oy films (pgep) taken by atomic force microscopy (AFM) at
different magnifications. The layer appears conformal over an area of several microns.
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Aged ALD-coated NdH, , O,
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Figure 3.B.2: (left) Image of a pinhole in an ALD coated NdH3_2,, O, film (pg,, = 0.65 Pa) taken by differential
interference contrast microscopy for optimal image contrast. (right) Photographs of 10x10 mm? ALD coated
samples which are several months old showing various degrees of defects in their coating and extent of oxidation.
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3.C Air-oxidation conditions for measured films

Table 3.C.1: List of all the oxyhydride samples considered in this work. py., is the deposition pressure used to
sputter the sample, while “s" and “f" are used to denote which samples exhibited slow or fast bleaching kinetics,
respectively. “Heat" refers to the set of samples which were treated for controlled amounts of time on the heated
ALD deposition stage. The temperature is the average temperature during air-oxidation, and the transfer time
is the time spent transferring the samples from the sputtering vacuum chamber to the ALD vacuum chamber
(where a protective layer was deposited).

Pdep (Pa) T (°C) Transfer time (min)

0.6-s 21.4 2
0.6-f 21.5 36.5
0.65-s 21.6 35
0.65-f 20.3 2.5
0.7-s 20.3 2.5
0.7-f 21.6 1.5
0.8-s 22.1 2
0.8-f 20.8 3
0.9-s 20.8 3
0.9-f 20.3 2.5

0.6-heat 21.6 2.7
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3.0 ALD coating thickness determination

X-ray reflectometry (XRR) was performed to determine the layer thickness of the ALD
deposited Al,O3 coating. For this purpose, an Al;O5 layer was deposited under exactly
the same conditions on a fused quartz substrate. The XRR measurements were performed
with a Bruker D8 Discover equipped with a Cu X-ray tube (Cu-ke, A = 0.154 nm) and a
LYNXEYE XE detector operating in 0D mode. The data, displayed in Figure 3.D.1 and fitted
with GenX3 [2], reveal a layer thickness of 47 nm, a roughness of 0.9 nm, and a scattering
length density of 1.0 r,A™! the Al,05 layer, corresponding to a density of approximately
3.4 g/cm’.
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Figure 3.D.1: X-ray reflectometry measurement of the Al;O3 sample deposited on a fused quartz substrate under
the same conditions as the Al;O3 deposited on the NdH3_,,O, samples. The dots indicate the measurement
points, while the continuous line indicates the fit to the data.
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3.E Optical transmission of NdHs_,, O, films below p”*
In our previous work on REH3_2, O, thin films made by air-oxidation of REH,, we have
shown that there is a critical deposition pressure (p*), above which, the oxyhydride phase
is formed [1, 3]. Below we show the transmission spectra for two films made below
this critical deposition pressure. Films made below p* should largely maintain their RE-
dihydride composition and oxidise very minimally. This is visible especially for the ALD
coated films, whose transmission spectra do not show any changes for at least 21 days.
For the uncoated films, however, the transmission spectra in the initial days after removal
from the vacuum chamber show very low transmission (characteristic of a RE-dihydride),
but later oxidise a bit. This is true primarily for the sample deposited at 0.5 Pa which, by
day 41, resembles the transmission spectrum expected for an oxyhydride.
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Figure 3.E.1: Nd-based films deposited at 0.3 (top) and 0.5 (bottom) Pa. The transmission spectra of these samples
with (right) and without(left) an ALD coating were taken for several weeks after removal from the sputtering
vacuum chamber. insets are provided to show the data at very low transmission. Samples coated with a protective
layer retain their composition for at least 21 days, while samples without the coating progressively oxidise. This
effect is more pronounced for the 0.5 Pa sample which resembles an oxyhydride by day 41.
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3.F Optical band gap comparison to other RE-oxyhydrides
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Figure 3.F.1: (left) The optical band gaps of Nd-based samples are shown with respect to deposition pressure, and
compared to the results of Sc-, Y-, and Gd-base films from Ref. [1]. (right) Tauc plots for two samples at each
sputtering deposition pressure used for this work. Fits of the linear region are shown as dotted lines and the
x-intercepts are used to determine the optical band gaps.
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3.G X-ray diffraction
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Figure 3.G.1: GI-XRD patterns for NdH;_2, Oy films made at and below the critical deposition pressure (p* ~ 0.6
Pa). Samples made at 0.3 Pa resemble NdH; 9.5, while an oxyhydride is obtained at 0.6 Pa. Red reference lines are
for the fec (cubic) NdH; .5 pattern from ICDD-PDF database # 00-89-4199. The lattice of the 0.3 Pa is slightly
larger than the reference pattern, and peaks are missing due to texture. The 0.5 and 0.6 Pa samples are tetragonal,
thus, each peak shows a slightly different deviation from the cubic NdH ¢, reference lines.
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Figure 3.G.2: GI-XRD patterns for “slow” (pink) and “fast” (blue) bleaching NdH3_,O, films sputtered at various
deposition pressures. The broad peak centred at around 260 = 21.5° originates from the underlying fused silica
substrate. Red reference lines are for the fcc (cubic) NdH; 9.5 pattern from ICDD-PDF database # 00-89-4199. The
(111) and (200) peaks, for example, deviate from the cubic NdH; reference lines to different extents due to the
tetragonality of these samples.
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Figure 3.G.3: (left) GI-XRD signal obtained at low 0 for a NdH3_2,Oy sample deposited at 0.6 Pa. The expected
position of the (101) reflection is indicated by a yellow vertical line. This reflection is useful for discriminating
between the most reported space groups for RE-oxyhydrides, P4/nmm and Fm3m, because it is only present for
the former. However, even with careful scanning with a low incident angle (1.2°), only the signal of the underlying
fused silica substrate is observable for one of the most tetragonal samples. (right) This low 6 scan is compared to
the data shown in Figure 3.G.2 for the same sample. According to the literature [4], the intensity of the (101) peak
should be approximately 10 times lower than that of the (200) reflection. Based on that, we would expect the (101)
reflection here to have an intensity of around 8 cps, which may be hidden under the substrate signal for incident
angle 3.2°, but visible for 1.2°. However, others report an even lower intensity of the (101) [5, 6].
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3.H Thin film texture & strain

Thin films can be analysed for their texture and macro-stress by measuring diffraction
patterns at different values of /. The angle i defines the tilt of the sample perpendicular
to the X-ray beam, allowing for the measurement of crystallites of different orientations.
We measured four NdHs_;,Oy films with Bragg-Brentano (6-20) geometry and a ¢ angle
varying between 0-80°. The full XRD patterns for this are shown in Figure 3.H.1. These
four films can be compared to assess the influence of not only pg,,,, but also 75504 since
two of the films showed “slow” kinetics, and two showed “fast” kinetics (specified in Table
3.H.1).

Growing thin films can develop a “texture”, meaning that, although the film is poly-
crystalline, these crystals have a preferred out-of-plane orientation. This increases the
intensity of some reflections, while decreasing the intensity of others. In extreme cases,
some reflections may even disappear, as we see for our NdH; ¢, s film (Fig. 3.G.1).

