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We were all delighted, we all realized we were leaving confusion and nonsense behind
and performing our one noble function of the time, move.

Jack Kerouac, On the Road (1951)
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1
INTRODUCTION

Human ingenuity expresses itself in many colourful ways, not least, in the construction of
complex structures and objects starting from raw materials. In this endeavour, most often
the paradigm is that the material properties should be resilient to small external stimuli,
and not change throughout the lifetime of the object. Many application with an high
technological content, however, rely on the opposite paradigm and are enabled by a com-
paratively narrow group of materials (hereafter, dynamic materials) that are designed to
have at least one property that can be changed in a controlled fashion by external stimuli,
such as stress, light, temperature, pH, magnetic or electric fields, chemical compounds,
etc.. Field effect transistors, optical modulators, and all types of sensors are only some
examples of artificial, dynamic materials that are fundamental to life as we know it. On a
more fundamental level, the investigation of dynamic properties is arguably one of the
main areas that have been propelling the field of material science in the last century.

It is therefore not surprising that a large research campaign started when, in 2011,
large and reversible photo-conductivity and photochromism were accidentally discovered
in "oxygen containing YH2 thin films".[1] Immediately, the material was identified as a
promising candidate for photochromic smart windows, an application that we describe
in the following.

1.1. SAVING ENERGY WITH SMART WINDOWS
Energy, water, food, and land security are arguably four of the most essential pillars that
sustain any developed human society. At present, however, our energy consumption
poses a treat to the other three pillars, and the implementation of new concepts of energy
production, storage, and usage is a prerequisite to sustain further growth in the medium-
long term.[8]

The challenge of net-zero emissions has no single, simple solution and every miti-
gating action is worth of consideration. In this sense, to increase the energy efficiency
of buildings, which in EU account for approximately 40% of the energy consumption

1
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Appliences

Light

Heating Other

a) b)

c) d)

Figure 1.1: Present and future of cooling demand according to the International Energy Agency. a) Percentage of
household equipped with air conditioning in selected countries, in 2018. b) Projection of the energy demand for
cooling up to year 2050, with and without mitigating actions. c) Share of the growth of global electricity demand
as projected up to year 2050. Accounting for 37%, space cooling is the single biggest driver of the rising energy
demand of the future. d) Projected number of air conditioning units, in selected countries, up to year 2050. All
panels are reproduced from ref. [2].
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Figure 1.2: portion of solar spectrum ideally transmitted through a window for two limit scenarios: a cold
climate with insufficient solar light (blue line), and an hot climate with excessive solar light (red line). The
shown solar spectral irradiance corresponds to the ASTM G-173-03 terrestrial standard,[3] while the coloured
area gives the spectral sensitivity of the human eye.[4].

Figure 1.3: Example of transmittance at different stages of the photo-darkening process of a RE oxyhydride thin
film. While this example is given for a ∼300 nm thick Y oxyhydride film, comparable trends have been reported
for Sc,Dy,Er,Gd, and Nd based oxyhydrides,[5–7] and photochromism is likely to be a general feature of other
RE oxyhydrides as well. In the figure, the oscillation of the transmittance are due to thin-film interference; the
fact that they reach the theoretical maximum of ∼ 92% indicates negligible absorption at energies below the
bandgap.



1

4 1 INTRODUCTION

and 36% of the CO2 emissions,[9] is a potentially very effective action and yet one of
the Sustainable Development Goals (SDGs) that progress most slowly. In this sense the
techology of windows appears particularly important, as they are estimated to contribute
for approximately 60% of the buildings energy loss in the form of heat exchange with the
outside environment.[10]

At present, the energy demand for heating in buildings slightly overweights the de-
mand for cooling, but this only reflects the current distribution of wealth (Fig. 1.1a), and
globally the world is set on a different trajectory.[11] The energy demand for heating is in
fact projected to stabilize this decade,[11] while the rising demand for air conditioning is,
in the words of IEA Executive Director, Faith Birol, "one of the most critical blind spots in
today’s energy debate."[2] As the access to air conditioning becomes more widespread
(Fig. 1.1b), it is estimated that without mitigating actions the demand for cooling will
roughly triplicate by 2050 (Fig. 1.1c), becoming the single biggest driver behind the overall
rise of the electricity demand (Fig. 1.1d).[2]

In a cold environment, thermal conduction due to the net temperature difference
between inside and outside is the only mechanism of relevance for the insulting perfor-
mance of a window. However, in a environment with a hot or mixed climate, the heat
transferred in the form of solar radiation (also known as solar thermal gain) becomes
important as well. Fig. 1.2 schematically shows the portion of solar spectrum ideally trans-
mitted through a window for two limit scenarios. First, a cold climate with insufficient
solar light, where all the visible and infrared radiation is desirable to minimize the need of
artificial illumination and heating. Second, a hot climate with excessive solar light, where
one wants to modulate the visible fraction of the transmitted light to a comfortable level,
and completely cut the infrared radiation to minimize the need of cooling.

In this context, in hot and mixed-climates, smart windows that adapt their transmit-
tance to the environment would offer an optimal modulation of the visible and infrared
light for any condition of outside luminosity and temperature. As recently reviewed
by Baetens et al. [12], three different technologies are commonly considered an option
for smart windows: chromic (dynamic) materials, liquid crystals and electrophoretic
or suspended-particle devices. The chromic materials are further distinguished into
electrochromic, gasochromic, photochromic, and thermochromic on the basis of the
external stimuli that trigger the dynamic response.

1.2. PHOTOCHROMISM OF RE OXYHYDRIDE THIN FILMS
The focus of this thesis is on photochromic rare-earth (RE) oxyhydride thin films, of which
Fig. 1.3 reports an example of their transmittance before and during photo-darkening.
Notably, the decrease of transmittance extends from the UV up to the mid-IR, showing that
these materials are not only suitable for visible light-modulation but they also contribute
to tune the solar thermal gain of a window. At the time of writing, however, the actual
application of photochromic RE oxyhydrides thin films as coating for smart windows
and sensors remain under question, with their slow switching kinetics and their yet not
assessed stability over prolonged time/use being the main challenges to overcome in
future research. Considering the average lifetime of a window and the typical speed of
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weather changes and cloud movement, we estimate the following to be requirements
for application in smart windows: (i) a switching time in the order of ∼ 1 min, and (ii)
reproducible behaviour throughout a use of ∼ 20 years at ambient temperature.

My research work on the topic started in 2018, 7 years and 2 PhD cycles after the first
discovery of photochromism in Y oxyhydride thin films. The following briefly reviews the
knowledge produced in these early years.

The discovery. Our story starts in 2011, when the photochromism of reactively-sputtered
"oxygen containing YH2" was casually discovered by T. Mongstad,[1, 13] who showed
that upon UV exposure the optical and electrical properties of these thin films were
undergoing large and mostly-reversible changes.

The early phase. Reflecting the novelty of the topic, the works published in the following
years are exploratory in nature, and often imprecise or inconclusive. Yet, their merit lies
in the hypothesis that were raised.

In 2013 Maehlen et al. [14] performs time-resolved X-ray crystal diffraction during
illumination, ruling out any phase transformation but reporting a progressive lattice
contraction. The year after a NMR study by Chandran et al. [15] looks at the role of
Hydrogen for the first time: the coexistence of three H species is proposed and the NMR
signal of the most mobile one appears to be reversibly quenched upon UV exposure.
While these two works are similarly affected by the lack of complementary optical data,
and advocate for the need of better controlled samples and experimental conditions, they
open to the idea that the photochromism is not only of electronic nature only but might
involve some structural dynamics as well.

Shortly after, the hypothesis of tuning the band-gap through the O:H ratio is advanced
for the first time, although not convincingly proven.[16, 17]

Recent works. New important insight arrived in 2017, when Montero et al. [18] pro-
posed that the photochromism could be explained by the gradual growth, under illumi-
nation, of metallic domains within the initial semiconducting matrix – a claim supported
by the successful modelling of ellipsometric data in terms of an effective medium ap-
proximation. Here, the optical properties of the hypothesised metallic domains were
approximated as those of a reference, optically thick film which contained a mixture of
different metallic (YH2, YH0.667) and non-metallic (YOxHy) phases, possibly including op-
tically active defects as well. Because of that, it remains an open question which of these
species dominates the absorption of the photodarkened state, or if they are all relevant.
In any case, the work of Montero et al. [18] makes a strong case for the segregation upon
photodarkening of a secondary phase of largely metallic character.

In 2017, another important contribution was made by Nafezarefi et al. [5], who demon-
strated that the occurrence of photochromism was a general feature in oxygen containing
hydride films of several RE elements. Specifically, it was shown that Gd, Dy, and Er based
oxyhydride have band gap, crystal structure, and photochromic properties similar to
those of Y-based thin films. In this occasion, the term RE oxyhydrides was adopted to
collectively describe these materials. Such term will be proven correct later on.[6]
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Finally, a last paper worth quoting is the one from Plokker et al. [19], in 2018, which
represents the first attempt to investigate the role of defects in the RE oxyhydride pho-
tochromism.

1.2.1. HYPOTHESIS FOR THE PHOTOCHROMIC MECHANISM
One would not expect to read speculation already at pag. 6 of a PhD thesis, but such is
the nature of a young research topic, where heuristic thinking and educated guesses are
the prime instruments to direct the next steps. In particular, not many species can absorb
(with minimal scattering and reflection) over the very broad wavelength range shown in
fig. 1.3. Consequently, the identity of the optically absorbing species seemed confined to
only two possibilities, namely (i) a large ensemble of structural defects, and (ii) plasmonic
domains.

DEFECT HYPOTHESIS:
This model assumes the existence of a large ensemble of long-living defect to explain
the absorption of the photo-darkened state. The inter-band absorption that initiates the
photo-darkening is followed by the trapping of electrons in these defect levels, generating
thus colour centres that absorb light of low energy. Notably, the reported increase of
conductivity upon illumination is in agreement with the formation of long-living holes as
implied by this model. On the other hand, the presence of an ensemble of defects so large
to absorb from visible to mid-infrared radiation is not very convincing. In addition, in
the transparent state there is no absorption at energies below the optical gap, meaning
that either all the transitions towards the defect levels are forbidden (unlikely for a big
ensemble) or that these defects form as a consequence of the UV exposure itself.

THE PLASMONIC HYPOTHESIS:
This model resembles the mechanism behind one of the first, and most common, Corn-
ing’s photochromic glasses. In this case, the plasmonic resonance of photo-induced
metallic domains is responsible for the absorption of the photo-darkened state.[20–24]
Corning’s glasses contain small crystallites of copper-doped silver chloride, the real re-
sponsible for the color change. Upon illumination an electron is excited from a chlorine
ion to a silver ion (eq. 1.1) and, at this point, it hops from silver to silver until it reaches a
trapping site. Such trapping sites lie mostly at the boundaries of the silver halide grains
where, eventually, occurs the growth of metallic silver specks big enough to sustain plas-
monic modes. Notably, a vacancy is left behind in the lattice for each silver atom reduced
to the metallic state.

Ag++Cl− hv−−→ Ag0 +Cl0 (1.1)

Being Cl0 an extremely oxidising species, either an immediate charge recombination
or irreversible formation of other Cl-based by-products would occur in the absence of
the copper ions, which instead prevent these instances by acting as a trap for the hole
(eq. 1.2).[25]

Cl0 +Cu+ −−→ Cl−+Cu2+ (1.2)

During the darkening, the net reaction is therefore:

Ag++Cu+ hv−−→ Ag0 +Cu2+. (1.3)
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It is here worth quoting the words of Araujo, arguably among the most important pioneers
in the field of silver halides: [...] there can be no reasonable doubt that an anisotropic
speck of silver is responsible for the major part of the visible absorption induced when a
photochromic glass is darkened.[24] A strong claim requires strong evidence and, in this
case, Araujo was referring to the studies of T.P. Seward and N. Borrelli.[26–28] Their work
indirectly proved the existence of such silver specks via experiments of optical bleaching,
where it was shown that (i) polarized light of energy lower than the AgCl bandgap could
dissolve silver specks of a well defined orientation, and (ii) that specific wavelengths could
selectively dissolve silver specks of a characteristic aspect ratio.

The hypothesis of plasmonic domains is today highly considered as a possible expla-
nation for the photochromism of RE oxyhydrides, as it aligns with the work of Montero
et al. [18] and in the a clear reason for the long time-scale of the process. On the other
hand however, the chemical changes that would occur in the RE oxyhydrides are com-
pletely unknown, and differently from the Corning’s glasses we could not induce any
optical bleaching of the photo-darkened state.

1.3. THIS THESIS
With this background in mind, my hope is that this thesis and the connected publications
might help the topic to transition from an early, largely exploratory phase, towards a
more mature understanding of the relation between composition, structure, and material
properties.

PART I: Basic material properties.

Chapter 2 reports on the composition of the RE-based, photochromic thin films. We
find them to belong to the RE oxyhydride composition line REOxH3-2x, with the pho-
tochromism occurring over a wide range of O:H anion-ratios (0.5 ≤ x ≥ 1.3). Additionally,
we show that the optical gap varies continuously with the anion ratio, demonstrating the
potential for band gap tuning.

Chapter 3 reports on the location of the oxide anions within the RE oxyhydride crystal
structure. We find that the oxide anions predominantly occupy the tetrahedral interstitial
sites of the the fcc RE cation lattice, and rationalize such preference in terms electrostatic
lattice energy minimization. With such insight, we propose a fcc-based anion-disordered
model to link the RE oxyhydrides to the related binary compounds and describe how their
site occupancy evolves upon the O:H ratio.

Chapter 4 explores via ab-initio DFT the largely unknown properties – and their depen-
dency on the O:H ratio – of the anion-disordered RE oxyhydride phase. A comparison with
anion-ordered polymorphs of the same composition shows that the anion-disordered
phase is energetically favoured in the H-rich interval (0.5 < x < 1), although it is the
cation size that determines the maximum H content that the structure can accommo-
date. In terms of optical properties, major differences occur between H-rich and O-rich
compositions, as the octahedral H – present for x < 1 form electronic states at the top
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of the valence band, which reduce the energy bandgap and dominate the electronic
transitions at lower energies, thus increasing the refractive index of the material in the
VIS-nIR spectral range. Finally, comparing the DFT results with the experimental data
on photochromic Y oxyhydride films, reinforces the hypothesis of anion-disorder in the
H-rich films (x < 1), while it hints towards some degree of anion-ordering in the O-rich
ones (x > 1).

PART II: Light-induced effects: photochromism and photo-conductivity.

Chapter 5 sets to correlate the optical properties of the RE oxyhydide thin films, and
particularly the photochromic contrast and the speed of the colour change, with the RE
cation (Sc, Y, Gd) and with the O:H anion-ratio. While we do not exclude that other factors
can play a role, we prove that controlling the deposition conditions and thus the composi-
tion of the thin film allows to largely tune its properties; In particular, the bleaching speed
can be reduced by an order of magnitude by increasing the O:H ratio. The influence of
the cation under comparable deposition condition is then discussed, showing that REs
of larger ionic radius form oxyhydridews that present larger photochromic contrast and
faster bleaching speed, hinting to a dependency of the photochromic mechanism on the
anion site-hopping.

Chapter 6 reports on the conduction property of Gd oxyhydride thin films, and particu-
larly on the relation between photochromism and photo-conductivity. We find that these
two phenomena show a comparable time-dependency and temperature-dependency,
with a unique exponential relation appearing between the material photo-conductivity
and its absorption coefficient. These aspects indicate beyond reasonable doubt that
photchromism and photo-conductivity originate from the same process, and possibly
even from a same optically absorbing and electron conductive specie formed upon illu-
mination. This last idea is discussed in a semi-quantitative fashion in the context of the
mechanisms proposed for the photochromism. In doing so, we show (i) that the defect
hypothesis only holds if both electron and hole traps form upon illumination, and (ii) that
the plasmonic hypothesis only holds if the metallic domains form a network percolating
throughout the entire film.

Finally, the thesis is concluded by a short outlook and a summary.
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2
COMPOSITION: OXYHYDRIDE

NATURE OF RE-BASED

PHOTOCHROMIC THIN FILMS

In the realm of ideas everything depends on enthusiasm.
In the real world all rests on perseverance.

Johann Wolfgang von Goethe

Thin films of rare-earth (RE)-oxygen-hydrogen compounds prepared by reactive sputter-
ing show a unique color-neutral photochromic effect at ambient conditions. Despite the
interest in their optical properties, however, the understanding of the relation between
photochromism, composition, and structure is limited. Here we lay the ground to under-
stand such relation, establishing a RE−O−H composition diagram. The photochromic
films are identified as oxyhydrides with a wide composition range described by the formula
REOxH3-2x where 0.5 ≤ x < 1.5. The optical band gap varies continuously with the anion
ratio, demonstrating the potential of band gap tuning for reversible optical switching
applications.

This chapter is an adaptation of:
S. Cornelius, G. Colombi, F. Nafezarefi, H. Schreuders, R. Heller, F. Munnik, and B. Dam, Oxyhydride Nature of
Rare-Earth-Based Photochromic Thin Films, J. Phys. Chem. Lett. 10, 1342 (2019).
The text is largely written by Steffen Cornelius, and here my contribution is small.
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2.1. INTRODUCTION
In 2011, a remarkable photochromic effect at ambient conditions was discovered in re-
actively sputtered YOxHy thin films.[1] Initially, these semiconducting materials were
referred to as oxygen-containing yttrium hydride,[1, 2] and it was speculated that their
properties could be explained in analogy to the transparent γ-YH3 phase stabilized in
the fcc structure by incorporation of oxygen into the lattice.[2] A later study on sput-
tered YOxHy composition gradient thin films, which covers the transition from opaque
to transparent state, reports atomic ratios of up to H:Y∼ 3 as measured by heavy-ion
elastic recoil detection (ERD) and nuclear reaction analysis (NRA).[3] However, this result
seemed rather questionable considering the low H2 partial pressures during deposition.
Follow-up studies clarified that the transparent YOxHy materials are in fact formed by air
oxidation of as-deposited absorbing metallic β-YH2 films.[4, 5] Further, it was reported
that other rare-earth (RE) based thin films (with RE = Gd, Dy, Er) exhibit the same pho-
tochromic effect and fcc crystal structure as YOxHy.[5] Since then, the term rere-earth (RE)
oxyhydrides was adopted for this group of materials. However, experimental evidence for
the presence of H – ions was scarce. Although a recent study by Moldarev et al. supports
the concept of H – in photochromic YOxHy films, they also had to assume multiple cation
charge states and/or the presence of OH – groups in order to obtain charge balance.[6] In
this chapter, the open question of composition is addressed.

In Sec. 2.3.1, we show that the photochromic RE-based films are indeed oxyhydrides -
clearly distinct from hydroxides - with a composition described by the formula REOxH3-2x.
In Sec. 2.3.2, we show that the O:H anion-ratio influences the optical bandgap, which for
increasing oxygen content continuously widens from Eg ,RE H3 ∼ 2.6 eV to Eg ,RE2O3 ∼ 5.5
eV. Finally, in Sec. 2.4.1 we discuss the compositional limits in which photochromism
appears.

2.2. EXPERIMENTAL

SAMPLE PREPARATION

In a previous work, our group reported that metallic β-REH1.9+δ dihydride thin films
with RE = Y, Er, Dy, Gd can be prepared by direct current (DC) reactive sputtering of
metal targets in an Ar/H2 atmosphere.[5] Above a certain material-dependent critical
deposition pressure (p∗), the films air-oxidize at room temperature (RT) to form stable
semiconducting transparent photochromic REOxHy. In order to obtain samples with a
wide range of chemical compositions, we have extended our standard synthesis procedure
as follows:

(i) Sc is sputtered as the RE element with the smallest ionic radius.

(ii) A variable amount of O2 is added to the Ar/H2/O2 process gas (5N purity) resulting
in a mixture containing (12.5-11.9)% of H2 and (0-4.7)% of O2.

(iii) Pulsed DC plasma excitation (50 kHz, 90% duty cycle) is used to avoid arcing.
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(iv) Al capping layers (20 nm) were sputtered onto selected samples directly or after
timed air exposure to prevent further oxidation.

All samples were grown on unheated UV-grade fused silica (f-SiO2) and polished glassy
carbon substrates (HTW Germany).

In addition, A special set of Sc, Y, and Gd dihydride reference samples was prepared by
hydrogenating Pd-capped (20 nm) metal layers (150 nm) in a pressure cell at 1 bar of H2
at RT. Employing the hydrogenography method,[7] the change in optical transmittance
is used to verify that all films were initially loaded to H:RE ratios above the dihydride to
trihydride phase transition, followed by unloading to dihydride in air after opening the
pressure cell. Because of the tensile strain induced by hydrogen desorption,[8] we expect
that these dehydrogenated layers have a H:RE ratio corresponding to the lower end of the
β-REHx existence range, i.e., ScH1.68,[9] YH1.90,[8] and GdH1.80.

MATERIAL CHARACTERIZATION
Chemical composition The chemical composition is determined by a combination
of Rutherford backscattering spectrometry (RBS) and ERD analysis at the 2 MV Van-de-
Graaff accelerator at Helmholtz-Zentrum Dresden-Rossendorf (Dresden, Germany). RBS
(ERD) measurements were performed with a 1.7 MeV 4He+ beam at 0°(70°) incidence and
160°(30°) scattering angle using semiconductor detectors with a solid angle (calibrated
thanks to the known dihydride samples) of 3.3 msr (5.6 msr) and an energy resolution
of ∼16 keV. The ERD detector was covered by a 6.6µm Al stopper foil to discriminate
recoiled H from forward scattered He. For each sample, the RBS and ERD spectra were
fitted self-consistently using the SIMNRA program and the SRIM2013 stopping power
database.

Optical properties. The transmittance was measured with a Perkin-Elmer Lambda
900 UV-VIS-NIR spectrometer with a wavelength range of 200-2500 nm. The optical
bandgap, Eg , was determined using the Tauc plot method with an estimated error of
about ∆Eg = 0.1 eV.[10, 11]

To test for photochromism, photo-darkening of the oxyhydride was initiated by a
low pressure Hg UV-lamp (Herolab GmbH) with an emission range of 245-400 nm and
an integrated irradiance of 5000 µW cm−2, which is comparable to that of the sun (4610
µW cm−2) in the same spectral range. [12]

2.3. RESULTS

2.3.1. OXYHYDRIDE NATURE OF RE-BASED PHOTOCHROMIC THIN FILMS
Figure 1, is an example showing the experimental ion beam spectra and correspond-
ing simulations of a set of YOxHy films with different O:H ratios. The areal densities

(atoms/cm2) of Y and O are obtained from RBS data, taking into account the Al or Pd
capping layers. The overall fit accuracy benefits from the nearly background-free oxygen
signal with good counting statistics, which is achieved by the use of carbon instead of
f-SiO2 substrates. The H areal density is obtained from the ERD signal taking into account
the energy loss and straggling of H recoils in the Al stopper foil as well as geometric
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Figure 2.1: Comparison of (a) RBS and (b) ERD experimental spectra (open circles) and corresponding SIMNRA
simulations (red lines) obtained by fitting of each combined data set. A series of samples (150 nm thickness)
with increasing oxygen content is shown: Pd capped Y dihydride (black), Al-capped (blue), and uncapped
Y oxyhydride (green). The broadening of the low-energy edge in the ERD spectrum is caused by thickness
variations of the Al stopper foil.
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straggling due to the variation of the scattering angle across the detector area.[13] The
combined RBS and ERD analysis allows for a quantification of the element concentrations
(in atom %) with an uncertainty below 2 atom %. The RBS spectrum of Pd-capped hydro-
genated Y shows that the film contains no oxygen (O detection limit 1 atom %) except for
a thin surface layer within the C substrate - possibly a result of surface polishing.

It is important to note here, that no other light elements, in particular F, could be
detected in the REOxHy films discussed in this work. Together with the characteristic
transmittance window (Fig. 2.3),[5] this increases the confidence that the RE hydride used
for the calibration of the solid angle of the detectors are nearly ideal β-REHx reference
materials. Besides oxygen, fluorine is a common impurity in rare-earth metals - especially
in Y.[14] In the past, we observed high concentrations of O (up to 7 atom %) and F (up to 13
atom %) in many commercial Y metal sputter targets of nominal 99.9% purity. Such high F
concentrations complicate the chemical analysis and obscure subsequent interpretation
of charge balance and electronic properties. Hence, we use high-purity Y targets supplied
by Stanford Advanced Materials (United States) to avoid these problems.

The RBS and ERD simulations shown in Fig. 2.1 confirm that the REOxHy film compo-
sition is homogeneous throughout the depth of the films. We have observed chemical
gradients in a few samples prepared at deposition pressures far above the critical val-
ues of p∗ =0.3 Pa (Sc), 0.5 Pa (Y), and 0.7 Pa (Gd).[5] However, the interpretation of the
composition-property relationships of such graded (and likely porous) films is rather
ambiguous. Therefore, these samples were excluded from further analysis.

Fig. 2.2 shows the results of the ion beam chemical composition analysis of our
(Sc,Y,Gd)OxHy thin films in a generalized ternary RE−O−H composition-phase diagram.
This construction is based on the similar properties of the binary RE metal oxides and
hydrides. At ambient conditions, the RE metals form stable RE2O3 sesquioxides (except
CeO2) with a cubic bixbyite (I a3̄) structure (except La, Pr, and Nd).[15] All RE metals
readily dissolve hydrogen, forming a random interstitial α-REHx alloy where H occupies
a fraction of the tetrahedral sites in the hexagonal close-packed (hcp) RE lattice. Upon
hydrogenation, a phase transition to the metallic fcc (F m3̄m) β-REH2 occurs for all REs.
Further hydrogenation leads to a metal to insulator transition near H/RE= 3. For most
REs, this is accompanied by a structural phase transition to hcp γ-REH3 (except Sc, La,
Pr, Nd). Moreover, the REs form hcp RE(OH)3 hydroxides,[16] and various REOOH oxy-
hydroxide phases.

Our results show that the chemical composition of the Sc, Y, and Gd-based thin films
follow the same general trends in the RE−O−H diagram. Two material groups can be
clearly distinguished by considering the formal valencies and demanding charge neu-
trality (indicated by dashed lines). The RE oxyhydrides with a composition range of
RE3+O2 –

x H –
3-2x (0.5 ≤ x ≤ 1.5) are found on the line connecting REH3 and RE2O3. In partic-

ular, at x = 1 this includes the stoichiometric LnOH bulk compounds mentioned earlier.
At x = 0.5, the data points deviate from the RE3+O2 –

x H –
3-2x line toward REH2 (hatched

area). This is consistent with our previous work showing that as-deposited films sputtered
in Ar/H2 are metallic dihydrides that oxidize in air to form transparent photochromic
films.[5] We obtain grey opaque films with compositions between REH2 and REO0.5H2
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Figure 2.2: Ternary RE−O−H chemical composition and phase diagram where M = Sc, Y ,La, Sm-Lu. Thick
dashed lines indicate chemical compositions with the same charge state of cations (RE2+, RE3+, H+) and anions
(O2 – , H – ). Hexagons mark the (ideal) stoichiometric compounds that have been reported earlier: (i) binary
compounds: REH2 dihydride and REH3 trihydride in blue as well as RE2O3 sesquioxides[15] and REO2 in red;
(ii) ternary compounds: REOH oxyhydrides, REOOH oxy-hydroxide, RE(OH)3 hydroxide, and the hypothetical
REO0.5H2 in black. Colored circles show the chemical compositions of REOxHy thin films obtained from

ion beam analysis. Note that the diameter of the data points corresponds to a composition uncertainty of
approximately ±1 atom %. The region of photochromic materials is highlighted in grey.
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by sputtering at pressures near p∗. Their composition range in the ternary RE−O−H
diagram suggests that initially the air-oxidation proceeds via insertion of oxide ions into
the REH2 lattice accompanied by oxidation of RE2+ cations to RE3+. The opaque character
of these films is characteristic for intermixed metallic and dielectric phases indicating
nucleation of semiconducting REO0.5H2 in β-REH2. Note that REO0.5H2 (x = 0.5) marks
the (ideal) composition where the conduction band is fully depleted of electrons (all
cations are in the RE3+ state) resulting in a metal-insulator transition that is observed
in terms of the appearance of an optical band gap. Increasing the pressure above p∗ or
adding small amounts of O2 during deposition leads to the formation of transparent semi-
conducting oxyhydrides with compositions between REO0.5H2 and RE2O3. In contrast,
the RE hydroxides with the composition range RE3+O2 –

x H –
3-2x (1.5 ≤ x ≤ 3) are located

on the line connecting RE2O3 and RE(OH)3. These transparent films were obtained by
further increasing the O2 fraction in the Ar/O2/H2 mixture during reactive sputtering.

2.3.2. O:H RATIO AND OPTICAL BANDGAP

Here we discuss the influence of the hydrogen content, as experimentally measured, on
the electronic properties of the RE−O−H materials, namely their transmission spectra
and optical bandgaps. Transmittance spectra of YOxHy films are presented as an example
in Fig.2.3.

The dense YHx film prepared at p =0.3 Pa (i.e., far below the critical deposition pres-
sure for Y) shows a transmittance window centered around 700 nm characteristic of
metallic in β-YH1.9+δ dihydride, which is caused by a combination of weak interband and
free-electron absorption.[18]

The RE oxyhydride and hydroxide films are transparent semiconductors. The opti-
cal band gap of Y oxyhydride increases continuously with increasing O2 – content from
(2.5 ± 0.1) eV at x = 0.7 up to (4.9 ± 0.2) eV at x = 1.4 (Figure 2.4). An extrapolation
of this nonlinear trend (dashed line) leads to good agreement with the band gaps of
Y2O3 (5.6 eV)[17] and YH3 (2.6 eV)[18], which are determined by the O2p −−→ Y3d and
H1s −−→ Y3d interband transition, respectively.[19] Therefore, the upper valence band
of the RE oxyhydrides is likely formed by a mixture of occupied H 1s and O 2p states
where the valence band maximum (VBM) shifts to lower energies with increasing O2 –

concentration because of the higher electronegativity of oxygen (χO = 3.44) compared
to hydrogen (χH = 2.20). The resulting band gap widening of the Y oxyhydrides does not
depend linearly on the anion composition. This “band gap bowing” effect also occurs
in many other semiconducting multi- anion compounds such as oxysulfides,[20, 21]
oxynitrides,[22] and III-V materials.[23] Its origin can be traced back to the mismatch
in atomic orbital energy and (an)ion size, which leads to coupling of electronic states
affecting the relative positions of the VBM and the conduction band minimum (CBM) in
random alloys.[24] It seems plausible that these established principles also apply to the
electronic structure of the oxyhydrides. However, comprehensive studies on this topic are
still lacking.

Fig. 2.4 shows that the band gaps of the Sc and Gd oxyhydrides follow the same trend
as YOxH3-2x, which is reasonable considering the similarity in band gaps of the oxides:
Sc2O3 (∼5.8 eV)[25] and Gd2O3 (5.4 eV)[26] as well as the trihydride GdH3 (2.5 eV).[27]
Slightly lower Eg values for RE = Sc, Gd are observed in oxyhydrides with low oxygen
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Figure 2.3: Transmittance spectra of Y-based ternary RE−O−H films corresponding with different compositions
illustrating the metal-insulator transition from the dihydride YH1.9+δ to the oxyhydride YOxH3-2x phase followed

by band gap widening with increasing O2 – /H – ratio. The transmittance of a hydroxide-like film with a large H+

concentration of ∼ 30 atom % is shown for comparison. The optical band gap values as obtained from Tauc
plots are given. The black dashed line is the transmittance of the bare fused silica substrate.