To examine if our ALD coated NdH;3_,, O, films are indeed textured, we compared the
intensity ratios of the (200) and (111) reflections as a function of /. We define the intensity
ratio, 4, as:

Iin

(I11 + o) G
where I1;; and I are the intensities of the (111) and (200) reflections, respectively. The
results are shown in Figure 3.H.2. In case of random orientation, we expect a value of
0.55-0.67 for é based on the structure factor and depending on composition. We find that §
changes slightly with pse, which is a consequence of the differing compositions (structure
factors) of these samples. As well, § changes with ¢ as different planes satisfy diffraction
conditions with the change in tilt. Thus, we conclude that our films are only slightly
textured.

Macro-strain is quantified by assessing the peak shifts for various ¢ angles. This
is done in Figure 3.H.3, where the peak shifts are displayed as (d —d,)/d,, and d, is the
value at = 0°. This can be calculated for all the reflections which appear in the XRD
pattern, however, the (220) and (222) reflection intensities were too low and reliable results
could not be obtained. The slopes of the lines in Figure 3.H.3 give an indication of the
macro-strain that is present in our films. Notably, the determination of macro-strain by this
method relies on the assumption that the stress is uniform, isotropic, and biaxial. These
assumptions are not true for weakly textured films, even so, they provide some valuable
insights into the microstructural properties of our films.
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Figure 3.H.1: XRD patterns for the 4 NdHs_, Oy films measured at different ¢ angles. Above each graph showing
the patterns is a zoom-in version showing the low intensity peaks obtained for high ¢ values.
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Table 3.H.1: Table comparing the extent of tetragonality of NdH;_,, Oy films to the amount of macrostrain they
possess. The crystal structure of a thin film material can sometimes be misinterpreted due to the underlying
stresses in the film. This can cause, for example, the assignment of a tetragonal lattice to a film which is actually
cubic. However, we show here that the extent of tetragonality is always larger than the effect of macro-strain,
confirming that our films are tetragonal. The macro-strain is obtained from the average of the three slopes fitted
from Fig. 3.H.3, and converted to a percentage.

Paep (Pa)  c/a % tetragonality % macro-strain
0.6-f 0.987 1.28 -0.15
0.6-s 0.988 1.23 -0.64
0.7-f 0.995 0.49 0.10
0.8-s 0.996 0.36 0.30
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Figure 3.H.2: Intensity ratios () of four NdH;_2, O, films showing a slight preferential orientation towards the

(200) reflection.
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Figure 3.H.3: Analysis of macrostrain for 4 NdHs_,, O, films. Dashed lines are derived from the (111) peak positions,
solid lines from (200), and dotted lines from (311). The slopes of these lines are related to the macrostrain.
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3.1 Reference behaviour of uncoated & coated GdH;_,, O,
films
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Figure 3.1.1: Since the photochromic effect in uncoated NdH3_,, Oy films cannot be reliably measured, we compare
coated and uncoated GdHs_,, O, films as a reference case for the effect of the protective layer: (a) Relative
photochromic contrast for Gd-based films with (red) and without (grey) an ALD coating. (b) The bleaching of the
coated (red) and uncoated (grey) Gd-based films shown in a double logarithm plot. Previous reports have used the
slope of such a graph to obtain the negative reciprocal of the first-order bleaching rate constant [1, 3, 7]. This is
in agreement with the bleaching of the uncoated sample, but does not describe the coated film. (c) Comparison of
the photochromic contrast of Nd- and Gd-based films, along with the change in contrast for a Gd-based film when
the ALD layer is applied. (d) The reproducibility of the bleaching time constant (rp 507) is shown for uncoated
and coated Gd-based films. The spread in values for uncoated films is very small, while for coated films, the
variability is much larger.
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3.J Heating of 0.6 Pa films
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Figure 3.J.1: (a) GI-XRD patterns for three NdHs_3,Oy films (pgep = 0.6 Pa) heated for various times at 87°C in the
ALD chamber (p ~ 2 pbar). Only the (111) and (200) reflections are shown. Red reference lines are for the fcc
(cubic) NdH; 945 pattern from ICDD-PDF database # 00-89-4199. Several quantities can be derived from those
XRD patterns such as (b) the full-width half-maxima of all the visible reflections, (c) the lattice constants az
and ¢y11, and (d) the intensity ratio (6 = (qu‘i}zo(]) ). None of these quantities change significantly during ~30 h of
heating at 87°C. The shaded pink and blue areas in (c) indicate the error associated with the lattice constant for
slow and fast bleaching NdH3_,, O, films (0.6 Pa), respectively. As well, in (d), the pink and blue lines show the
intensity ratios for the slow and fast bleaching samples, respectively.
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Figure 3.J.2: The photochromic contrast obtained for films heated for different durations in the ALD vacuum
chamber. Pink and blue lines refer to the “slow” and “fast” bleaching samples presented in the main text Figure 3.
No significant differences can be observed for the photochromic contrast with heating.
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Figure 3.].3: (a) Relative photochromic contrast normalised to the maximum contrast for NdHz_,O, films
(Pdep = 0.6 Pa) heated for 1.9 h and 22.9 h. The bleaching speed becomes slower with progressively longer heating.
To understand this effect, doppler broadening positron annihilation spectroscopy (DB-PAS) depth profiles were
taken from which the (a) S- and (b) W-parameters can be derived. The results are shown in Table 3.J.1. The
increase in S and decrease in W have been observed in YH;3_5,Oy as permanent changes due to either heating [8]
or illumination [1], potentially explained by the formation of neutral divacancies as anion vacancies are created
(e.g., Hy liberation). This is an example of one explanation for the changes that may occur during progressive
heating.

Table 3.J.1: The S- and W-parameters derived from DB-PAS depth profiles for ALD-coated NdHs3_5, O, films
(pdep = 0.6 Pa) heated for 1.9 h and 22.9 h. The change in the two parameters is shown as a percentage. The
bleaching speeds (7550%) are also shown based on Figure 3.J.3a with their percent difference.

heating time (h)  S-parameter =~ W-parameter  7p 505 (min)
1.9 0.573 £ 0.001  0.036 + 0.0003 58.5
22.9 0.581 £ 0.001  0.0356 + 0.0003 91.8
+1.4 % -1.1% +57%
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3.K Photochromism & lattice constant comparison to
other RE-oxyhydrides
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Figure 3.K.1: A comparison of our coated NdH3_,, O, films to the uncoated Y- and Gd-based films from Ref. [1]
with respect to (a) photochromic contrast, (b) bleaching speed, and (c) lattice constant. In terms of photochromism,
the Y- and Gd-films were half the thickness of our NdH;_,, O, films, and the illumination time was also half of
what we use in this work. Additionally, the Y- and Gd-films exhibit a cubic crystal structure, so only one lattice
constant (a) is given for them.
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Aliovalent Ca-doping of yttrium
oxyhydride thin films &
implications for photochromism

“I'm not the smartest fellow in the world, but I can sure pick smart colleagues.”
— Franklin D. Roosevelt

To develop an understanding of the photochromic effect in rare-earth metal oxyhydride thin films
(REH3-2xOx, here RE =), we explore the aliovalent doping of the RE-cation. We prepared Ca-doped
yttrium oxyhydride thin films ((Ca,Y;-,)H,Oy) by reactive magnetron co-sputtering with Ca-doping
concentrations between 0-36% (atomic %). All of the films are semiconductors with a constant
optical band gap for Ca-content below 15%, while the band gap expands for compositions above 15%.
Ca-doping affects the photochromic properties, resulting in: (1) a lower photochromic contrast, likely
due to a lower H™ concentration, and (2) a faster bleaching speed, caused by a higher pre-exponential
factor. Overall, these results point to the importance of the H™ concentration for the formation of a
“darkened” phase, and the local rearrangement of these H™ for the kinetics of the process.