Figure 2.4: Dependence of the REOxHy optical band gap on the hydrogen concentration where M = Sc, Y,

Gd (colored circles). Reported band gap values of the binary compounds Y2O3,[17] YH2.7+δ,[18] and metallic

YH1.9+δ are shown as colored hexagons. The metal-insulator transition upon oxidation of M2+ to M3+ with
the hypothetical end point at MO0.5H2 is represented by the hatched region. Dashed lines are a guide to the

eye and correspond to the charge-neutrality lines describing M3+ oxyhydrides and hydroxides in Fig. 2.2. The
fundamental electronic transitions of the binary endmembers of the Y oxyhydrides are illustrated.
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content (x ∼ 0.5). This is in agreement with our work[5] on REOxHy with RE= Y, Gd, Dy,
Er and indicates that the effect of different RE cations on Eg is relatively weak compared
to anion-alloying. Moreover, all RE hydroxide thin films have large optical band gaps
(E g ∼5.5 eV) which are independent of the anion composition and similar in value to the
sesquioxides, suggesting that the unoccupied H 1s orbitals do not interfere with the states
at the VBM and CBM.

Given the chemical similarity of the RE elements, we suppose that the anion com-
position dependence of the optical band gap of most lanthanide oxyhydrides closely
resembles the trend shown in Fig. 2.4. Notable exceptions are expected for M = Ce, Pr, Eu,
Tb where the M 4f orbitals are located within the O 2p → M 5d forbidden gap, resulting in
a reduction of the M2O3 optical band gaps.[26–28]

2.4. DISCUSSION

2.4.1. COMPOSITION LIMITS OF PHOTOCHROMISM
Having a well characterized set of RE oxyhydride materials that span most of the compo-
sition line from REH3 to RE2O3, we discuss here the relation between anion ratio and the
presence of photochromism. We observe photochromism of the oxyhydrides over a wide
composition range for both x < 1 and x > 1, as shown by the highlighted gray area in Fig.
2.2. However, the exact composition boundaries for photochromic REOxH3-2x remain
unclear.

Regarding the lower boundary, we did not obtain any oxyhydrides with x < 0.5
by either post-oxidation of metallic β-REH2 films or direct growth using oxygen-poor
Ar/O2/H2 gas mixtures. This suggests that, in contrast to what was reported by You et
al.,[3] H/RE ratios above 2 in RE oxyhydride films cannot be achieved by reactive sput-
tering. This is because the typical H2 partial pressures in the order of 10 mPa during
sputtering are far below the equilibrium pressure of the MH2 −−→ MH3 phase transition
(pH2 ∼0.1 Pa)[29, 30] and the addition of O2 to the process gas favors further dehydro-
genation. Therefore, we prepared a γ-YH2.7+δ (i.e., x ∼ 0) thin film by hydrogenation of
a Pd-capped sputtered Y metal film at pH2 =3.2 kPa in a vacuum cell mounted into our
in situ spectrometer. This trihydride did not show photochromism at RT, whereas air-
oxidized RE dihydride films with x ∼ 0.5 are photochromic. Hence, this value is marked
as the O-poor boundary for photochromic RE oxyhydrides in Fig. 2.2.

Regarding the upper boundary, our ongoing photodarkening experiments with wave-
length dependent excitation indicate that photon energies larger than Eg are required to
trigger photochromism in RE oxyhydrides. Using UV excitation by Hg vapor lamps with
λ= 254 nm, we observe weak photochromism in YOxH3-2x oxyhydrides with band gaps
up to 4.2 eV. According to Fig. 2.4, this corresponds to x = 1.3 (cH ∼ 15 atom %) which is
marked as the oxygen-rich boundary for photochromism in Fig. 2.2.

2.5. CONCLUSIONS
In conclusion, we have established a ternary RE−O−H composition-phase diagram
demonstrating that the previously reported photochromic Y-based thin films are O2 – /H –
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multi-anion compounds which are members of the REOxH3-2x oxyhydrides material class
including Sc and (most of) the lanthanides. These oxyhydride films are photochromic
over nearly their entire range of composition (0.5 ≤ x ≤ 1.5), which implies that the pres-
ence of both oxide and hydride ions is crucial for the photochromic effect at ambient
conditions. We notice a general trend toward decreased photochromic contrast and faster
bleaching kinetics with increasing O:H ratio, in agreement with the report of Moldarev et
al..[6] Moreover, the RE oxyhydride optical band gap can be adjusted over a wide range by
controlling the O:H anion ratio in order to adapt the photochromic response for applica-
tions such as energy-saving smart windows and adaptive eyewear. Further systematic
investigation of the electronic structure and defect formation is required to clarify the
origin and physical limitations of the photochromic effect in the REOxHy materials.
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3
STRUCTURE: GENERALIZED

ANION-DISORDERED MODEL

The ability to play chess is the sign of a gentleman.
The ability to play chess well is the sign of a wasted life.

Paul Charles Morphy

Rare-earth (RE) oxyhydride thin films prepared by reactive magnetron sputtering followed
by air-oxidation show a color-neutral photochromic effect at ambient conditions within a
wide composition range (REOxH3-2x where 0.5 ≤ x < 1.5). Due to the high degree of anion
sublattice disorder present in these thin films, the structure models proposed for the related
bulk materials are not directly applicable. Instead, we use a combination of EXAFS analysis
and lattice energy calculations to establish a fcc-based model linking the oxyhydrides
to the related binary compounds. The oxide anions are found to occupy predominantly
the tetrahedral sites in the fcc structure which is attributed to electrostatic lattice energy
minimization.

This chapter is an adaptation of:
G. Colombi, S. Cornelius, A. Longo, and B. Dam, Structure Model for Anion-Disordered Photochromic Gadolinium
Oxyhydride Thin Films, J. Phys. Chem. C 124, 13541 (2020).
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3.1. INTRODUCTION

Multianion compounds are an emerging class of solid state materials due to their broad
spectrum of functional properties. The wide range of different anion characteristics (elec-
tronegativity, polarizability, ionic radius, etc.) offers unprecedented degrees of freedom in
the design of functional materials. In contrast, the local and electronic structure of single
anion compounds, such as metal oxides, is determined to a large extent by the cation
chemistry only. [1, 2]

Previously we have shown that rare-earth based oxyhydride thin films (with RE = Sc,
Y, Gd, Dy and Er) can be synthesized via post-deposition air oxidation of RE dihydride
films grown by reactive magnetron sputtering in Ar/H2 atmosphere. [3, 4] Recently, this
class of compounds gained attention in view of their peculiar reversible photochromic
effect and related photoconductivity. [5] Most of the recent research, however, focused at
the phenomenological aspects of these functional properties while the exact chemical
composition and structure of the materials remained unclear.[6–9] The multianion nature
of these films was established only in 2019 (see Chapter 2), when the photochromic effect
and energy gap tunability (from 2.5 to 5.5 eV) were related to the oxyhydride RE3+O2 –

x H –
3-2x

composition line which connects the trihydride (REH3) to the oxide (RE2O3). To the best
of our knowledge, these two binary compounds as well as the RE-hydroxides are not pho-
tochromic at ambient conditions, implying that photodarkening occurs only in presence
of both O2 – and H – anions.[4]

With this new compositional insight, it is worth noting that the technological po-
tential of RE oxyhydrides thin films goes beyond applications in smart coatings for win-
dows and sensors. Indeed, a new record for H – ionic conductivity at intermediate tem-
peratures was recently achieved LaOxH3-2xpowders.[10] This finding introduced simple
ternary systems with a cubic structure to the group of oxyhydride ionic conductors, a
class of materials otherwise dominated by far more complex layered perovskites of the
Ruddlesden-Popper type, such as La2LiHO3, LnSrCoO3H0.7, La2-x-ySrx+yH1-x+yO3-y and
La2-x-ySrx+yLiH1-x+yO3-y.[11–14]

Given the analogous composition to LaOxH3-2x, we suppose that reactively sputtered
RE oxyhydride thin films might be hydride-ion conductors as well. This property is likely
tied to the still unclear mechanism of photodarkening, a process suggested to depend
on the segregation of an optically absorbing phase during light exposure.[15, 16] The
connection between the anion mobility and the photochromic effect remains an open
question, with the only hint coming from a NMR study in which the photodarkening was
shown to temporarily quench the signal of the most mobile hydrogen fraction.[17]

In this context, a deeper understanding of the crystal structure of the sputtered
RE−O−H films is important not only to further explore the photo-initiated diffusion
processes and solid state reactions, but also to assess the similarity to the other hydride-
ion conductors.

Synthesized as powders via high temperature solid state reaction between oxide
and trihydride precursors, the cubic LaOxH3-2x present a small tetragonal distortion
(P4/nmm) in consequence of long range anion ordering.[10] Given the strain induced
by the adhesion to the substrate and the fact that reactively sputtered photochromic RE
oxyhydride thin films form via a process whose driving force and kinetics are inherently
different from powder synthesis, it remains unclear to which extent they share the struc-



3.2 EXPERIMENTAL

3

29

tural (and functional) properties of the bulk RE oxyhydrides.
Until now, due to the fact that neutron diffraction is not a viable option for thin films,

experimental information on the location of the H – and O – anions was missing. In this
chapter, we bridge this lack of evidence by measuring the extended X-ray absorption fine
structure (EXAFS) of a subset of the samples studied in Chapter 2. We choose Gd-based
samples because of (i) their high X-ray scattering cross section and (ii) the energy window
of the XAS beamline we had access to; however the similar structural behaviour of other
RE oxyhydrides[3, 4] and our energy calculations suggest that the result here discussed
can be extended to other RE cations as well.

In Sec. 3.3.1 we use a combination of transmittance and photodarkening measure-
ments to verify the identity (i.e., dihydride, oxhyhydride, oxide, hydroxide) of each sample.
In Sec. 3.3.2 XRD is used to probe the cation lattice, while In sec. 3.3.3 EXAFS is used to
study the Gd local coordination. Here we verify that the local coordination of the in-situ
sputtered GdH2 resembles that of the well-known ex-situ hydrogenated RE dihydrides
and that, upon air exposure, O2 – anions enter the tetrahedral sites of the fcc-GdH2 lattice.
In Sec. 3.4.1 we frame the experimental results in a broader discussion of the lattice
energy, providing in addition a qualitative explanation of the driving force behind the
air-mediated formation of the photochromic RE oxyhydrides. Finally, in Sec. 3.4.2 we
propose an idealized structural model to describe the occupancy of each anion-site along
the REOxH3-2x composition line.

3.2. EXPERIMENTAL

SAMPLE PREPARATION

Gd-based thin films of thickness ∼150 nm were prepared by reactive magnetron sputter-
ing of a 2-inch metal target (MaTeck Germany, 99.9% purity) in a Ar/H2/O2 (5N purity)
atmosphere. The deposition chamber was kept at a base pressure below 1× 10−4 Pa.
During deposition three independent mass flow controllers were used to define the com-
position of the gas mixture while the total deposition pressure (pdep ) was varied by means
of a butterfly reducing valve mounted at the inlet of the pumping stage. A constant Ar
flow of 35 sccm was used in combination with different H2 and O2 flows to synthesize
samples of different chemical composition. A total power of 175 W supplied as pulsed
direct current (50 kHz, 90% duty cycle) was used to sustain the plasma excitation while
avoiding arcing. All samples were grown on unheated UV-grade fused silica (f−SiO2) and
polished glassy carbon substrates.

Table 3.1 summarizes the different binary and ternary Gd-based thin films studied in
this work as well as the corresponding deposition conditions together with the key mate-
rial properties. While Gd dihydride is identified by its characteristic optical transmittance
window,[3, 18] the oxyhydride is the only sample that shows photochromic behaviour
(Fig. 3.1).[4]

A Gd dihydride reference sample (hereafter labeled as ex-situ) was prepared by hy-
drogenation of a Pd-capped (20 nm) metal layer in a pressure cell at 1 bar of H2 at room
temperature. Employing the hydrogenography method, [19] the change in optical trans-
mittance was used to verify that the film was loaded to a H:Gd ratio above the dihydride
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Sample H2/O2 flow Pdep Cap Composition Phase
(sccm) (Pa) (20 nm)

Gd Metal 0/0 0.3 Pd - P63/mmc
Dihydride* (ex-situ) 0/0 0.3 Pd GdH1.8 F m3̄m
Dihydride 5/0 0.3 Al - F m3̄m
Oxyhydride 5/0 0.7 - GdO0.8H1.4** F m3̄m
Oxide 0/1 0.3 - Gd2O3 I a3̄
Hydroxide 5/0.4 0.3 - GdO2.2H1.2 amorph.

Table 3.1: Summary of the Gd−O−H compounds studied in this work, corresponding deposition conditions
and key material properties. *Deposition conditions refer to the pure Gd layer which is later hydrogenated in a
pressure cell (1 bar of H2 at room temperature) employing the hydrogenography method.[19] **Composition
estimated from the EXAFS coordination numbers.

to trihydride phase transition, followed by unloading to dihydride in air after opening of
the pressure cell.

The metallic materials (Gd and its dihydrides) were capped by a Pd or Al overlayer,
that was deposited without breaking the vacuum, to protect them against oxygen con-
tamination. No protection layer was applied to the oxygen containing semiconductors.

The photochromic oxyhydride is a transparent semiconductor which forms by air-
oxidation at ambient conditions from the as-sputtered metallic dihydride state. Hence,
air-oxidation is an important step of oxyhydride synthesis, which depends on the film
porosity and was shown to occur above a certain critical deposition pressure. [3] In the
case of Gd, we find that air oxidation sets in above a value of pdep = 0.7 Pa. All other films
were sputtered at pdep = 0.3 Pa. In contrast to the oxyhydride, the oxide as well as the
hydroxide samples are already transparent upon deposition inside the vacuum chamber,
suggesting that all the oxygen is incorporated in-situ via the reactive O2/H2 atmosphere.

SAMPLE CHARACTERIZATION

Optical properties. The optical transmittance, T (λ), of the wide band gap oxide and
hydroxide samples was measured with a Perkin-Elmer Lambda 900 UV-VIS-NIR spectrom-
eter with a wavelength range of 200-2500 nm. The remaining samples were investigated
using a custom-built optical fiber based setup equipped with a white source (DH-2000BAL,
Ocean Optics) and a Si-based energy dispersive spectrometer (HR4000, Ocean Optics).
The transmittance of the dihydride film was measured prior to the deposition of the
Al capping layer inside an oxygen free (<0.1 ppm) glove-box directly connected to the
deposition chamber.

The optical bandgap, Eg , was determined using the Tauc plot method with an esti-
mated error of about ∆Eg = 0.1 eV.[20, 21]

The photo-darkening of the oxyhydride was initiated by a low pressure Hg UV-lamp
(Herolab GmbH) with an emission range of 245-400 nm and an integrated irradiance
of 5000 µW cm−2, which is comparable to that of the sun (4610 µW cm−2) in the same
spectral range.[22]
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Chemical composition. The absolute composition of the samples was determined by a
combination of Rutherford backscattering (RBS) and Elastic recoil detection (ERD) ion
beam techniques with an estimated accuracy of 1 at%. The reader is referred to Chapter 2
for further details. Note that ion beam analysis was crucial to clearly distinguish the Gd
oxide, oxyhydride and hydroxide samples.

X-ray diffraction. Parallel-beam X-ray diffraction (XRD) data were recorded on a Bruker
D8 Discover diffractometer equipped with a Cu tube (λ= 1.5406 Å) combined with a 40
mm Goebel mirror as well as a 0.2° equatorial Soller slit mounted to a LynxEye XE energy
dispersive linear detector.