This chapter is partly based on D. Chaykina, et al., "Aliovalent Ca-doping of Yttrium Oxyhydride Thin Films and
Implications for Photochromism,” The Journal of Physical Chemistry C, 126 (34), 14742—14749, 2022. [1].
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4.1 Introduction

Rare-earth metal oxyhydrides (REH;_2,0,) are multi-anion compounds which have gained
attention in recent years because they exhibit a photochromic effect [2]. Thin films of
REH;3_,,O4 (RE = Sc, Y, Nd, Gd, Dy, Er) [3-7] are transparent semiconductors which
“darken”, or become opaque, when exposed to light with photon energy greater than
their band gap (Eincigens > Eg). When this light is removed, the materials return to their
transparent state. Although this so-called photochromic effect is promising for applications
such as smart windows, the precise mechanism involved in this effect is yet unknown.

Many properties have been evaluated for their influence on photochromism such as
the anion and cation compositions [3, 5], and the defects or inhomogeneities present in
the film [6, 8]. One explanation for photochromism has emerged involving a structural
rearrangement [9, 10], perhaps by local diffusion [11], to segregate a metallic phase [2, 12,
13] of high H™ content [8, 12, 13]. On the other hand, some suggest the formation of in-gap
states by Hy [14] or OH™ [15] generation, as well as H™ exchange between phases [16].

What all these ideas have in common is the displacement of H™ by some mechanism for
the creation of a meta-stable “darkened” phase. The mobility of this ion may be enhanced
by the creation of anion vacancies throughout the structure, which can be achieved by
aliovalent doping. This method involves substituting a cation in the material by one
of a lower oxidation state, and creating anion vacancies to maintain charge neutrality.
Using this method for (perovskite) oxyhydrides [17] and (rare-earth metal) oxychlorides
[18, 19] resulted in improved anion mobility. Here, we dope yttrium oxyhydrides with
calcium (Ca?" vs. Y*") in order to assess the effect of this on especially the kinetics of
the photochromic effect. Until now, it has been shown that a larger O:H ratio results in a
faster bleaching speed, but it is not clear if this is due to the increase in 0% -content or the
associated anion vacancies [5].

We show that we can successfully dope yttrium oxyhydride thin films with calcium
in the range of 0-36% Ca. To compensate for this substitution, the concentration of H~
ions appears to be reduced, while the concentration of O? increases slightly. Above a
Ca-content of ~15%, the lattice is strained anisotropically, and the optical band gap expands,
which may be related processes. All of the films are photochromic, and show a reduction
of the photochromic contrast with the substitution of Y for Ca. We propose that the Ca
substitution reduces the fraction of octahedral H™ and that these entities are important for
formation of a “darkened” phase. The bleaching speed is faster as Ca is substituted into
the structure due to an increased pre-exponential factor which we attribute to the greater
fraction of octahedral vacancies.

4.2 Experimental Methods

Ca-doped yttrium oxyhydride thin films ((Ca,Y;-;)H,O,, ~300 nm) were prepared by
reactive magnetron co-sputtering of Ca (MaTecK, 99.9%) and Y (Stanford, 99.99%) metal
targets onto 10x10 mm quartz plates (MaTecK) at room temperature (~21°C) and an Ar/H,
(7:1 flow) atmosphere. Following from our previous work on REH3_;,Oy thin films (RE
= Sc, Y, Nd, Gd, Dy, Er) [3-6], the combined Ar/H, deposition pressure (pdep) affects the
as-deposited RE-dihydride; we found that if pg,, is below a critical pressure (p* ~ 0.4 Pa for
Y) [3, 5], the film remains a metallic RE-dihydride, but above p*, it forms a semiconducting



4.2 Experimental Methods 107

oxyhydride upon ambient air-exposure (Fig. 4.1). Similarly, we find that upon air exposure,
the as-deposited CaY-hydride films become semiconducting, although some of the films
already seem to incorporate oxygen when measured in the glovebox before air-exposure
(glovebox: [H,0] and [O;] < 0.1 ppm), perhaps due to oxidation from residual gasses [20].
For this work, we used only one pg., of 0.5 Pa in order to survey the effect of Ca-doping on
the photochromic properties, using a range of Ca-concentrations (atomic %). Co-sputtering
was achieved by altering the input DC power to the two targets while keeping a constant
total metal flux (Fig. 4.A.1, Table 4.A.1) of YH, and Ca (Fig. 4.A.2). Before deposition, the
chamber was kept at a base pressure below 107° Pa.

The composition of the (Ca,Y; ;)H,O, films was measured by ion beam analysis
using Rutherford backscattering (RBS) and elastic recoil detection (ERD). RBS (ERD) was
performed at the DIFFER Ion Beam Facility using a 2.5 MeV *He ion beam at a 0° (75°)
incident angle and 170° (23°) scattering angle. The former is used to analyse heavy elements
(Ca, Y, O), while the latter is sensitive to light elements (H). For ion beam analysis, the
(Ca,Y;-,)H,O,, thin films were deposited onto glassy carbon substrates (8x8 mm) and Si
wafers with a native oxide (SiO,/Si, 10x10 mm). The thickness of these films was ~150 nm.
RBS/ERD data was fitted using SIMNRA [21, 22].

Dopper broadening positron annihilation spectroscopy (DB-PAS) was used to probe the
phase nature of the Ca-doped yttrium oxyhydride thin films. Depth profiles were collected
at room temperature by varying the positron (e*) implantation energy between 0.1 and 25
keV with the variable energy positron beam (VEP) facility at the Reactor Institute Delft. The
energy distribution of the annihilation y-rays was measured with a high purity Ge detector
(cooled by liquid nitrogen) which has an energy resolution of 1.2 keV. The resulting S- and
W-parameters were fitted using the VEPFIT programme.