All samples were initially measured in symmetric geometry (2:1), where the incidence
angle equals half of the scattering angle (w = 2Θ/2). The presence of preferential ori-
entation was assessed by rocking curves around the main peaks (scanning w at fixed
2Θ). For those samples showing no or minimal texture we report grazing incidence scans
(incidence angle fixed at w = 2°) to enhance the signal of the thin films.

Lattice constants were determined from the peak positions obtained by fitting a
constrained double Pseudo-Voigt function (to account for the Cu-Kα1/2 doublet) to the
experimental data. The resulting values were also corrected for instrumental deviations
in scattering angle, 2Θ, by measuring a NIST certified powder standard (SRM-1976b
corundum Al2O3) in the same geometry. Given the large FWHM values observed for the
sputtered polycrystalline films of this work, the uncertainty of the lattice constants is
estimated to be ±0.01 Å.

X-ray absorption spectroscopy. Gd-L3 X-ray absorption spectra were collected on the
EXAFS stations (Bending-Magnets n.26 and n.14) of the Dutch-Belgian beamline (DUB-
BLE) at the European Synchrotron Radiation Facility (ESRF, Grenoble France). The energy,
E , of the X-ray beam was controlled by a Si(111) double crystal monocromator with a
resolution of∆E/E ∼ 1×10−4. Across the whole measurement range, from 7043 eV (200 eV
before the Gd-L3 edge) to 7820 eV (just before the Gd-L2 edge), the accuracy of the energy
calibration was confirmed to be within 0.25 eV by measuring the K-edge of Co (7112
eV), Fe (7708.9 eV) and Ni (8332.8 eV) reference foils. The thin films were measured in
fluorescence geometry at an incidence angle of ∼ 35° and an exit angle of ∼ 60°, defined
by the orientation of the sample and the position of the ORTEC IGLET 9-element Ge
detector respectively.

The metallic samples and the photochromic oxyhydride were measured at 80 K in a
liquid nitrogen cryostat. In contrast, given the dominant site disorder, oxide and hydrox-
ide samples were measured at room temperature (RT) in air.

Taking into consideration the Gd absorption cross section, the thickness of the films
and their density, we estimate negligible effects of self-absorption (Sec. 3.B.2); therefore
no correction is performed during data treatment.[23] After background subtraction of
the raw data, EXAFS oscillations, χ(E ), have been expressed in terms of the photoelectron
wavenumber (k = p

2me E/ħ), χ(k), and Fourier Transformed (FT) to the direct space,
χ(r ), for a more intuitive interpretation. To compensate for the diminishing amplitude
at high-k, a weighting factor of k2 is adopted prior to the FT. In the framework of the
single scattering (SS) and multiple-scattering (MS) path expansion, the weighted Fourier
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transformed data, F T [k2 ×χ(k)], is finally fitted according to the EXAFS equation (Sec.
3.B.1):

χ(k) = S2
0

∑
j

N j

kr 2
j

f j (k,r j )e
−2σ2

j k2

e−2r j /λ j (k) sin(2kr j +δ j (k)) (3.1)

For each j th-shell the amplitude, f j (k,r j ), phase shift, δ, and photoelectron mean free
path, λ j (k), are calculated ab-initio with the FEFF9 code.[24, 25] The coordination num-
ber, N j , the effective distance, r j , and the Debye Waller factor, σ j , are taken instead as
fitting parameters (sometimes constrained). A fourth variable, the energy shift, e0, j , is
added to account for experimental energy offsets and for the possible mismatch with the
ab-initio calculation. Due to the absence of references, the amplitude reduction factor,
S0, is taken as equal to 1, possibly leading to a systematic, small underestimation of the
coordination numbers. [26, 27]

Data processing including averaging of scans, background subtraction, forward
Fourier Transform of the k2-weighted data, and fitting was performed using the Viper
software.[28] The errors have been estimated by the correlation map between parameters
and reflect a confidence interval of 2σ= 68%.

MADELUNG ENERGY CALCULATION
The Madelung energies of Gd−O−H structures have been calculated using MADEL, an
applet called in by VESTA.[29] The code employs the Fourier method, for which the radius
of an ionic sphere was chosen to be slightly smaller than the shortest interatomic distance
while the reciprocal space range was set to 6 Å−1. The convergence of the Madelung
energy upon variation of both parameters was verified.

3.3. RESULTS

3.3.1. OPTICAL PROPERTIES AND PHOTOCHROMISM
Due to the mixed H2/O2 reactive atmosphere and possible air-oxidation, a wide range
of binary and ternary Gd−O−H compounds may result from reactive magnetron sputter
deposition. [3, 4] Optical transmittance spectra were used to verify the electronic state of
each of the Gd−O−H thin films (Fig. 3.1).

Gd dihydride films appear as optically thick metals with the exception of a region of
weak transmittance in the red part of the visible spectrum. This transmittance window
is a characteristic property of the RE dihydrides [3, 30] and is known to arise due to
a combination of a weak inter-band and free electron absorption close to the plasma
frequency.[18] Gd oxide and hydroxide are both wide bandgap semiconductors with
indirect optical bandgaps of 5.1 eV and 5.3 eV respectively. Finally, the oxyhydride is the
photochromic semiconductor that, after exposure to UV light for three hours, shows an
average contrast (∆T ) of 31.5% in the 450−1000 nm wavelength range. By comparison to
the trend in band gap variation with respect to REOxH3x-2 oxyhydride composition (Fig.
2.4), the measured band gap value (2.3 eV) suggests that the oxyhydride studied in this
work belongs to the oxygen poor region (0.5 < x < 1) of the composition range.[4]

Additional information about the semiconducting samples can be inferred from the
typical thin film interference patterns in the long wavelength part of the transmittance
spectra. [31] The fact that the interference maxima reach the transmittance of the bare
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f-SiO2 substrate implies that the sub band gap absorption, i.e. due to optically active
defects, is negligible. Moreover, the value of the interference minima is linked to the
difference in refractive index between film and substrate. The data in Fig. 3.1 suggests
that the refractive index decreases with increasing oxygen content, x, i.e. from oxyhydride
to oxide to hydroxide, which is in good agreement with our earlier work [4] and a recent
study by You et al. [7]

f-SiO2

Gd hydroxide

Gd oxide

Gd oxyhydride

Tr
an

sm
itt
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ce

 (%
)

Wavelength (nm)

Gd dihydride

LIGHT ON
exposure: 3h
=250-400 nm

I= 5000 W/cm2

Figure 3.1: Transmittance of sputtered Gd−O−H thin films. Gd dihydride (blue) is a reflective metal with a
transmittance window centered at ∼ 750 nm. Gd oxide (red) and Gd hydroxide (orange) are wide bandgap
semiconductors. Gd oxyhydride (magenta) is a semiconductor with characteristic photochromic behaviour i.e.
transmittance decreases by ∼ 30% after 3h of UV exposure (grey). The black dotted line is the transmittance of
the bare f−SiO2 substrate.

3.3.2. XRD: FCC CATION LATTICE

XRD is employed to probe the long range crystal structure and to determine the lattice
constants of the Gd−O−H thin films, as shown in Fig. 3.2.

The phase of each compounds was identified by comparison to the ICDD-PDF pat-
terns reported in Table 3.2. The Gd metal is the only film showing hexagonal structure
and its two main peaks at 28.8° and 30.6° match with the (100) and (002) crystal planes of
the hcp-P63/mmc pattern (#00-02-0864).

In agreement with our previous studies, the diffraction patterns of the remaining films
show fcc symmetry, best matched by the F m3̄m pattern of GdH2 (#00-50-1107).[3, 4] Due
to the limited number of reflections and their large FWHM it is not possible to exclude the
small degree of tetragonal distortion which was reported for the similar anion-ordered
LnOH (c/

p
2a = 0.997) and LnO0.5H2 (c/

p
2a = 0.999) oxyhydrides.[10, 32]

The rocking curve FWHM is a relative measure of the degree of out-of-plane preferen-
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Figure 3.2: XRD patterns of the polycrystalline Gd−O−H thin films. a) Gd metal is ascribed to the hexagonal
P63/mmc pattern #00-02-0864 (dotted vertical lines). b) Gd dihydride, oxyhydride and oxide have cubic
symmetry and are shown versus the F m3̄m pattern #00-50-1107 of the GdH2 (dashed vertical lines). The lattice
constants of all compounds are reported and compared to the respective ICDD-PDF reference patterns in Table
3.2. The peak indexed with a dot is due to the Pd capping, while the broad feature centred at 2Θ∼ 22°is due to
scattering by the f-SiO2 substrate. The inserts show the rocking curves of the prominent peaks of the textured
samples.
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tial orientation of thin films. According to the rocking curves shown in the inserts of Fig.
3.2 we find that the Gd metal film has a preferential out-of-plane orientation along the
hcp c-axis. This texture is maintained during ex-situ hydrogenation of Gd to GdH2, i.e.
the phase transition occurs in such way that the hcp c-axis (002) is parallel to fcc space
diagonal (111). This structure evolution is in agreement with the well documented case of
hydrogenation of Y to YH2.[4, 33] In contrast, the (in-situ) reactively sputtered GdH2 film
has no significant (111) texture, which is also indicated by the absence of the (222) peak.
Similarly, the photochromic Gd oxyhydride is not textured either.

In case of Gd oxide, we would expect thermodynamically stable cubic bixbyite struc-
ture (I a3̄, #00-12-0797), which is essentially a distorted fcc structure with ordered oxygen
vacancies.[34, 35] In the XRD pattern, this results in the appearance of (weak) super-
structure peaks in addition to the main fcc peaks, as we have reported recently for the
cases of reactively sputtered Y2O3 and Sc2O3 films.[4] Here, these superstructure peaks
are absent in the Gd oxide XRD pattern (Fig. 3.2), which is probably a consequence of
the substantial (111) texture of this sample that suppresses the signal from other crystal
planes. Therefore, we identify the structure of the Gd2O3 as bixbyite despite the missing
superstructure peaks.

Table 3.2 reports the determined lattice constants (d) and their variation with respect
to the reference patterns. While the oxide appears compressed along the (111) direction,
all the other samples show a slight expansion, which is typical for sputtered thin films. [3]
Notably, the lattice constants of the hydrogenated ex-situ dihydride (5.33 Å), sputtered
dihydride (5.36 Å) and oxyhydride (5.41 Å) present the increasing trend already reported
for Gd, Dy, Y and Er based RE−O−H compounds.[3]

Sample ICDD-PDF Phase d ∆d/d0

(Å) (%)
Gd metal #00-02-0864 P63/mmc 5.84 +1.4
Gd dihydride* (ex-situ) #00-50-1107 F m3̄m 5.33 +0.5
Gd dihydride #00-50-1107 F m3̄m 5.36 +1.0
Gd oxyhydride #00-50-1107 F m3̄m 5.41 +1.9
Gd oxide #00-12-0797 I a3̄ 10.41 -3.9
Gd hydroxide X-ray amorphous

Table 3.2: Gd−O−H The experimental lattice constant (d) - as derived by XRD peak fitting - and (∆d/d0) is its
relative variation with respect to the reference ICDD-PDF pattern for the Gd−O−H compounds studied in this
work.

3.3.3. EXAFS: TETRAHEDRAL OXYGEN LOCATION
EXAFS was used to investigate the Gd local environment and therefore understand the
location of oxygen in the Gd−O−H structures. In Fig. 3.3 we show the Gd-L3 EXAFS data
and their best fit up to the 2nd shell. The corresponding fitting parameters and their
uncertainty are reported in Table 3.3.

All the polycrystalline thin films were fitted with models constructed from the insight
inferred from XRD. To fit the EXAFS signal of the X-ray amorphous hydroxide, we tested
all the relevant space groups of the ICDD-PDF database (Table 3.C.1), finding however
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Figure 3.3: k2-weighted EXAFS data (a) and corresponding Fourier Transform (b) of the reactively sputtered
Gd−O−H thin films. The red curves correspond to the best fits as done in real space for the shells indicated by
the light blue background.
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Path N r σ e0

(Atoms) (Å) (10−3 Å2) (eV)

Gd metal (80K) R=3.0% ν= 2
Gd-Gd #1 5.2(5) 3.55(1) 5.2(4) 2.8(8)
Gd-Gd #2 4.9(5) 3.67(1) 6.6(4) "

Gd dihydride (ex-situ) (80K) R=3.9% ν= 7
Gd-Gd #1 11.9(4) 3.737(2) 5.2(1) 3.0(1)

Gd dihydride (80K) R=6.0% ν= 6
Gd-Gd #1 10.3(1) 3.745(1) 7.4(1) 3.5(3)

Gd oxyhydride (80K) R=5.8% ν= 6
Gd-O #1 2.5(2) 2.305(6) 13(3) 4.4(3)
Gd-Gd #1 9.3(5) 3.677(6) 18(1) "

Gd oxide (RT) R=5.0% ν= 5
Gd-O #1 5.3(4) 2.27(1) 14(1) 3.2(9)
Gd-Gd #1 5.7(9) 3.63(2) 13(4) "

Gd hydroxide (RT) R=4.4% ν= 6
Gd-O #1 6.4(6) 2.34(1) 14(1) 1.8(5)
Gd-Gd #1 4.1(7) 3.65(2) 13(3) "

Table 3.3: Results obtained from the EXAFS fitting of the Gd−O−H thin films. For each sample, R is the final
value of the minimized function while ν is the difference between the number of independent data points and
free variables. The error on the last significant figure is reported in round brackets after each number.

that the best fit parameters were always equal within error. In Table 3.3 we report those
corresponding to the monoclinic P21/m (a =4.39 Å, b =3.75 Å, c =6.13 Å) oxyhydroxide
GdO(OH), which is the hydroxide-like compound whose formula unit best matches the
experimental composition of the sputtered film.The contribution of the H was always
neglected because insignificant compared to that of the oxygen atoms, as it is visually
evident comparing the spectra of the metallic samples to those of the oxygen containing
semiconductors.

The fitting results show that in all cases the oxygen gives rise to a coordination shell
at a distance of ∼2.3 Å, which corresponds to a path of single scattering between the Gd
atoms and the oxygen located in the tetrahedral sites of the Gd lattice. In contrast, the
occupation of octahedral sites would appear at ∼2.7 Å. While such distance matches the
expectation for oxide and hydroxide, the case of the photochromic sample is less trivial:
given the stoichiometry of a H-rich oxyhydride (REOxH3-2x with 0.5 ≤ x < 1), it follows
that in each unit cell there are more anions than available tetrahedral sites. The fact that
the first coordination shell occurs at 2.305(6) Å implies that the oxygen incorporated upon
air exposure enters the structure into the tetrahedral sites, displacing a fraction of H –
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anions to a different location. Constraining the distance of the O shell according to an
ideal fcc unit led to a poor fit, suggesting that in the oxyhydride the O2 – anions are slightly
displaced from the exact center of the interstitial sites. Besides this distortion, which is
small (∼ 13%) compared to the Gd−O bond length, all distances are consistent with the
symmetry of the space group of each sample.

The Gd−O #1 coordination numbers of the semiconductors follow the trend of in-
creasing oxygen concentration from oxyhydride (2.5) to oxide (5.3) to hydroxide (6.4), as
qualitatively shown by the peak ratios of Fig. 3.3b. All the coordination numbers indicate
a minor under-coordination with respect to the ideal bulk compounds, following from
the assumption on S2

0 and possibly reflecting the defective structure of reactively sput-
tered films and their finite grain size.[36] Based on the coordination of the oxyhydride,
NGd−O#1 = 2.7(2) and NGd−Gd#2 = 9.9(8), we estimate an oxygen fraction of x = 0.8(1) and
therefore the chemical formula GdO0.8H1.4 (Supplementary, section II.D), which corre-
sponds - as expected from the low Eg - to the H-rich end of the photochromic oxyhydride
composition range.

From the Debye Waller factors we conclude that the sputtered dihydride is more dis-
ordered than the ex-situ hydrogenated one while the oxyhydride is the most disordered
structure of all, most likely because of the higher deposition pressure together with the
large site disorder and strain induced by post deposition air-oxidation.

As an additional sign of consistency, we note that the Gd-L3 edge progressively shifts
towards higher energies reflecting the increasing oxidation state of the Gd ions from metal
to dihydride (Gd2+) to oxide (Gd3+) and hydroxide (Gd3+) (Fig. 3.A.3).

3.4. DISCUSSION

3.4.1. LATTICE ENERGY AND AIR OXIDATION
The recently established RE−O−H phase diagram suggests that the formation of GdOxH3-2x
oxyhydrides via air oxidation formally follows a two-step reaction path (visualized by the
arrows in Fig. 3.4):[4]

GdH2 +
1

4
O2 −−→ GdO0.5H2 (3.2a)

GdO0.5H2 +
2x −1

4
O2 −−→ GdOxH3−2x +

2x −1

2
H2 ↑ (3.2b)

The EXAFS radial distribution of the oxyhydride reveals that the oxygen sits at 2.305(6) Å
from the Gd atoms, therefore occupying the tetrahedral sites of the cation lattice. Such
coordination appears counter-intuitive for two reasons. First, the oxygen enters into
a structure where the tetrahedral sites are already filled by H – ions, which therefore
need to be displaced. Second, even though O2 – and H – ions have fairly similar radii
(RO2− ∼ 140pm, RH− ∼ 120−150pm), the first is far less polarizable than the second. [1] It
follows that the oxygen insertion is accompanied by mechanical stress, as confirmed by
the expanded lattice of the oxyhydrides compared to the dihydrides.[3]

The tetrahedral sites of the fcc structure are smaller than the octahedral ones, there-
fore it is not a principle of size exclusion that guides the oxygen incorporation. On the
contrary, given the largely ionic nature of the compound, the driving force behind the
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Figure 3.4: a) Ternary Gd−O−H chemical composition diagram. The dashed lines indicate compositions where
elements are in the same charge state: M3+, O2 – , H – for the oxyhydride and M3+, O2 – , H+ for the hydroxide-
like compounds. The bigger and labeled circles mark the ideal stoichiometric compounds and are coloured
according to the fraction of Gd (black), O (red) and H (blue). The absolute chemical composition of the thin
films studied in this work is indicated in green, where the circles are obtained from ion beam analysis while the
larger ellipse is estimated from the EXAFS coordination numbers of the oxyhydride sample. b) Madelung energy
evaluated along the oxyhydride composition line assuming oxygen incorporation into the tetrahedral (Otet,
yellow line) and octahedral (Ooct, green line) sites respectively. The inserts show the site occupation in the two
cases for selected structures (GdH3, GdO0.5H2, GdOH and Gd2O3). In both panels the red arrows denote the
hypothesised two-step pathway of air-mediated oxidation that leads to the formation of the oxyhydride from
the in-situ sputtered dihydride (eq. 3.2a and 3.2b).
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oxidation process is most likely of electrostatic nature. In this framework, the preferred
occupation of the tetrahedral sites by the oxide ions can be explained by a difference in
lattice enthalpy, i.e. the energy released when ions are brought together and spatially
combined to form the compound.

Neglecting any covalency to the bonding and the finite size of the atoms, the lattice
enthalpy rewrites as (minus) the coulomb energy (Madelung energy, EM ). Values of EM

for compounds that belong to the GdOxH2 and GdOxH3-2x composition lines are shown in
Fig. 3.4b. The first (dashed) line spans from GdH2 to GdO0.5H2 and refers to the absolute
composition of the compound as Gd is progressively oxidized and the metal to insulator
transition occurs near x = 0.5 (eq. 3.2a). The second (full) line connects GdH3 to Gd2O3
and includes the region of photochromism: 0.5 < x < 1.5 (eq. 3.2b).

The evaluation of EM was repeated for two cases, hereafter referred to as octahedral
oxygen (Ooct ) and tetrahedral oxygen (Otet ) respectively. In the Ooct case, the O2 – anions
are assumed to reside in the bigger octahedral sites, while in the Otet case they are placed
in the tetrahedral sites and an equal number of H – ions are displaced to octahedral
positions. To focus on the contribution of the anions positioning only, the fcc lattice
of the cations was kept constant and approximated for all structures to the one of the
oxyhydride (F m3̄m, a = 5.41Å).

In its simplicity, this model provides a qualitative explanation of the main driving force
behind the dihydride oxidation and the preference of oxygen for the smaller tetrahedral
sites. Indeed, there is not a single composition for which octahedral oxygen would lead to
an energy gain with respect to a tetrahedral occupancy. This is also predicted by the so
called radius-ratio rule, which is a direct consequence of the lattice energy and can be
summarized as follows: if the radii allow, the most favourable structure for an ionic com-
pound is the one that maximizes the coordination of the most charged constituents.[37]
In our case, the Gd3+ is 8-fold coordinated by tetrahedral sites and only 6-fold coordinated
by the octahedral ones, which moreover are further apart in space.

To understand the trends shown in Fig. 3.4b, one should consider that the Madelung
energy is an infinite (but convergent) summation which runs over all the ions that make
the crystal. In practice, to account for partial occupancies and for the mixed anion sub-
lattice, it is convenient to define the average charge for each equivalent crystallographic
site (tetrahedral, octahedral, etc.) and to sum over all the crystal site positions. When
the anion substitution is not accompanied by a variation of the average charge in any
of the crystallographic sites, EM does not change (x ≤ 0.5 for Ooct case and x ≥ 1 for
both cases). In the Otet case, from x = 0 to x = 1, the absolute value of the Madelung
energy increases as the charge is effectively displaced from the octahedral to the more
advantageous tetrahedral sites. In contrast, for the Ooct case the energy gain due to a
reduced anion-anion repulsion is counterbalanced by the charge displacement towards
the less advantageous octahedral sites: from these two opposing contributions EM shows
a weak peak in the region 0.5 ≤ x ≤ 1.5.

We stress that the results of our calculation, after correction with the repulsive (con-
stant) term of the Born-Landé equation, match the experimental lattice energy of REH2
(fcc) and RE2O3 (bixbyite) reference compounds (with RE = Y, Gd) within 10% of error.
However, due to the challenges that thin films pose to the measurement of thermody-
namic quantities, the ionic character of sputtered RE oxyhydrides has never been verified
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via the Born-Haber cycle. Nevertheless, the electronegativities of the constituting atoms
(Gd= 1.2, O=3.44, H= 2.20 in Pauling scale) and the insulating gap along the whole com-
position range point towards bound electronic states. Similar arguments have been
originally raised to justify a local description in binary LaH3 and YH3 tri-hydrides and
an extension to the ternary REOxH3-2x appears well-founded.[38, 39] On this basis, the
ionic picture seems to be a qualitatively valid approximation for the RE oxyhydrides. In
addition, we notice that these considerations are not new in the context of mixed-anion
compounds and it has already been shown that the Madelung energy is able to capture
the essential features of the valence band structure of complex bismuth oxyhalide layered
peroskites. [40]

3.4.2. GENERALIZED ANION-DISORDERED MODEL

The EXAFS data and the lattice energy minimization arguments of this work verify the
preference of the anions for the tetrahedral sites, therefore substantiating the generalized
structural model reported in Fig. 3.5. Here, the structural evolution along the GdOxH2
and GdOxH3-2x composition lines is described in terms of an anion-disordered unit based
on the fluorite fcc structure with variable lattice constant.

In this framework, air-oxidation of the as-deposited REH2 films to the REO0.5H2 in-
volves displacement of hydride ions from tetrahedral to octahedral sites as the O2 – ions
take their place and the RE cation is oxidized from RE2+ to RE3+ (eq. 3.2a). This step also
results in a well documented lattice expansion with respect to the initial dihydride. [3]
Further oxygen inclusion is not accompanied by a change in oxidation states but rather
requires the release of hydrogen to maintain charge neutrality (eq. 3.2b).

We notice that several groups reported ordering of the anion sub-lattice in RE oxyhy-
drides (RE = Y, Ln, Cr, Pr, Nd) prepared via high temperature/pressure chemical routes.[10,
41? , 42] In addition, a variety of anion-ordered YOxH3-2x polymorphs with different O:H
ratios were hypothesized by density functional theory.[43] However, the air mediated
post-oxidation of the reactively sputtered REH2 does not proceed under thermodynamic
control: as a result, oxyhydride films produced in this way (with RE= Sc, Y, Gd, Dy, Er) do
not show any obvious structural variation from the cubic F m3̄m symmetry.[3, 4, 44] This
suggests a substantial absence of anion ordering in consequence of the initial structure
of the dihydride layer as well as the insufficient energy for structural re-arrangement
(via diffusion) at room temperature. Nevertheless, we cannot exclude a certain degree of
anion-ordering and tetragonality. The small displacement of the oxygen ions from the
exact center of the tetrahedral sites, similarly observed in the anion-ordered LaOxH3-2x
powders,[10] might indeed be an indication of the onset of anion ordering in the Gd
oxyhydride film investigated in this work.

In any case, our simplified description provides an insightful framework whose added
value is the ability to estimate the fraction of empty interstitial sites as a function of
the H:O ratio along the REOxH3-2x oxyhydride composition line. In the region of H-rich
compounds (0 < x ≤ 1), the occupancy, g , of the octahedrals diminishes linearly from
goct = 1 in the REH3 to goct = 0 in the REOH. For O-rich compositions (1 ≤ x ≤ 1.5), the
tetrahedrals get linearly depleted from g tet = 1 in the REOH to g tet = 0.75 in the oxide
RE2O3.

Taking into account that the fraction and the kind of free sites strongly influence the
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ionic/electronic conductivity, and most likely the photochromic effect as well, we believe
that such insight will act as a guideline for designing RE oxyhydrides with optimally tuned
functional properties.

GdH2

GdH3

Gd2O3

GdOH

GdO0.5H2

empty site
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Figure 3.5: Generalized crystal structure evolution of rare-earth oxyhydrides with different H – /RE and O2 – /RE
ratios based on the fcc-fluorite (F m3̄m) structure motif. Anion sublattice disorder is visualized by multicolored
spheres in terms of partial occupancy of tetrahedral (yellow polygon) and octahedral (green polygon) sites. The
arrows indicate metal-insulator transitions. Figure adapted from Cornelius et al., JPCL, (2019).[4]

3.5. CONCLUSIONS
Multianion compounds are a largely unexplored class of widely tunable functional materi-
als. In this context, RE based oxyhydrides stand out because of their unique photochromic
properties and the possibility of synthesizing them via air-oxidation of reactively sput-
tered RE dihydride thin films.

In this work we investigated the local structure of various Gd−O−H compounds,
whose increasing oxygen content is reflected by consistent trends of decreasing refractive
index and increasing energy gap, Gd-O EXAFS coordination number and XANES edge
position.

The EXAFS analysis presented here shows that the oxygen substitutes for hydrogen at
the tetrahedral interstitial sites of the fcc Gd lattice.

Calculation of the Madelung Energy suggests that the preference of the oxide ions for
the tetrahedral sites is related to a favourable electrostatics as compared to the octahedral
occupancy. Furthermore, we identify in the lattice energy the main driving force for the
oxyhydride formation by air-oxidation of dihydride films.

Still, much remains unknown about the degree of anion ordering, the hypothesized
H – conductivity, and the physical mechanism behind the photochromic effect of the RE
oxyhydrides. The structural insight provided here may serve as valuable starting point for
further experimental and computational work.
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3.A. XANES AND EDGE POSITION

Figure 3.A.1 reports the background subtracted and normalized XAS data. An enlarge-
ment over the XANES region is given is Figure 3.A.2. Notably, the edge position shifts
towards higher energies upon progressive oxidation of the Gd atoms; i.e. from Gd metal
to dihydride to oxide to hydroxide (Figure 3.A.3). Gd metal, dihydrides, oxyhydride and
hydroxide samples have been measured on the EXAFS line bending-magnet (BM) n.26
while the Gd oxide sample was measured on the line BM n.14.

Figure 3.A.1: XAS data of Gd−O−H compounds studied in this work after pre-edge background subtraction and
normalization to the post-edge background.
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Figure 3.A.2: Zoom of Fig. 3.A.1 showing the white line and first post-edge oscillation.
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Figure 3.A.3: XANES edge position of Gd−O−H compounds determined using the first derivative method.



3

50 APPENDIX

3.B. EXAFS
3.B.1. EXAFS THEORY

χ(k) = S2
0

∑
j

N j

kr 2
j

f j (k,r j )e
−2σ2

j k2

e−2r j /λ j (k) sin(2kr j +δ j (k)) (3.3)

In the EXAFS equation (eq. 3.3), the coordination environment of the central atom(s) is
described as the summation of j scattering paths, where all equal atoms (i.e. same atomic
number and same distance from the central absorber) are grouped into a single shell.

Upon X-ray absorption, a photoelectron is emitted from a resonant atom and scatters
with the local environment of the central absorber, giving rise to interference oscillations
in the absorption spectra. The sinusoidal term sin(2kr j +δ j (k)) provides a direct con-
nection between their frequency in k-space and the absorber-backscatterer distance, r j .
As intuition would suggest, the strength of the EXAFS signal of each shell scales linearly
with the corresponding number of atoms, N j . Similarly, it is easily understood that a
disordered environment and the inability of the photoelectron to probe long distances
lead to a reduction of the signal, as reflected by the two damping exponentials. The first
one depends on the EXAFS Debye-Waller factor, σ j , which represents the variance of
the distance for the given j shell and is therefore a measure of the local disorder at the
given temperature. The second exponential scales with the photoelectron mean free
path, λ j (k), therefore accounting for the losses arising from extrinsic inelastic effects
during the propagation of the photoelectron. In contrast, intrinsic inelastic effects such
as the excitation of the passive electrons (shake-up and shake-off processes) are included
through the multiplying factor S0 ≤ 1, which effectively describes a reduction in the co-
herent signal. Finally, the scattering amplitude function, f j (k,r j ), and the phase shift, δ,
are complex functions whose origin lies in the propagation in space of the photoelectron
and its interaction with the local environment.

Notably, f j (k,r j ), δ and λ j (k) strongly depend on the composition and symmetry
of the material but are only weakly influenced by the exact coordination and distances;
therefore they are calculated ab-initio starting by ideal structure models as described in
section III.C.

3.B.2. EXAFS SELF ABSORPTION
Eq. 3.3 is derived under the assumption that the emitted photoelectron is only scattered
by the local environment and does not undergo any further processes of absorption while
propagating through the material. This is not always true and, as a result, the fluorescence
intensity emitted within the solid angle of the detector,Ω, is not simply proportional to
the absorption cross section, µ(E ) but is also modulated by g (E ), a second function of the
photoelectron energy, E .[1, 2]

IF ∝µ(E)g (E) (3.4)

g (E) ∝
∫
Ω

csc(α)

(
1−exp(− f (α,β,E ,EF )t )

f (α,β,E ,EF )

)
dΩ (3.5)

The function g (E ) depends in turn on the thickness of the sample, t , and on the function

f (α,β,E ,EF ) = csc(α)µ(E)+csc(β)µ(EF ) (3.6)
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whose value reflects the probability of absorbing the X-ray beam entering into the material
at angle α and the fluorescence photons (of energy EF ) emitted at angle β towards the
detector.

Notably, eq. 3.5 simplifies under two sets of specific conditions often referred as
dilute-thick regime ( f t >> 1) and dense-thin regime ( f t << 1) respectively. In the latter
case, the first order expansion of the exponential shows how g (E) reduces to an energy-
independent scale factor. Figure 3.B.1 shows a map versus entry and exit angles of f t . In
the calculation, an average film thickness of 150 nm is used and the Gd cross section from
NIST, µGd , is evaluated for an incoming energy (E = 7250 eV) just after the L3-edge and
for an emitted fluorescence corresponding to the Gd −Lα (EF = 6050 eV).