X-ray diffraction (XRD, Bruker D8 Discover) was used to study the effect of Ca-doping
on the crystal structure of Y-oxyhydride thin films in grazing incident geometry (GI-XRD,
incident angle = 2°, primary = 40 mm Goebel mirror with 0.6 mm equatorial slit and 2.5°
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Figure 4.1: Optical transmission spectra for Ca-doped Y-based thin films (a) in the glovebox before oxidation,
and (b) post air-exposure, showing the dihydride and oxyhydride phases, respectively. Samples CaY-0 to CaY-6
correspond to the Ca-contents which vary from 0% to 36% (see Fig. 2(c)).
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axial Soller slit, secondary = 0.2° equatorial Soller slit, LynxEye XE detector in 0D mode)
and a Cu source. To find the d-spacing for each peak, they were fit by a double pseudo-Voigt
function considering both K,; and Ky;.

First-principle density functional theory (DFT) calculations were conducted with the Vi-
enna Ab-initio Simulation Package (VASP) [23, 24] on model structures of (Ca,Y;—;)H3_25—, Oy
(x =0.75, z ~ 3% to 20%) based on the special quasi random structures (sQS) of our previous
work [25]. Within the scheme of the projector augmented wave (PAW) method [26, 27],
a plane-wave basis set is used and periodic boundary conditions are applied. Standard
frozen core PAW potentials are used, and the H 1s, O 2s2p, Y 4s4p4d5s, and Ca 3s3p4s
are treated as valence shells. For each structure, all cell parameters and atomic positions
are simultaneously optimized employing the PBE generalized gradient approximation
for the exchange-correlation functional [28, 29]. After that, the modified Becke-Johnson
(mBJ) exchange potentials in combination with L(S)DA-correlation have been used to
compute the electronic properties [30, 31]. In all cases, integrations over the Brillouin zone
are performed on a 3 x3 x3 I'-centred K-mesh using a Gaussian smearing of 0.05 eV, and
convergence (§E <0.1 meV) is reached with a kinetic energy cut-off of 850 eV.

Optical transmission spectra were measured by a custom-built set-up consisting of
an optical-fibre spectrometer, a deuterium/quartz tungsten halogen lamp (DH2000-BAL,
Ocean Optics B.V.), and a Si array wavelength-dispersive spectrometer (HR4000, Ocean
Optics B.V.). Optical band gap energies were determined using the Tauc method [32] (Fig.
4.B.1). Photochromism was measured by illuminating the thin films for 1 h with a narrow
wavelength LED (A = 385 nm, I ~ 75 mW/cm?). The average transmission (A = 450 — 1000
nm) was plotted with respect to time at room temperature (~21.5°C). After illumination,
the film was left to “bleach” until its original transparency was recovered. Temperature
sweeps were done with the addition of heating at the sample stage (25-55°C).

4.3 Results & Discussion

4.3.1 Composition & Phase Nature

The compositions of rare-earth metal oxyhydride thin films (made by post-oxidation of the
as-deposited RE-dihydride) have been assessed in our previous work using RBS and ERD,
finding that the empirical formula REH;_5,Ox (RE = Sc, Y, Gd) describes these materials
well [4]. Starting from the REH; o, upon exposure to air, tetrahedral H™ is partly replaced
by 0?7, displacing part of the hydride ions to the octahedral positions [33]. In the case
of aliovalent doping of YH;3_5,O, with Ca, we expect that one anionic charge should be
removed for every Ca cation substituted. Therefore, we evaluated the compositions of our
films in terms of: (1) the Ca:Y ratios, and (2) the relative change in the anion (0?~, H™)
content.

Figure 4.2 shows the results of this composition analysis (full spectra in Fig. 4.C.1)
for YH; 9.5 (reference without Ca or O, grey), YH;_,,O, (reference without Ca, black),
and a series of doped Y-oxyhydrides with progressively higher Ca-content. The samples
are referred to as CaY-#, with CaY-0 having 0% Ca doping and CaY-6 having the highest
Ca-content. Comparing first the cations, Figures 4.2a and b show the tandem decrease of
the Y peak and increase of the Ca peak intensities, suggesting that the cationic ratio was
successfully changed by adjusting the DC power to the metal targets during sputtering.
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Figure 4.2: Overview of the compositions of Ca-doped oxyhydride thin films (Ca,Y;-,)H,O,. For (a) and (b),
the lines are from simulations of the composition using SIMNRA. RBS data for (a) yttrium, (b) calcium, and (d)
oxygen are shown for YH; o415 and a series of oxyhydrides with gradually higher Ca-content, where the black
points are for CaY-0 (0% Ca) and purple points are for CaY-6 with the most Ca. (c) The Ca-content calculated from
RBS along with the input power to the Ca and Y targets during co-sputtering showing the linear relationship. (e)
ERD results for hydrogen as more calcium is added to yttrium oxyhydride. All RBS and ERD data are normalised
to account for differences in accumulated charge.

Plotting this ratio against the input power during sputtering (Fig. 4.2c) reveals a roughly
linear relationship.

For the anions, we qualitatively conclude that the concentration of O does not strongly
depend on the Ca/Y ratio (Fig. 4.2d), while the H content decreases more significantly
with the addition of Ca (Fig. 4.2e). Apparently, in the given oxidation conditions, this
substitution results primarily in the formation of hydride vacancies (instead of oxide
vacancies) to maintain charge neutrality.

The phase nature of these films is important to assess, since Ca is a highly reactive
element with a strong tendency towards oxidation, and one can imagine that phase segrega-
tion may occur where Ca creates a secondary phase within the Y-oxyhydride matrix instead
of participating in aliovalent doping of the oxyhydride. First, we address the presence of
a metallic Ca phase within the oxyhydride. From optical transmission measurements of
the Ca,Y;_,Hy films in the glovebox before air-exposure (Fig. 4.1a), the addition of Ca
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did not lower the transmission of the material compared to the undoped YH. 9. While
the sub-stoichiometric YH-; ¢ has a transparency window in the visible region [34], Ca
metal is completely opaque, and the presence of a separate Ca phase would, thus, lower the
overall transmission of the material [35]. After air-exposure, the maxima of transmission
(caused by thin film interference) touch the transmission of the substrate, meaning that
the films have the maximum transparency possible. Had there been a metallic phase, this
value would also be lowered. As well, positron annihilation spectroscopy (Fig. 4.D.1) can
be used to rule out the presence of small metallic secondary phases since the positron
may annihilate preferentially in metallic centres [8, 36, 37]. When a significant amount of
Ca metallic domains would have been formed, a larger increase in the positron Doppler
broadening S-parameter is expected than what is observed here [8, 38]. Two samples with
either 0% or 20% Ca have nearly the same S-parameter (Fig. 4.D.1, Table 4.D.1), suggesting
that no metallic phases are present in either case, and that their cation vacancy structure is
similar.

Next, it is also possible that CaH; forms a secondary phase within the Y-oxyhydride
matrix. However, from the optical transmission measurements shown in Fig. 4.1a, the
optical band gap which emerges before air-exposure resembles that of the oxyhydride
phase (~2.5 eV), rather than the CaH; phase (~4.4-5.2 €V) [39, 40]. This is likely due to the
partial pressure of H, used during sputtering, which may be too low to achieve the CaH,
state (Fig. 4.A.2). The appearance of an optical band gap before air-exposure could instead
be due to small amounts of O, contamination in the glovebox introduced during sample
transfer. As well, the reduction of the H peak from ERD with the addition of Ca suggests
that there is no CaH, formation (Fig. 4.2e), because the presence of this phase would not
require H to leave the sample to maintain charge neutrality.

Last, we address the possibility of oxidised Ca phases (CaO, Ca(OH),) within the Y-
oxyhydride matrix. Based on the optical transmission spectra of the films after air-exposure
(Fig. 4.1Db), the transmission and band gap appear to be similar to the oxyhydride phase.
Ca-oxides and -hydroxides have larger band gap energies than the oxyhydride, so they are
not visible in the transmission spectra. However, we do not see evidence of any secondary
phases in the XRD patterns (Fig. 4.3a). Thus, we conclude that no crystalline oxide nor
hydroxide phases of calcium form in the film.

Therefore, we propose that the thin films discussed here are single phase Ca-doped
Y-oxyhydrides ((Ca,Y;—.)H,O,), where Ca substitutes for Y in the lattice (0-36% Ca, atomic
%), and the H™ fraction decreases for charge neutrality. There are many examples of single
phase compounds containing both yttrium and calcium such as hydrides [39, 41], fluorides
[42], and others [43, 44]. The success of this substitution involving Ca and Y may be
attributed to the similar ionic radii of these two elements (Ca?" = 1-1.12 A, Y** = 0.9-1.02
A) [45]. To this long list of single phase Ca/Y compounds, we suggest to add Ca-doped
Y-oxyhydrides for which we find that a stable thin film can be synthesised for a Ca-content
of at least 0-36%.
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4.3.2 Structure

We investigate the crystal structures of our films using grazing incident X-ray diffraction
(GI-XRD), as shown in Figure 4.3a and Figure 4.E.1. Thin films of YH;_,,O, made by
the same methods as used here are face-centred cubic (fcc, Fm3m) [3-5, 46]. The GI-
XRD patterns in Figure 4.3a show the expected reflections for a fcc lattice for all samples
regardless of Ca-doping. However, we could not identify a unique lattice constant for
all of these films. We use the vertical grey lines to denote the 26 reflections of CaY-0 (or
YH;5_2, Oy with 0% Ca) and illustrate how Ca-doping influences these peak positions. With
increasing Ca-content, the (111) reflections remain at the same position as the 0% sample,
while the other reflections shift to different 26 for Ca concentrations >5%.

To better visualise this effect, the relative d-spacing (with respect to the undoped film)
for each reflection is shown in Figure 4.3b. The d;1; plane is constant for all Ca-doping
concentrations, while the other planes expand upon increasing Ca-doping. Importantly,
they do not expand to the same extent, with the dy plane expanding by 0.4%, while the
d220 and ds1; planes by ~0.6-0.7% when comparing 0% and 36% Ca. This suggests that the
lattice is strained in specific directions by the addition of Ca. This strain deforms the lattice
by <1%, such that it is no longer cubic, but rather an orthorhombic lattice where a # b # c.
This lattice strain may be caused by the slight difference in the ionic radii of Ca®* and Y**,
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or the accumulation of vacancy defects.

4.3.3 Optical Properties

The optical band gap energies for the films studied here are presented in Figure 4.3c with
respect to their Ca-doping concentration. The band gap is quite constant at a value of
~2.52 eV until a Ca-doping level of ~15%, at which point the band gap expands. This
expansion could be explained either by the composition of the thin film, the lattice strain,
or a combination of both.

In previous studies, changes in the band gap were attributed to the composition. For
example, a higher O:H ratio generally results in a wider band gap [4, 5]. Here, we do not
see a sudden change in the O?~ content for CaY-4 from RBS (Fig. 4.2d), but it may be that
the content of H™ decreases enough at this composition to widen the optical band gap.
From DFT simulations of 0% and 23% Ca compositions (Fig. S7), there is an indication that
the H valence band maximum recedes slightly, widening the band gap by about 6%, which
is of similar magnitude as observed experimentally. It should be noted that the cationic
substitution itself does not seem to affect the band gap, since the Ca states are outside the
gap. Only changes in the H™ composition appear important here.

In addition, lattice strain, as observed in Figure 4.3b, may cause the band gap to
expand. Both the lattice and band gap expansions become significant around the same
Ca-content of ~15%. The concept of strain-engineering the band gap has been used in
many semiconductors [47], and may play a role here.

4.3.4 Photochromism

The photochromic properties of the films are measured by illuminating them with a 385 nm
LED for 1 h and measuring the average transmission (A = 450 — 1000 nm) as a function of
time. The two main figures of merit for photochromic materials are the contrast (maximum
amount of change in transparency), and the bleaching speed (time required to return to the
original transparent state). The data presented in Figure 4.4a shows the relative contrast
(AT(%) = |T —Ty|/Tp) instead of the average optical transmission in order to normalise for
slight differences in absolute transmission, and show the change in photochromic contrast
more clearly. Before illumination, samples are transparent (AT = 0). This increases as
the samples “darken” under illumination (yellow shaded area), and decreases back to the
transparent state after illumination.

The photochromic contrast linearly decreases with the substitution of Y for Ca (Fig.
4.4b), suggesting a direct relationship between the two quantities. Interestingly, the ex-
trapolation of this linear relationship leads to a prediction that no photochromic contrast
should be measured for a doping level of ~54% Ca. We suspect that this linear relation-
ship is actually an indication of the importance of hydride ions in the sample, specifically
octahedral hydride ions (Fig. 4.5). While it is true that Y also decreases with the addition
of Ca, that alone cannot justify the disappearance of the contrast as there would still be a
significant fraction of Y in the film. On the other hand, there can be a large difference in
the properties of octahedral vs. tetrahedral H™, making the decrease in the population of
certain H™ potentially significant for the observed properties of the material. Not only are
the octahedral H™ likely the first to leave the structure upon oxidation [4, 33], but they are
often cited as more mobile than tetrahedral H™ either due to the lower formation energy
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Figure 4.4: (a) Relative contrast for (Ca,Y;—;)H,Oy thin films with varying Ca-content. When the sample is
transparent, the relative contrast is 0. During 1 h of illumination, the contrast increases, and later decreases back
to 0 when the illumination is stopped. (b) (left y-axis) The maximum relative contrast as a function of Ca-content.
Extrapolation of the linear relationship leads to a prediction of 0% contrast when the Ca-doping concentration
is ~54%. (right y-axis) The bleaching speed (r5) becomes faster with the addition of Ca, although following a
non-linear relationship. (c) Arrhenius plot of the bleaching speed for (Ca,Y;-,)H,O,, thin films containing 0% and
20% Ca, showing that differences in bleaching speed are not due to an altered activation energy of the process,
but are dependent on the pre-exponential factor.

for an octahedral H vacancy [15], or their weaker electrostatic interactions with O?~ (more
distance) [48]. Having these mobile H™ could be an essential ingredient to the formation
and dissolution of a “darkened” phase.