Given the geometrical configuration adopted in this work (α∼ 35° and β∼ 60°), we
estimate to be in the dense-thin limit, therefore the measured fluorescence is linearly
dependent on the absorption cross section and no further correction is made during data
analysis.

Figure 3.B.1: Estimated value of the function f (α,β,E ,EF )t = (csc(α)µGd (E )+csc(β)µGd (EF ))t mapped versus
entry, α, and exit, β, angles. A film thickness of 150 nm is used and the Gd cross section from NIST, µGd ,
is evaluated for an incoming energy (E = 7250 eV) just after the L3-edge and for an emitted fluorescence
corresponding to the Gd −Lα (EF = 6050 eV). The red circle represents the geometrical configuration adopted
in this work.

3.B.3. ADDITIONAL DETAILS ON EXAFS DATA ANALYSIS
In case of the metallic samples (Gd metal and dihydrides), low noise EXAFS data were
collected until 12 Å−1. The EXAFS data of the semiconducting thin films (Gd oxyhydride,
hydroxide and oxide) were limited to 10 Å−1 due to the reduced signal to noise ratio. The
fitting was done up to the 2nd shell and the contribution of H was neglected because
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insignificant compared to that of the O atoms.
A positive value of ν is essential for a stable fitting and said guideline was employed

when choosing the number of paths included in the model. For the same reason, the
number of free variables was reduced constraining the energy shift to a unique value for
each spectra.

The FEFF9 code has been used to calculate the functions f j (k,r j ), δ and λ j (k) on the
basis of the phase and lattice parameters inferred from XRD (Table I).

Gd oxyhydride
Constraining the distances according to fcc symmetry led to poor fitting of the experi-
mental data. Most likely, a certain degree of distortion is present in analogy to the bixbyte
oxide and to the anion-ordered oxyhydride powders.[3, 4] Possibly, such distortion is also
responsible for the fact that the Gd−Gd shell appears slightly contracted with respect to
the distance of the bulk dihydride, even though the XRD shows an overall expansion of
the unit cell. However, we point out that the tail of the Gd-Gd shell partially overlaps with
several paths of MS not accounted in the fitting model, therefore the distance derived by
EXAFS might be affected by a significant systematic error.

Gd oxide and hydroxide
These two compounds have been measured at room temperature. Nevertheless, we do
not expect that a measure at low temperature would significantly improve the quality of
the EXAFS data because it is the site disorder, and not the active phonon modes, the main
source of signal dumping. As a matter of fact, the low-symmetry structures of bixbyte
oxide and monoclinic oxyhydroxide are characterized by a spread in the Gd−O bond
distances of 0.1 Å and 0.3 Å respectively.

3.B.4. GD OXYHYDRIDE COMPOSITION FROM EXAFS COORDINATION NUM-
BERS

The composition of the oxyhydride is estimated from the EXAFS coordination numbers
with the following reasoning:

1. The oxyhydride has composition described by the general formula GdOxH3-2x.[5]

2. The value of x can be inferred from the coordination number of the oxygen shell.
In each unit cell there are 4 Gd atoms and 8 tetrahedral interstitial. The number
of tetrahedral oxygen per unit cell corresponds to the EXAFS oxygen coordination
number (NGd−O#1 = 2.5(2)). This is visually shown in Figure 3.B.2.

Figure 3.B.2: fcc unit cell centered on a Gd absorberer.
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Therefore: x = 2.5
4 = 0.63 → GdO0.63H1.74

3. In truth, the EXAFS coordination of the Gd-Gd shell (NGd−Gd#1 = 9.3(5) instead of
12) implies that some Gd is missing in the highly defective structure of the sputtered
film. On average, each unit cell contains therefore only4∗ (9.3/12) Gd atoms.

Therefore: x = 2.5
4∗(9.3/12) = 0.77 → GdO0.77H1.46

4. The uncertainty on x is estimated from the error of the EXAFS coordination numbers
(δNGd−O#1 = 0.2 and δNGd−Gd#2 = 0.5) using the two extreme cases (x− and x+):

x− = 2.5−0.2
4∗((9.3+0.5)/12) = 0.72 x+ = 2.5+0.2

4∗((9.3−0.5)/12) = 0.93

5. Therefore we propose x = (0.8±0.1) → GdO0.8H1.4

3.C. X-RAY DIFFRACTION REFERENCE PATTERNS

Phase ICDD-PDF n. unit cell

hcp −Gd
(P63/mmc)

#00-02-0864 a = 3.629Å
c = 5.760Å

f cc −Gd H2
(F m3̄m)

#00-50-1107 a = 5.303Å

bi xbyi te −Gd2O3
(I a3̄)

#00-12-0797 a = 10.831Å

monocl .−Gd2O3
(C 2/2)

#00-42-1465

a = 14.095Å
b = 3.5765Å
c = 8.7692Å
β= 100.08ř

hcp −Gd(OH)3
(P63/m)

#00-83-2037 a = 6.329Å
c = 3.631Å

monocl .−GdO(OH)
(P21/m)

mp-625147*

a = 4.391Å
b = 3.746Å
c = 6.132Å
β= 109.28°

Table 3.C.1: Reference patterns and associated lattice constants, as taken by the ICDD-PDF database, used to
identify the phase of the sputtered Gd−O−H thin films. *Data from Materials-Project.[6] On the ICCD-PDF
database no monoclinic GdO(OH) is reported. However most of the lanthanide elements form monoclinic
oxyhydroxide (e.g. Ln #00-19-0656, Er #00-18-0510, Tb #00-70-2040).
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4
MODELLING ANION-DISORDER:

ENERGY, METASTABILITY AND

OPTICAL PROPERTIES OF

REOx H3−2x OXYHYDRIDES

No man was ever yet a great poet, without
being at the same time a profound philosopher.

Samuel Taylor Coleridge, Biographia Literaria (1817)

Here a set of special quasirandom structures (SQS) is introduced to model the influence
of the O:H ratio on the energy, metastability, and optical properties of Y and La anion-
disordered REOxH3-2x oxyhydrides. A comparison with anion-ordered polymorphs of the
same composition shows the comparable energy of the anion-disordered phase, although its
metastability rather depends on the cation size, which determines the maximum H content
above which the CaF2-type structure itself becomes unstable. To overcome the accuracy
limitations of classical DFT, the modified Becke-Johnson (mBJ) scheme is employed in the
study of the electronic properties. We show that major differences occur between H-rich
and O-rich RE oxyhydrides, as the octahedral H – present for x < 1 form electronic states at
the top of the valence band, which reduce the energy bandgap and dominate the electronic
transitions at lower energies, thus increasing the refractive index of the material in the
VIS-nIR spectral range. Comparing the DFT results to experimental data on photochromic
Y oxyhydride films, reinforces the hypothesis of anion-disorder in the H-rich films (x < 1),
while it hints towards some degree of anion ordering in the O-rich ones (x > 1).

This chapter is an adaptation of:
G. Colombi, R. Stigter, D. Chaykina, S. Banerjee, S. W. H. Eijt, B. Dam, and G. A. de Wijs, Energy, metastability,
and optical properties of anion-disordered REOxH3-2x (RE=Y,La) oxyhydrides: A computational study, Phys. Rev.
B 105, 5 (2022).
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4.1. INTRODUCTION

Rare-earth (RE) oxyhydrides, REOxH3-2x, are gaining attention in view of their fast hy-
dride ion conductivity,[1] and peculiar optoelectronic behaviour (i.e., large reversible
photo-conductivity and photochromism),[2–4] properties that hold promises for electro-
chemical devices, such as solid-state batteries and fuel cells,[5] as well as smart coatings
for windows and sensors.

RE oxyhydrides are mixed-anion compounds, a class of inorganic materials which
offers unprecedented degrees of freedom in the design of functional properties thanks to
the broad spectrum of different anion characteristics (e.g., electronegativity, polarizabil-
ity, ionic radii) and the possibility to tune the anion-ratio within a wide compositional
interval.[6, 7] From a structural perspective, this large compositional flexibility is reflected
in a variety of stable and metastable phases. In addition, given the comparable ionic radii
of O2 – (140 pm) and H – (120-150 pm),[6] in RE oxyhydrides the anions can either order
periodically (anion-order), or randomly share the same anion-sites available within the
RE cation lattice (anion-disorder).[8, 9]

While many anion-ordered polymorphs were reported for stoichiometric REOH
(x = 1),[1, 9–11] it is thought that anion-disorder is energetically favourable in the case of
smaller cations,[8, 12] and outside this 1:1:1 composition.[9]

The anion-disordered phase resembles the structure of CaF2, with a face-centred
cubic[3, 12] or tetragonal[9] cation lattice and distinct tetrahedral and additional (less
stable) octahedral anion-sites. As visualized in Fig. 4.1, the occupation of the anion-sites
depends on the composition: for x ≥ 1, there are enough tetrahedral sites to host all
anions, while for x < 1 the tetrahedral sites are completely occupied with O2 – and H – and
the remaining fraction of H – sits in the octahedral sites.[13] Notably, high hydride con-
ductivities are observed in H-rich (x < 1) LaOxH3-2x with anion-disordered structure,[1]
an aspect clarified by the same authors in a second publication.[9] Similarly, Sc, Y, and
Gd oxyhydride thin films show stronger photochromism for Y:O:H ratios far from the
1:1:1 composition.[4] The anion-disordered phase in the H-rich range of compositions is
therefore of primary importance for applications in electrochemical devices and optics.

From the point of view of anion dynamics, the link between functional proper-
ties and the underlying composition/structure has been subject of speculation. It is
thought that the energy landscape for H – site hopping influences the kinetics of hydride
conduction,[12] as well as the speed of the photochromic effect.[4] Direct information
concerning trajectories and rates of H – hopping are however difficult to obtain; insight
is scattered, and only based on 1:1:1 REOH. For this composition, Ubukata et al.[12]
proposed that H – migrates preferentially via the so-called indirect route (i.e., from tetra-
hedral to octahedral site) passing through a triangular bottleneck whose size defines
the activation energy of the hop. This barrier is typically found on the order of 1-1.3 eV
for P4/nmm LaOH and NdOH anion-ordered oxyhydrides.[1, 12, 14] Conversely, anion-
disorder was shown to suppress H – mobility in REOH.[12] The apparent contradiction
with the high H – conductivity of anion-disordered H-rich La oxyhydrides indicates that
the properties of the 1:1:1 REOH case do not necessarily reflect those of REOxH3-2x with
varying O:H composition. For example, one might expect different migration pathways
for H-rich oxyhydrides, such as the direct octahedral to octahedral route.

From a computational perspective, anion-disorder introduces an additional level
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REO0.5H2REH3 REOH RE2O3

Depletion of Oct. sites

Depletion of Tet. sites

Figure 4.1: Trend upon O:H ratio of the occupation of tetrahedral (yellow polygon) and octahedral (green
polygon) anion-sites in anion-disordered REOxH3-2x oxyhydrides with CaF2-type structure.[13] Colour scheme:
RE, black; O, red; H, blue.

of complexity. A quantitative evaluation of the energy landscape for H – hopping in
anion-disordered RE oxyhydrides is still missing, as well as for the formation energy of
the vacancies that might assist its diffusion. Additionally, it remains largely unclear how
material properties, such as energy, phase-stability, band structure and optical absorp-
tion/refraction, depend on the O:H ratio.

To address this knowledge gap, we introduce here a set of special quasi-random struc-
tures (SQS) that, while maintaining a computationally affordable size, are able to model
the disordered anion sub-lattice along the entire REH3−RE2O3 composition line. We
assess the predictive ability of the SQS approach, and discuss how the O:H ratio defines
the total energy, metastability, and optical properties of Y and La anion-disordered oxy-
hydrides. We chose Y and La as case-studies because their (ionic) radii lie at different
ends of the Lanthanoid series, and their 1:1:1 oxyhydrides have been reported as anion-
disordered ion insulators (Y) and anion-ordered ion conductors (La), respectively.[8, 12]

Finally, we compare the results of this computational study to (i) the experimental
phase diagrams recently proposed for Y and La oxyhydrides,[9] and (ii) to the optical data
available for reactively-sputtered Y oxyhydride thin films. [3, 15, 16] In this latter case,
where there is no direct information concerning the anion-sub-lattice of the material, our
work reinforces the hypothesis of anion-disorder in H-rich YOxH3-2x thin films (x < 1),
while, at the same time, it hints towards some degree of anion ordering in the O-rich ones
(x > 1).

In Sec. 4.2 the structural model considered in this work are introduced, and the
computational details explained. In sec. 4.3.1 the lattice energy of all the structures is



4

58 4 ENERGY, METASTABILITY AND OPTICAL PROPERTIES OF REOx H3−2x OXYHYDRIDES

discussed, showing the relative stability of the anion-disordered phase in comparison to
other ordered polymorphs. In Sec. 4.3.2 we address the compositional limits, in terms
of O:H ratios, in which the anion-disordered phase is metastable against spontaneous
rearrangement of the anion sub-lattice. In Sec. 4.3.3 we discuss the influence of the
O:H ratio on the opto-electronic properties of anion-disordered Y and La oxyhydrides.
Finally, In Sec. 4.4 we compare our computational results to our own experimental work
on reactively sputtered thin films, and to the experimental work of Fukui et al. [9] on
oxyhydride powders produced via conventional high temperature solid-state reaction.

4.2. COMPUTATIONAL DETAILS

Structural models While our focus is specifically on the anion-disordered oxyhydrides,
in this work we compare three different sets of structures to provide a broader overview
and consistently compare anion-disordered and anion-ordered structures.

The first set (Fig. 4.2a) includes anion-ordered structures experimentally reported,
such as the binary REH3 tri-hydrides (P63/mmc , F m3̄m) and RE2O3 sesquioxides (P 3̄m1,
I 3̄a), and the three space groups observed for 1:1:1 Y and La oxyhydrides (P4nmm,[1]
P21/m,[9] Pnma[10]).

The second set (Fig. 4.2b, Fig. 4.A.1), is a group of hypothetical structures that we
investigate to supplement the lack of information on anion ordering outside the stoichio-
metric REOH compound and the binary extremes of the REOxH3-2x line. For x 6= 0,1,1.5
it is unclear how the anions might order inside the tetrahedral and octahedral intersti-
tial sites available within the CaF2-type cation lattice. Therefore we built all schemes
of anion ordering that are possible within one fcc unit cell (4 RE atoms, 8 tetrahedral
anion-sites, 4 octahedral anion-site). Since we showed in our previous study that the
tetrahedral sites are energetically favoured compared to the octahedral ones, and that
the O2 – anions occupy exclusively the tetrahedral sites even in H-rich compositions,[13]
these constraints were taken into account. The resulting anion-ordered structures are not
yet comprehensive, as they do not survey ordering schemes extending beyond one fcc
unit cell.

Finally, in the third set (Fig. 4.2c, Fig. 4.A.2-4.A.3) we model anion-disordered oxy-
hydrides as special quasi-random structures (SQS), i.e., relatively small supercells that
mimic the most relevant radial correlations, and thus properties, of oxyhydrides with
a perfectly random anion-sub-lattice.[17] The mcsqs code,[18] as implemented in the
Alloy Theoretic Automated Toolkit,[19] was used to generate SQS for several O:H anion
ratios (x= 0.25, 0.50, 0.75, 0.875, 1, 1.25, 1.375, and 1.5) covering the entire REOxH3-2x
composition line, from REH3 to RE2O3. The same constraints as mentioned above were
forced during the generation of SQS. Quantitatively, one estimates the goodness of an
SQS via the so-called objective function (Table 4.A.1), which measures how well the radial
correlations of the SQS match those of the ideal disordered structure. However, different
physical properties converge at a different speed against the goodness of the SQS, and
a qualitative discussion is better done in hindsight. In this work, we considered 3 differ-
ent SQS for each O:H ratio (2 in case of x = 0.75,1,1.375) so to quantify the uncertainty
((max −mi n)/2) of each of the physical quantities here reported. Hereafter, we refer to
the SQS as disordered structures.