The bleaching speed, on the other hand, does not show a linear relationship to the
amount of Ca in the samples, although a monotonous decrease can be recognised (Fig. 4.4b).
To understand this trend, we studied the temperature dependence of the bleaching speed
for a set of 0% Ca and a 20% Ca samples (21-55°C), which follows an Arrhenius relation (Fig.
4.4c). The bleaching time constant (zp) is derived from first-order kinetics, and is related to




114 4 Aliovalent Ca-doping of yttrium oxyhydride thin films & implications for photochromism

(XY

Figure 4.5: Schematic image of the anion disordered (Ca,Y;-,)H,O, unit cell where Ca is a yellow circle, Y is
black, H is blue, O is red, and unoccupied sites are white. The disordered nature of the anions is indicated by
partial occupation of the interstitial sites, explained in Ref. [4]. When Ca is added, it replaces Y in the lattice, but
since the precise position is unknown, this is also represented as partial occupation on all fce lattice positions.
We propose that addition of Ca is compensated by the removal of H™ ions from the octahedral sites, such that at
a composition of ~54% Ca (or 50% in this idealised model), all octahedral sites are vacant and the photochromic
contrast is 0% (see text).

the concentration of the “dark” species (c(t)):

c(t) = coefk[ = coei(%)t, (4.1)

Combining this with the Lambert-Beer law and the absorption coefficient results in the

following [46]:
In (—m (T)> - (1) t+1n(co0d), (4.2)
T() TB

showing that 7 can be extracted from the slope of the linear fit of a In(—In(T/T)) vs.
t plot (Fig. 4.G.1, 4. H.1). When the temperature is constant, it is clear from Figure 4.4a
(21.5°C) that the bleaching speed of the samples becomes faster with increasing Ca-content.
Considering a range of temperatures, an Arrhenius relationship can be written as:

1) 1 —E4 1
n(5)-n(5)- () () )

such that the slope of a In(1/75) vs. (1/Temp.) plot is related to the activation energy
(Ea), and the y-intercept is related to the pre-exponential factor (In(1/7¢) = In(ky)). This is
displayed in Figure 4.4c and Table 4.1; the E4 for the two samples are equivalent, while the
pre-exponential factors are different. Specifically, the 20% Ca sample, whose 75 at room
temperature is ~79% lower than the 0% Ca sample, shows a pre-exponential factor that is
higher by a factor of five. Therefore, we conclude that the determining factor here for the
bleaching speed is the attempt frequency.

The rationalisation of the attempt frequency in this context is not straight-forward,
since this parameter can be interpreted in many ways. If 73 is related to the conventional
diffusion of H™ from the “darkened” phase to its original position, the attempt frequency
could be explained by the amount of vacant sites, hopping distance, and other factors. Given
our previous reasoning on the relation between the Ca doping and the amount of octahedral
hydrogen, an explanation involving the increasing amount of octahedral vacancies is the
most consistent one, and points to a short-range diffusion mechanism related to bleaching.
On the other hand, for RE-oxyhydrides with proven long-range H™ conductivity (RE = La)
[49], changes in this conductivity were also attributed to the pre-exponential factor rather
than the E4, but citing complex interactions of many H™ ions as the source.
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Table 4.1: Activation energies (E4) and pre-exponential factors (o = 1/k¢) for two samples with either 0% Ca
or 20% Ca doping in yttrium oxyhydride thin films. These parameters are derived from the bleaching time
constant measured at temperatures between 21-55°C, showing that the effect of Ca-doping is to increase the
pre-exponential factor.

Ca (%)  Ea(eV) 7o (s) ko (s™")
0 051+ 0.02 23x1077 4.4x10°
20 0.51 + 0.03 4.2x10°19 24x10°

4.4 Conclusion

In conclusion, we have prepared single phase aliovalently doped yttrium oxyhydride thin
films with Ca (0-36%, atomic %). These films were made by reactive magnetron co-sputtering
and air-oxidation to achieve the oxyhydride phase. The composition of the cations was
verified by RBS, and qualitative analysis of the anions (by RBS and ERD) showed that
the O-content was largely unaffected by Ca-doping, while the H-content decreased. As
well, the addition of >15% Ca resulted in the appearance of anisotropic lattice strain and a
moderate expansion of the optical band gap, two effects which may be related. Importantly,
all of these films are photochromic, showing that the photochromic contrast decreases with
the addition of Ca, possibly due to the removal of octahedral H™ that may be essential for
the creation of a “darkened” phase. The bleaching speed became faster due to Ca-doping,
indicating a potential relation between the bleaching speed, the attempt frequency, and the
number of octahedral vacancies. These results point to the importance of local H™ diffusion
for the understanding of the photochromic mechanism, although a full explanation of this
effect should account for other aspects of these materials such as anion disorder and other
inhomogeneities.
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4.A Co-sputtering of Caand Y

To deposit Ca-doped yttrium oxyhydride thin films, Ca and Y metal targets were co-
sputtered with a reactive gas mixture (Ar/H; = 7:1, pg,, = 0.5 Pa). The amount of Ca-doping
in the sample was controlled by altering the input power to the two metal targets.

To do this, we first established an atomic flux (¢s) vs. input DC power relationship for
the two targets, which is expected to be linear (Fig. S4.4). We sputtered Y and Ca individually
(Ar/Hy = 7:1, Pdep = 0.5 Pa), at different input power, and measured the thickness of the
films by profilometry. Using the film thickness deposited for a known period of time, we
can determine the sputtering rate for a particular input power (r, cm/s), and then the flux
by:

¢M _ N, Ard
m
where ¢y is the flux of material M, N4 is Avogadro’s number, d is the density of material
M, and m is the molar mass of the material M.

(4.4)

10 T T T T
—_~ 8 B 7
N(/)
e
o
@ 6| 4
S
o
©
=
o 4t =
x
s ¢(CaH,)
&
2L ]
O 1 1 1 1
0 50 100 150 200

Power (W)

Figure 4.A.1: The relationship between the flux (¢)) and input DC power for Y- and Ca-based targets during
sputtering with a deposition pressure of 0.5 Pa (7:1 Ar/H,). For Ca-based films, the data was calculated considering
both Ca (light green) and CaH; (dark green) as the sputtered species, but this did not influence the slope
significantly.

To use Eq. 4.4, it is necessary to know the identity of the sputtered species since
that determines the density and molar mass. For Y-based films, it is known that before
air-exposure, the as-deposited film is YH; 9,5 [1-3]. However, the film oxidises to the
oxyhydride phase before its thickness is measured. Therefore, the flux obtained in Figure
S4.4 is slightly underestimated since the oxidation of the as-deposited dihydride will lead to
a slight expansion [1, 2]. However, this is still a valid estimation for the necessary sputtering
conditions to achieve Ca-doped films.