4.2 COMPUTATIONAL DETAILS

4

59

a) Reported anion-ordered

b) Anion-ordered 
based on fcc motif

c) Anion-disordered (SQS)

P63/mmc

Fm3m

x=1.25,  P42mx=0.25, R3m

x=1, F43m

x=0.25 x=1.25

REH3 REOH

P4/nmm

Pnma P21/m

RE2O3

Ia3P3m1

Figure 4.2: Selected examples of the structures considered in this work.Colour scheme: RE, black; O, red; H,
blue. a) Previously reported anion-ordered compounds. This includes the binary REH3 tri-hydride (P63/mmc,
F m3̄m) and RE2O3 sesquioxide (P 3̄m1, I 3̄a), and the 1:1:1 REOH oxyhydride (P4/nmm, Pnma, and P21/m).
The structural difference between Pnma and P21m is minimal, and in the figure it appears as a minor translation
of the anions relative to each other. b) Examples of anion-ordered oxyhydrides based on the CaF2 motif. Here,
the anions preferentially occupy the tetrahedral sites (yellow polygons), while the octahedral ones (green
polygons) only host the excess hydrogen for x < 1. In this work we considered all schemes of anion ordering
that are possible within one fcc unit cell. The three structures here reported are the only ones that resulted
in an energy stabilization compared to the anion-disordered lattice, in view of their particular symmetry that
mitigates Coulomb repulsion between neighbouring O2 – anions. In R3m-REO0.25H2.5 the only octahedral
empty site is adjacent to the only oxygen atom; in F 4̄3m-REOH the anions alternate throughout the tetrahedral
sites; and in P 4̄2m-REO1.25H0.5 all the next-nearest neighbours of the empty tetrahedral site are oxygen anions.
c) Examples of special-quasirandom-structures to model anion-disordered REOxH3-2x oxyhydrides.

Structural optimization and energy First-principle density functional theory (DFT)
calculations are carried out with the Vienna Ab-initio Simulation Package (VASP).[20, 21]
Within the scheme of the projector augmented wave (PAW) method,[22, 23] 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 La 5p5d6s are treated as
valence shells. For self consistent electronic calculations, as well as ionic relaxation runs,
we employ the PBE generalized gradient approximation for the exchange-correlation
functional.[24, 25] Integrations over the Brillouin zone are performed on a Γ-centred K-
mesh (8×8×8 for smaller cells and 3×3×3 for SQS supercells) using a Gaussian smearing
of 0.05 eV. For each structure, all cell parameters and atomic position are simultaneously
optimized, reaching convergence (δE <0.1 meV) with an overkill kinetic energy cut-off of
850 eV.

To avoid ill-defined values of absolute energy, only energy differences are considered
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in this work. According to Hess’s law, the formation energy (∆H f ) is quantified by sub-
tracting the energy of the isolated elements in their standard state (P63/mmc-RE, O2,
H2), and the binding energy (∆Hb) is quantified by subtracting the energy of the isolated
atoms. Exploiting the Born-Haber cycle, the lattice energy (∆HL) is finally estimated as
the sum of binding energy, experimental RE ionization energies,[26] and experimental O
and H electron affinities[27] (more details in Sec. 4.B).

The Lattice energy extracted by DFT is then compared to the one predicted by the
Born-Landé equation (eq. 4.2, see text). The first term of this equation, the Madelung
energy, is here calculated using MADEL,[28] an application implemented in VESTA.[29]
The code employs an Ewald summation[30] in the Fourier space, for which the radius of
the ionic sphere was chosen to be slightly smaller than the shortest interatomic distance,
and the reciprocal space range was set to 6 Å−1. The convergence of the Madelung energy
upon variation of both parameters was verified.

Optical properties To overcome the limits of GGA-DFT, modified Becke-Johnson (mBJ)
exchange potentials in combination with L(S)DA-correlation have been used to compute
the electronic properties of the structures previously relaxed using PBE.[31, 32] The mBJ
approach has been chosen because it yields a description of the electronic states of
comparable accuracy[32] to GW methods,[33–36] while being computationally far less
expensive and, thus, employable also for the larger SQS structures. A validation of mBJ
results against G0W0 was carried for several anion-ordered Y oxyhydrides, confirming a
good agreement along the whole YH3-Y2O3composition line. (Fig. 4.C.1). To extract the
partial electron Density-of-States (pDOS) and direct/indirect bandgaps, the same kinetic
energy cut-off (850 eV) and integration parameters used for PBE-DFT were maintained
during the mBJ runs.

The calculation of the complex inter-band dielectric function, ε(ω) = ε1(ω)+ iε2(ω),
is performed in the independent particle approximation, neglecting local fields and
accounting only for direct transitions (|q|→ 0). In this limit, which largely represents the
dielectric properties probed at room temperature by optical spectroscopy, the imaginary
part ε2(ω) reads:[37]

ε2(ω, q̂) = 8πe2

V
lim
|q|→0

1

|q|2
∑
vck

|〈ψc,k+q|ψv,k
〉 |2 ×δ(Ec,k+q −Ev,k −ħω) (4.1)

where V is the volume of the unit cell, q̂ the direction of the momentum transfer, (v,k)
and (c,k+q) indicate occupied (valence) and unoccupied (conduction) single-particle
states, E their energy, and ψ the cell-periodic part of their wavefunctions. The real part
of the dielectric function is found by Kramers-Kronig transformation of the imaginary
part. To maintain analogy with the experimental data based on polycrystalline samples,
in this work we report directionally-averaged (i.e., over q̂) dielectric functions ε(ω). The
convergence of ε(ω) was checked with respect to energy cut-off, K-mesh, and number
of computed unoccupied states. We find an optimum trade-off between accuracy (i.e.,
invisible differences in the scale of the figures of this paper) and computational expense
for a kinetic energy cut-off of 400 eV and a total of 2000 bands. K-mesh and Gaussian
smearing are maintained equal to the structural optimization runs.
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Figure 4.3: Energy difference along the REOxH3-2x (RE=Y,La) composition line between the anion-disordered
and the most stable anion-ordered structure simulated in this work. For each composition, the space group of
the most stable anion-ordered structure is indicated next to the point.

4.3. RESULTS

4.3.1. ENERGY: RELATIVE STABILITY OF ANION-DISORDER

In this section we discuss the energy,1 after relaxation, of all structures considered in this
work. First, we show that anion-disorder does not lead to a large energy penalty compared
to the anion-ordered polymorphs, but, in fact, within the group of structures considered
in this work, is even favourable for 0.25 < x < 1. Second, we discuss the progressive stabi-
lization (i.e., decrease of energy) upon increasing O:H content, rationalizing this trend in
terms of lattice energy. Finally, we discuss the energy of all 1:1:1 REOH structures, and
compare the computational results of this study to the many YOH and LaOH polymorphs
reported in the literature.

Fukui et al. [9] have proposed that RE oxyhydrides are stable in an anion-ordered
structure only within a limited compositional interval around the 1:1:1 REOH compo-
sition. The results in Fig. 4.3 support this proposition, showing the energy difference
between the anion-disordered structures and the most stable anion-ordered ones of
same composition. At the 1:1:1 composition, we find an energy penalty for disorder of
0.16 eV/f.u. for YOH and 0.14 eV/f.u. for LaOH. In the H rich region, the trend inverts, and
– among the structures considered in this work – the anion-disordered ones present the
lowest energy for compositions x = 0.5 and x = 0.75. For Y oxyhydrides, that is the case
also in the O-rich region, around x = 1.25.

Fig. 4.4a sketches the Born-Haber cycle of the oxyhydride, showing all contributions
to its formation energy. The dependency of the formation energy upon the O:H ratio is
shown for all structures in Figs. 4.4b (Y) and 4.4c (La). Here, the (negative) formation
energy increases in magnitude upon increasing oxygen content, and – reflecting the ionic
character of the oxyhydrides – it follows a trend that that is almost identical for the two
cations.

In an ionic compound, the lattice energy is in fact dominated by the crystal structure

1As temperature is not included in our simulations, energy is here to be interpreted as enthalpy at 0 K.
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Figure 4.4: a) Born-Haber cycle of RE oxyhydride. The arrows are at scale for the 1:1:1 composition and indicate:
atomization energy (∆Hat .), RE ionization energies, O and H electron affinities, oxyhydride lattice energy (∆HL ),
binding energy (∆Hb ) and formation energy (∆H f ). b) and c) Influence of O:H ratio on the formation energy
of Y and La oxyhydrides, respectively. The insets focus on the stoichiometric 1:1:1 composition. d) and e)
Influence of O:H ratio on the lattice energy of Y and La anion-disordered oxyhydrides, respectively. For x ≤ 1,
the (negative) lattice energy increases mainly due to a shift of charge from the less-stable octahedral to the
more-stable tetrahedral anion-sites. For x > 1, further stabilization results from a larger freedom for structural
distortion related to the presence of empty tetrahedral sites. For comparison, the lattice energy evaluated with
the Born-Landé equation is also reported for three different structural models of increasing resemblance to the
real material: (i) idealized anion-disordered model based on F m3̄m symmetry (dotted lines), (ii) non-relaxed
SQS structures (solid lines), and (iii) relaxed SQS structures (dashed lines).

and by the oxidation state of the constituting ions, while their identity has a marginal
influence. This is formalized in the Born-Landé equation:[27]

∆HL = e2

4πε0

∑
i 6= j

zi z j

|ri − r j |
(
1− 1

n

)
(4.2)

where the i , j ions of oxidation state z are initially treated as point charges, and the
resulting electrostatic energy (i.e., the Madelung energy) is subsequently corrected to
account for an additional repulsion due to the finite atomic size. The identity of the ions
therefore only enters in the mean Born-Landé exponent (n), which for the oxyhydrides
we estimate as the weighted average of generalized Pauling’s values (nY ∼ nK r = 10,
nLa ∼ nX e = 10, nO ∼ nNe = 7, nH ∼ nHe = 5):[27]

n = nRE +xnO + (3−2x)nH

1+x + (3−2x)
. (4.3)
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The lattice energy extracted from DFT of the anion-disordered Y and La oxyhydrides
is reported as solid points in Fig. 4.4d and 4.4e, respectively. This energy decreases upon
increasing O:H ratio, with a slope that is very similar for both Y and La oxyhydrides due to
the dominance of the Madelung term over the Born-Landé correction (Fig. 4.D.1). The
absolute values, instead, differ because of the different lattice parameters of Y and La oxy-
hydrides. Indeed, along the whole REOxH3-2x composition line, we find a constant ratio
∆HY /∆HLa ∼ 1.07(1) from DFT, in excellent agreement with the inverse ratio between
lattice constants aLa/aY ∼ 1.07(1), and therefore in line with the ∆HL ∝ 1/r dependency
expected from the Born-Landé equation.

To understand the origin of the progressive energy decrease upon increasing O:H
ratio, an analysis of the Madelung energy is needed. A simplified discussion on the trend
of Madelung energy along the REOxH3-2x oxyhydride line can be found in our previous
work.[13] There, two compositional intervals of different behaviour are identified under
the approximation of an invariant fcc cation lattice and the assumption of idealized
anion-sites of average valence (e.g., in REOH, all tetrahedral anion-sites are equivalently
occupied by a point charge of −1.5 e). In the first interval (x ≤ 1), the Madelung energy
decreases monotonously due to an effective displacement of charge from the octahedral
anion-sites towards the more stable tetrahedral sites, leading on average to a shorter
distance between positive and negative charges. In the second interval (x > 1), no charge
displacement occurs and the Madelung energy levels off. This model, after correction
with the Born-Landé factor (purple dotted lines in Fig. 4.4d and 4.4e), matches well the
lattice energies extracted from DFT in the interval x ≤ 1. It does not account, however,
for the further decrease in lattice energy that occurs in the second interval (x > 1). We
exclude that the plateau at x > 1 is an artefact due to the assumption of an average valency
of the anion-sites, because a comparable plateau is found evaluating the lattice energy of
ideal (i.e., non-relaxed) SQS structures with the Born-Landé equation (purple solid lines).
In contrast, when the Born-Landé equation is used for the relaxed SQS structures, we
find an excellent agreement with the slope of the lattice energy as obtained by DFT. This
again verifies the ionic character of the oxyhydrides, and shows that the further energy
decrease that occurs for x > 1 is the result of structural distortions - prominent in the
O-rich interval - that lead to more stable atomic configurations.

Clearly, the freedom for structural distortions correlates with the presence of empty
tetrahedral sites, which are fully occupied for x ≤ 1, but progressively deplete for x > 1.
It is therefore not surprising that the Y2O3 oxide crystallizes in the I 3̄a-bixbyite struc-
ture, as this is a cubic superstructure where the tetrahedral empty sites order to max-
imize(minimize) distortion(repulsion).[38] We find the bixbyite structure to be in fact
∼0.3 eV/f.u. lower in energy compared to the disordered counterpart. In analogy, it is ex-
pected that at 0 K other anion-ordered oxyhydride structures of low energy could be found
considering ordering schemes that extend beyond the first coordination shell. In analogy,
it is expected that at 0 K other anion-ordered oxyhydride structures of lower energy could
be found considering ordering schemes that extend beyond the first coordination shell.
However, with increasing temperature, the additional effect of configurational entropy
will further stabilize the disordered limit. At the time of writing, it remains unclear if it is
configurational entropy, rather than kinetic limitations during the material synthesis, the
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Figure 4.5: Reaction energy for the formation of (a) Y-based and (b) La-based REOxH3-2x oxyhydrides starting
from the REH3 and RE2O3 binary precursors. The convex hull formed by the compounds of lowest energy is
indicated with a dashed black line.

reason why no anion-ordered polymorphs have been experimentally reported outside
the 1:1:1 REOH composition and the binary REH3 and RE2O3 extremes.