In terms of the Ca-based films, whether Ca or CaHj, is being deposited does not influence
the flux/power estimation significantly (Fig. 4.4). Despite that, we show evidence in favour
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Figure 4.A.2: Transmission spectra for four Ca-based films with a reference for the maximum transmission
possible given by the quartz substrate. The green (50 W), orange (100 W), and red (150 W) curves are for samples
made by sputtering a Ca target at 0.5 Pa (Ar/H, = 7:1). The low transmission is indicative of Ca metal. The blue
curve (50 W) is for a sample sputtered at a higher H, partial pressure (0.5 Pa, Ar/H; = 2:1), and may represent
CaHz.

of the idea that Ca is deposited, perhaps with a small amount of H incorporation. Ca-based
films were sputtered at 50, 100, and 150 W and a pressure of 0.5 Pa (Ar/H; = 7:1). The
transmission spectra of these films were measured in the glovebox and are shown in Figure
4.A.2. All three films show very low transmission, which does not resemble CaH;. In
general, Ca is expected to be an opaque metal, while CaH; is a semiconductor with a
band gap around either 2.5 eV for the cubic phase or, more commonly, 4.4-5.2 eV for the
orthorhombic phase [4, 5]. It may be that the sputtering rate of Ca is too fast, and the
partial pressure of H is too low to create the dihydride phase under the conditions we use
for sputtering the Ca-doped yttrium oxyhydride thin films.

A previous work on in situ deposition of (orthorhombic) CaH; by sputtering used a
much higher H; partial pressure than our methods (Ar:H; = 1:2), and an RF power source
[5]. In Figure 4.A.2 we sputtered one film with a much higher H; partial pressure and
achieved a film with a band gap of ~ 4.0 eV, likely CaH,. Thus, it may be possible to sputter
CaH,, if a sufficiently high H, partial pressure is used. However, we suppose that the Ca
deposited under our standard conditions is mostly Ca, although the exact composition does
not affect the flux estimation significantly. We note that the Ca films had to be covered by
a thin layer of metal with a known thickness to protect the Ca films from oxidation while
profilometry measured were performed.

Producing films with different Ca-doping concentrations requires balancing the input
power given to the Y and Ca targets, while keeping the total flux at the same value. The
total flux (Porqr) is the summation of the YH; and Ca fluxes (¢ym, + Pcq), and we set this
value to 9x 10'* atoms/cm?-s. This value for the total flux is chosen for practical reasons,
i.e., so that the resultant necessary input power to the targets is not too high or too low.
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The calculated input power to the targets is shown in Table 4.A.1.

Table 4.A.1: Calcium and yttrium were co-sputtered by reactive magnetron sputtering to produce Ca-doped
YH;_5,,O, thin-films. The total flux (¢;ea1) Was kept constant at a value of 9x 10'* atoms-cm/s by adjusting the
input power to each target (based on the desired Ca:Y ratio).

Sample ID Power Y (W) Power Ca (W)

CaY-0 213 0

CaY-1 207 26
CaY-2 198 62
CaY-3 192 88
CaY-4 185 116
CaY-5 177 149
CaY-6 170 178
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4.B Tauc plots
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Figure 4.B.1: Optical transmission spectra for Ca-doped Y-oxyhydride thin films were converted to Tauc plots and
fitted with a linear regression extrapolated to the x-axis. The x-intercept indicates the optical band gap of the
material. It is clear that the band gap expands slightly starting with sample CaY-4, which has a Ca-content of
~15%.
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4.C RBS
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Figure 4.C.1: Rutherford backscattering (RBS) spectra for a series of samples with increasing Ca-content. All
samples containing Ca (CaY-1 to CaY-6) were measured on glassy carbon substrates, while the undoped Y-
oxyhydride (CaY-0) was on a substrate of SiO/Si which not only obscured the O peak, but has a different
background offset due to the underlying silicon.
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4.D DB-PAS
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Figure 4.D.1: The (a) S-parameter and (b) W-parameter from positron annihilation depth profiles of CaY-0 (black)
and CaY-4 (green). The data were fitted by VEPFIT, represented by the solid lines. The S-parameter is generally
related to point defect structure and electronic structure, while the W-parameter is influenced by changes in the
local chemical environment of the positron annihilation site.

Table 4.D.1: The S- and W-parameters derived from DB-PAS depth profiles for 0% and 20% Ca in (Ca,Y;-,)H,Oy,
thin films. The change in the two parameters is shown as a percentage. From this, we conclude that: (1) the
cation vacancy structure in these two materials is similar, (2) there are no metallic centres in the Y-oxyhydride
matrix, and (3) the local chemical environments of the positron annihilation sites of the two materials are slightly
different. The last point is explained by the wider optical band gap of the 20% Ca film, and the slightly higher
O:H ratio as some of the H™ is removed.

Ca (%)  S-parameter W-parameter
0 0.5302 &+ 0.0003  0.0476 + 0.0002
20 0.5282 + 0.0003  0.0512 & 0.0002

-0.4 % +7.6%
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Figure 4.E.1: Full grazing incident X-ray diffraction patterns for samples with increasing Ca content from CaY-0
(0%) to CaY-6 (36%).
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4.F DFT
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Figure 4.F.1: Simulated density of states for two compositions of Ca: (left) 0% and (right) 23%. The contributions
of H (blue), O (red), Y (grey), and Ca (pink) to the band structure are shown.
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4.G Bleaching curves
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Figure 4.G.1: The bleaching speed () for samples with increasing Ca-content are derived from the slope of this
plot based on first-order kinetics. It is clear that when the Ca-content increases, the bleaching speed becomes

faster.
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4.H PCE for Arrhenius
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Figure 4.H.1: The photochromic effect was measured for a set of (a) 0% Ca and (c) 20% Ca films at different
temperatures between 21.5 and 55°C. The bleaching time constants () for each temperature were derived from
the linear fits for (b) 0% Ca and (d) 20% Ca.
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Analysing charge transport in
Gd-oxyhydride thin films by EIS

“Results! Why, man, I have gotten a lot of results.
I know several thousand things that won’t work.”
—Thomas Alva Edison

This chapter concerns the use of electrochemical impedance spectroscopy (EIS) to understand charge
transport in rare-earth metal oxyhydride thin films. At present, it is not clear if the thin films
studied throughout this thesis exhibit long-range ion mobility, mixed conduction, or are simply
semiconductors. This chapter begins with an overview of H™ conductivity in (bulk) oxyhydrides,
showing that pure H™ conductivity has been shown in some oxyhydrides, although there is a debate
about whether this property extends to Gd-oxyhydrides. Next, some theoretical background to
EIS is given because this technique is complex, and the analysis of the output signal should be
done carefully. This is especially true when trying to discriminate between semiconductors and
ion conductors, which can show similar response in a Nyquist plot. Last, very initial results for
Gd-oxyhydride thin films are presented, showing that the conductivity in Gd-oxyhydride thin films
is dominated by electrons/holes, and that the temperature stability of as-deposited films is poor
above 70°C. Annealing of the samples results in an improved temperature stability in this range. A
prospective for the measurement of other oxyhydride materials is given.
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5.1 Introduction to H™ conductors

Solid-state materials capable of pure ionic conductivity (negligible electronic conductivity)
are of interest for a number of devices such as batteries and fuel cells, where these materials
act as an electrolyte. Particularly, solid-state hydride (H™) conductors could be useful
in this context, especially given the high standard redox potential (H™/Hj, -2.3 V) and
low electronegativity of hydrides [1]. High conductivity of H™ has been shown in metal
hydrides such as BaH,, SrH,, and CaH, (cg- ~1071-10"2 S/cm), although only at high
temperatures (~557-727°C) [2, 3]. Thus, there is a motivation to develop materials with H~
conductivity at low/moderate temperatures.

The first reports of H™ conductivity in oxyhydride materials were focussed on com-
pounds with a Ruddlesden-Popper (K;NiF,-type) crystal structure (Fig. 5.1a). Over time,
and with more such materials reported in the literature, the factors influencing H™ conduc-
tivity in these types of materials was understood so that recently, a high H™ conductivity
of 1072 S/cm was found for Bay 75LiH;70g 9 following a high temperature phase transition
[10]. However, this maximum conductivity is observed at temperatures lower than metal
hydrides, but still relatively high (315°C) (Fig. 5.1b).

At the same time, cubic rare-earth (RE) metal oxyhydrides were investigated for H™ mo-
bility, showing the highest conductivity observed for any oxyhydride thus far for LaHs_5, O,
(2.6x1072 S/cm) [11]. The authors showed that the O:H ratio of La-oxyhydride greatly
impacts H™ mobility because the presence of O?~ ions suppresses electronic conductivity,
but too much O?~ also impedes H™ motion [13]. Therefore, in the first instance of room
temperature H™ conductivity in an oxyhydride, the sample prepared was a LaH;_,, O, with
a high H-content (x = 0.1) [13].

In this work, however, we use neither La-oxyhydrides, nor bulk powder materials.
Instead, we produce and measure thin films of Gd-oxyhydrides. The thin film nature of the
sample can result in several differences compared to bulk powder analysis: (1) other pro-
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Figure 5.1: Overview of the H™ conductivities reported in oxyhydrides based on EIS measurements with respect
to (a) publication year and (b) measurement temperature. In both cases, the best conductivity reported for the
material is included in the plot here. Oxyhydrides with a Ruddlesden-Popper (K;NiFy-type) crystal structure are
indicated in blue [4-10], while the fluorite (cubic) rare-earth metal oxyhydrides are indicated in pink [11-13].
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cesses such a surface diffusion become relevant for thin films, (2) the measured conductivity
can take a different value due to a shorter diffusion distance between electrodes, (3) different
defect structure, and many others. As well, thin film energy storage is technologically
relevant, especially for small devices.

100 T T T T T T T T
107" 4
1024 A
10_3 (TF) GdH, , 0, (0.25<x<1)

10 4
10 4

1076 + A -
(TF) GdH, 0, ,

(bulk) GdHO

o, (S/cm)

107 4
108 4 A
104 (TF) GdH, 0, ,

10710 4 A

10-11

1 1 1 1 1 1 1
0 50 100 150 200 250 300 350
Temperature (°C)

Figure 5.2: The electronic conductivity reported for Gd-oxyhydrides. The green circles are based on Ref. [12]
for bulk stoichiometric GAHO measured by EIS. Pink squares are for thin film Gd-oxyhydrides from Ref. [14]
measured using the Van der Pauw method and blocking electrodes. The blue triangles are for Gd-oxyhydride thin
films with different O:H ratios from Ref. [15] measured using unknown electrodes and a DC input.

From the point-of-view of chemistry, predictions have been made about the ionic
mobility in Gd-oxyhydrides. Ubukata et al. [12] showed that their stoichiometric GAHO
powders show no ionic conductivity due to a bottleneck radius created by the cations which
is too small to allow indirect H™ hopping between tetrahedral and octahedral interstitial
sites. This reasoning was extended to all RE-oxyhydrides where RE = Sm-Er. The authors
derived a very high temperature-independent electronic conductivity for GAHO (~ 107!
S/cm) based on EIS (Fig. 5.2).

The electronic conductivity of Gd-oxyhydride thin films has been characterised either
with unknown [15] or blocking [14] electrodes, showing a DC conductivity in the range of
107* - 1071 S/cm depending on the O:H ratio, and for a temperature range of 300-600 K
or 300-350 K, respectively (Fig. 5.2). These results are on a different order of magnitude
compared to the bulk GAHO and show a clear temperature-dependence. In particular,
the activation energies reported by Miniotas et al. [15] were ~0.79-0.99 €V, close to the
activation energies for H™ mobility in bulk La- (1.0-1.3 eV) [11, 12] and Nd-oxyhydrides
(1.1eV) [12].

The goal of this chapter is to use Gd-oxyhydride as a case study for how to employ
both AC and DC methods to understand the transport properties of the material. Since
there are many dynamic processes that can occur in a thin film, careful analysis should be
performed to understand these phenomena. Using AC and DC methods, below we explain
how to analyse such a material, with theoretical and experimental examples. The methods
used here can be used for other oxyhydride thin films.
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5.2 AC & DC responses of materials

This section will first explain: (1) some basic aspects of electrochemical impedance spec-
troscopy, (2) the expected results when measuring metals, semiconductors, and ion con-
ductors by EIS and DC methods, and (3) a brief comment on mixed conductors.

5.2.1 Electrochemical impedance spectroscopy (EIS) basics

This chapter makes use of a technique called electrochemical impedance spectroscopy
(EIS) where a small AC signal is applied to a material in order to understand its charge
transport properties. At the EIS2022 summer school at the University of Bath, Prof. Frank
Marken described EIS like when you shake a gift box to figure out what is inside without
opening it. This technique is important because it is perhaps the easiest and most direct
way to characterise long-range ionic transport through the material, and to get detailed
transport information in general. However, it is also a very complicated technique with
many important considerations, thus, many reasons for a reader to invalidate the presented
data. In fact, papers are published regularly trying to teach different subfields of electro-
chemistry and materials science how to use EIS properly for their purposes [16-19], and
to find consensus on basic details such as how to obtain reliable data [20]. There are also
questions about how to use and interpret certain very popular elements for EIS analysis
[21]. This is all to say that a complicated technique deserves a proper introduction, such
as the one given by Lasia in Ref. [22]. Below, I briefly review many key aspects of the
technique.

In EIS, an alternating voltage is applied to the sample in a range of frequencies to char-
acterise the numerous processes which can occur at different time-scales. Since the input
voltage and output current in an EIS experiment are alternating, they are represented by
sinusoidal functions that can be expressed also as an exponential (via Euler’s relationship):

V(t) = Vet (5.1)
1(t) = Le“D+d (5.2)

Here, w is the frequency (w = 27 f), while V, and I, are the amplitudes of the sine waves.
The term ¢ is a phase angle between the voltage and current. If the measured material
consists of frequency-dependent elements such as capacitors, the current will be out of
phase with the voltage and ¢ will be non-zero.
Using the alternating voltage and current does not lead to a simple resistance, but
rather an impedance (2):
Voeiwt

— — —i¢
= Caiongs = e (53)

Z
The impedance consists of real (Z’) and imaginary (Z”’) components:

Z=27'+iz" (5.4)

which, when plotted against each other, result in a Nyquist plot or Cole-Cole plot (Fig. 5.3).
This is a useful plot f