In the previous paragraphs, we (i) compared the relative stability of the anion-ordered
and the anion-disordered structures at parity of composition, and (ii) discussed the
progressive energy decrease upon increasing O:H ratio. In the following we briefly address
the question of thermodynamic stability. In general, a ternary compound is stable if
its energy is lower than any stoichiometric combination of competing ternary, binary
and/or elemental constituents.[39] On a plot of formation energy vs composition, this
requirement geometrically manifests as a convex hull connecting all the compounds with
lowest energy. For the other compound with energy above the convex hull, decomposition
is energetically favourable, and they can exist at most as a metastable phase. Exploring
the energetics of the entire RE−O−H ternary diagram is beyond the scope of this work,
however, here we apply the reasoning of the convex hull specifically to the REOxH3-2x
composition line. In Fig. 4.5 the reaction energy for the formation of an oxyhydride
starting from the REH3 and RE2O3 binary precursors is shown. In the case of Y, the convex
hull is formed by P63/mmc-YH3, F m3̄m-YOH, and I 3̄a-Y2O3. These three compounds
might be thermodynamically stable at 0 K, depending on the energetics of the other
non-assessed compounds in the RE−O−H ternary diagram. All of the Y oxyhydrides
outside the 1:1:1 stoichiometry are instead metastable at best, with a propensity for the
H-rich Y oxyhydrides to decompose towards a YH3−YOH phase mixture, and for the
O-rich oxyhydrides to decompose towards a YOH−Y2O3 phase mixture. In the case of
La, the convex hull if formed by F m3̄m-YH3, R3m-YO0.25H2.5, P21/m-YOH, and P 3̄m1-
Y2O3. The stability of the points at x = 0.25 (the anion-ordered R3m-LaO0.25H2.5 might
be thermodynamically stable, and the anion-disordered is only 0.03 eV above the hull
line) is particularly interesting in view of the reported high ionic conductivity. The other
La oxyhydrides considered in this work are instead metastable at best, with the H-rich
ones having a propensity to decompose towards a LaO0.25H2.5−LaOH phase mixture, and
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the O-rich ones towards a LaOH−La2O3 phase mixture. Finally, we note that the energy
above the hull line tends to be higher in the O-rich interval, possibly reflecting the lack of
success in producing O-rich oxyhydrides via thermodynamically controlled methods.[9]

In terms of relative stability, clear differences between Y and La compounds are found
at the binary extremes, which are well known to form different thermodynamically stable
phases (namely P63/mmc-YH3 vs F m3̄m-LaH3, and I 3̄a-Y2O3 vs P 3̄m1-La2O3),[38] and
at the 1:1:1 composition (Fig. 4.4b and 4.4c, insets). In the case of the 1:1:1 composition,
the energy difference between the three known anion-ordered structures (P4/nmm,
Pnma, and P21/m) is relatively small, explaining why different polymorphs have been
reported on different occasions. This includes Pnma[10] and P21/m[9] for YOH, and
P4/nmm[1, 12, 40] and P21/m[9] for LaOH. Notably, the F 4̄3m phase has never been
reported for YOH, which is particularly surprising as we predict it to be the energetically
most favourable structure. This result is in agreement with a previous study, where, in
addition to an identical theoretical conclusion for Y, it was experimentally shown that
other small REs (Dy, Ho, Er) do form F 4̄3m-REOH.[41] Since the anions alternate within
its lattice, the F 4̄3m phase is the one that effectively maximizes the distance between O2 –

ions, and consequently minimizes the overall electrostatic repulsion in the anion sub-
lattice; therefore, one intuitively expects it to be particularly favourable for the smaller REs.
Despite the higher energy, anion-disordered REOH have been reported in a multitude
of cases for the smaller RE cations,[8, 9, 12, 40] as well as for LaOH synthesized at high
pressure.[9] Since the synthesis of oxyhydride powders relies on a high-temperature solid
state reaction between REH3 and RE2O3, we suppose that kinetic limitations, together
with configurational entropy, play in favour of the resulting anion-disordered phase.
We stress, however, that XRD alone is not sufficient to discriminate between the anion-
disordered phase and the anion-ordered F 4̄3m polymorph, and care should be taken in
the absence of neutron diffraction data, as is the case for Refs. [9, 40]

4.3.2. STRUCTURES: COMPOSITIONAL LIMIT OF ANION-DISORDER

Relaxing the generated SQS gives an indication of their metastability;2 if the atoms change
site or restructure beyond small distortions, it indicates that the hypothesised struc-
ture was not metastable. We exploit this fact to computationally verify the results of
Fukui et al.,[9] who recently proposed that the compositional interval in which the anion-
disordered phase is stable depends on the size of the cation, with La and Y being two
extremes. It is worth mentioning that structural relaxation does not sample the whole
space of parameters, but rather finds a local minimum not too far from the starting po-
sitions. This approach is, thus, incapable of predicting long-range anion reordering or
phase segregations, but is nevertheless suitable to discuss the maximum range of O:H
ratios in which the anion-disordered CaF2-type phase is metastable.

The radial pair distribution function (PDF) and its cumulative value (CPDF) are the
most transparent indicators to assess the type and the extent of the structural rearrange-
ment that the disordered structures undergo during relaxation. Irrespective of the com-

2Here we use the term metastability because this approach verifies the presence/absence of a local energy
minimum associated with the anion-disordered phase. The most stable, or thermodynamically stable phase
for a given composition is to be inferred by different energy consideration, such as in Fig. 4.3 and Fig. 4.5.
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Figure 4.6: RE−H Radial pair distribution functions (top panels) and their cumulative values (bottom panels) for
the relaxed SQS of Y and La anion-disordered oxyhydrides. The dashed vertical lines refer to the thermodynam-
ically stable P63/mmc-YH3 and F m3̄m-LaH3 hydrides. Yellow and green vertical lines mark the position of
tetrahedral and octahedral interstitial sites for an ideal fcc structure with lattice constant tuned to match the
REO0.25H2.5 composition. The pink region highlights peaks that do not match the CaF2-type structure. To help
visualization, lines in the top panels are shifted downward by a constant value of −0.2.

position, we find that the RE3+ and O2 – ions do not move significantly from their original
site (Fig. 4.E.1-4.E.2). For the H sub-lattice the case is different, and a change in symmetry
occurs depending on the cation and on the O:H ratio (Fig. 4.6 and Fig. 4.E.3). In the
following, we first discuss the O-rich compositional interval, and then the H-rich one.

In the O-rich interval (x > 1), both O2 – and H – anions occupy exclusively the tetrahe-
dral sites of the cation lattice, which are the energetically most stable anion-sites in this
compositional range.[13] As such, there is no driving force to induce local rearrangements
beyond small distortions. In Fig. 4.6 one observes one broad peak corresponding to the
tetrahedral H – , whose spread is due to small distortions and whose overlaying features
are the result of the finite number of possible local environments.

In the H-rich compositional range (x < 1), where all tetrahedral sites and part of the
octahedral ones are occupied, the electrostatic repulsion between neighbouring anions
becomes more determining.[9] The associated electrostatic energy scales as 1/r , and is
thus stronger for smaller lattice constants. The H-sub-lattice of the most H-rich Y oxyhy-
drides (x ≤ 0.5) appears in fact destabilized, as indicated in Fig. 4.6 by the appearance of
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Figure 4.7: Example of the effect of structural relaxation on the anion-disordered structure of YO0.25H2.5
and LaO0.25H2.5 oxyhydrides. The yellow polygons indicate the tetrahedral anion-sites. Irrespective of the

composition, the displacement of RE3+ and O2 – is minimal. However, a shift of the tetrahedral H – to the empty
octahedral sites is observable in the case of Y (see text). The pink arrows indicate the interatomic distances that
correspond to the two additional peaks in the PDF (Fig. 4.6). In the case of La, no major reorganization happens
and the ions only relax within the space of their initial site.

two new coordination shells at ∼3.2 Å and ∼3.7 Å. These features do not match the initial
symmetry, but rather correspond to the second and third coordination shells that result
from a single highly distorted octahedral H – site. Conversely, the bigger La oxyhydrides
maintain the CaF2-type structure throughout the whole compositional interval, although
with a significant degree of distortion. The anion repulsion close by an O2 – ion, in partic-
ular, leads to the displacement of the neighbouring octahedral H – and therefore to the
broadening of the corresponding peak(step) in the PDF(CPDF). The different behaviour
between Y and La oxyhydrides aligns with the different thermodynamically stable phases
of the Y and La tri-hydrides, which is hexagonal for YH3 and cubic for LaH3.

Fig. 4.7 gives a visual impression of the structural rearrangements that occur upon re-
laxation of an anion-disordered H-rich (x=0.25) oxyhydride. In the case of Y, the proximity
of a tetrahedral H – to several octahedral H – is energetically unfavourable, therefore it is
advantageous for the tetrahedral H – to shift towards an empty octahedral position. After
that, all the octahedral H – relax towards the empty tetrahedral site. An approximated
description in terms of tetrahedral and octahedral anion-sites is no longer valid as all
H – ions now sit in comparable intermediate positions. This reorganization reflects the
propensity to deform towards an hexagonal YH3-like structure, a tendency likely present
also for higher oxygen contents but that becomes evident in the PDF(CPDF) only for
x ≤ 0.5. In the case of La, no major reorganization happens and the ions only relax within
the space of their initial site.

In view of the symmetry change of the H sub-lattice, we conclude that the interval
of metastability of anion-disordered Y oxyhydrides based on the CaF2-type structure is
limited to x > 0.5. On the contrary, anion-disordered La oxyhydrides appear metastable
along the whole REH3−RE2O3 composition line.
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a)

b) c)

Figure 4.8: a) Projected mBJ density of states around the Fermi level for Y and La anion-disordered REOxH3-2x
oxyhydrides. The valence band has hybrid character, with the extend of the hybridization depending on the
lattice dimension and on the rearrangements of the H-sub-lattice involving tetrahedral and octahedral sites
(see text). A Gaussian smearing of 0.2 eV has been used in the figure to aid visualization. b) Dependency of the
direct and indirect energy bandgaps upon the O:H ratio in Y and La anion-disordered REOxH3-2x oxyhydrides.
The energy bandgap widens upon increasing O:H content, with a bigger jump at x ≥ 1, where the octahedral
anion-sites are all empty. Lines are a guide for the eyes. c) Direct/Indirect bandgaps (filled/open points) of
the Y and La anion-ordered oxyhydrides of lower energy compared to the anion-disordered phase. Reference
values for the optical gap of RE2O3 oxides (corresponding to x = 1.5) are also reported, showing the excellent
predictive ability of the mBJ scheme (δEg < 10%).

The fact that (i) different SQS of same composition relax towards comparable pair
radial distributions, and (ii) that the different behaviour shown by Y and La compounds is
in excellent agreement with the experimental work of Fukui et al.,[9] indicates that the
finite size of the SQS does not introduce artefacts that overrule the structural behaviour
of the two different materials.

4.3.3. OPTICAL PROPERTIES

Following from the valence implied by the oxyhydride composition (RE 3+O2−
x H−

3−2x ), and
the large difference in Pauling electronegativity between cations (Y = 1.22, La = 1.1) and
anions (O = 3.44, H = 2.20), all compounds simulated in this work show a sizeable energy
bandgap (Eg ) between the valence band (VB), dominated by occupied anion states, and
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Figure 4.9: Imaginary and Real mBJ dielectric functions of Y and La anion-ordered REOxH3-2x oxyhydrides
upon increasing O:H content. The electronic transitions responsible for the main features are indicated in the
insets, which report the pDOS of YO0.25H2.5 and LaO0.25H2.5, respectively.

the conduction band (CB), largely made of empty cation states.
Fig. 4.8a reports the pDOS of Y and La anion-disordered oxyhydrides around the

Fermi level. Most interestingly, across the whole REOxH3-2x composition line, the valence
band retains a hybrid character, which originates from the overlap of Y(La) 5s4d(6s5d),
O 2p, and H 1s atomic orbitals. In the H-rich range (x < 1), however, the extent of the
hybridization between O 2p and H 1s orbitals is different among Y and La compounds:
in Y oxyhydrides, O and H states overlap thoroughly, while for La oxyhydrides the top of
the valence band is largely dominated by H states. Likely, the rearrangement of the H-
sub-lattice that occurs in Y oxyhydrides for x ≤ 0.5 contributes to the strong hybridization
observed here, since there is no more distinction between tetrahedral and octahedral
H. Conversely, in La oxyhydrides, the distinct tetrahedral and octahedral hydride ions
contribute differently to the DOS, with the less-stable octahedral H – resulting in states of
higher energy, that in fact disappear at higher O:H ratios. Additionally, the larger inter-
atomic distances in La oxyhydrides imply a reduced overlap between H and O atomic
orbitals, leading to a weaker hybridization and, in general, to narrower energy bands
compared to Y oxyhydrides of the same O:H ratio.

For both Y and La anion-disordered oxyhydrides, the resulting energy bandgaps are
reported in Fig. 4.8b. Here, direct and indirect bandgaps are shown, their difference is
rather small in view of the limited periodicity of the disordered anion sub-lattice. For
both cations, the bandgap widens upon increasing the O:H ratio, with a bigger step at
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x = 1 that further confirms how the octahedral H is largely responsible for the topmost
part of the VB. For all O/H ratios, we find that the bandgap of La oxyhydrides is smaller
than that of Y oxyhydrides, a consequence of the additional La 4f unoccupied states that
form the the bottom of the CB. A similar trend of bandgap expansions, and smaller energy
bandgaps for La compared to Y, is generally observed for the anion-ordered polymorphs
as well (Fig. 4.8c).

Experimental optical gaps are available only for the ordered, binary extremes of the
REH3-RE2O3 composition line, which are here used to further validate the accuracy of
the mBJ scheme. The REH3 tri-hydrides pose a notorious challenge to most flavours
of DFT, with LDA/GGA approximations erroneously predicting semi-metallic character
and self-consistent GW calculations returning a severely underestimated bandgap.[42]
While an exact description of the REH3 is beyond the scope of this work, in Fig. 4.C.1 we
show that the mBJ scheme successfully predicts the semiconducting character of YH3
(optical gap 2.5 eV)[43] with a quantitative estimation (∼1 eV) in line with previous GW
studies.[42] Concerning the RE2O3 oxides, we find an excellent match within 0.1 eV and
0.3 eV between the direct bandgaps computed with the mBJ scheme and the experimental
optical gaps of I a3̄-Y2O3 (6.15 eV)[44] and P 3̄m1-La2O3 (5.5 eV)[45], respectively.

The prominent role of octahedral H in determining the REOxH3-2x optical behaviour
is even clearer from the evolution of the dielectric function upon increasing O:H ratio (Fig.
4.9). The imaginary part (ε2), reported in the top panels, shows a main feature between
3 eV and 10 eV. This corresponds to the electronic transitions from VB to CB, with an
onset closely matching the direct bandgap of the compounds, and two peaks which can
be connected to the octahedral and tetrahedral anions. In fact, the first(second) peak
decreases(increases) upon increasing O:H ratio, with x=1 marking, again, a transition
point for properties dependent on the anion composition. Here, the ratio between the two
peaks inverts. The first peak disappears completely in the case of Y, whose oxyhydrides
have a smoother dielectric function because fewer electronic transitions are possible, and
their energy bands are wider and more spaced compared to the case of La. In the case
of La, the sharp 4f-band at the CB bottom contributes to the persistence of a two-peak
structure.

A related trend upon O:H content can be seen in the real part of the dielectric function.
The refractive behaviour at UV-VIS-NIR frequencies is defined by the first ∼5 eV, where
REOxH3-2x oxyhydrides of higher H content show significantly higher ε1.

4.4. DISCUSSION

4.4.1. COMPARISON TO PHOTOCHROMIC THIN FILMS

At the time of writing, there are no experimental data on the optical properties of either
anion-ordered or anion-disordered REOxH3-2x produced via the conventional solid-state
reaction between REH3 and RE2O3 precursors. However, the optical properties of RE oxy-
hydride films produced via post-oxidation of reactively sputtered REH2 films have been
studied extensively, with a particular focus on their reversible photochromism. Such pho-
tochromic effect has been so far reported for a variety or RE cations (Sc,Y,Nd,Gd,Dy,Er),[3,
46–48] and in a range of O:H ratios as big as 0.5 < x < 1.3.[3]

While the composition of the oxyhydride and the deposition conditions influence the
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extent and the speed of photochromism,[4] the general presence of the phenomenon
indicates that its origin is intrinsic to the RE oxyhydride thin film material. Currently,
there is not yet conclusive agreement concerning (i) the nature of the absorbing species
responsible for the photo-darkening, (ii) the mechanism of their formation under illumi-
nation and subsequent disappearance during bleaching in the dark, and (iii) the driving
forces behind these processes. While the photo-darkening is initiated by an inter-band
electronic transition, most research converges towards the idea that structural rearrange-
ments enabled by the high H (local)mobility are at the heart of the photochromism. In this
sense, it was hinted that the photodarkening depends on the segregation of an absorbing
phase,[15, 16] a process accompained by reversible contraction of the crystal lattice,[49]
and quenching of the NMR signal of the most mobile H fraction (∼ 3%).[50] A reversible
change in the H-sub-lattice upon illumination was recently suggested as well via muon
spin rotation spectroscopy (µSR).[51] Finally, the bleaching was shown to be a thermally
activated process.[52]

In this context, a deeper understanding of the crystal structure and anion-sub-lattice
of the sputtered REOxH3-2x is important to further explore the photo-induced process,
as well as to assess the actual similarity to the well-characterized oxyhydride powders.
Since neutron diffraction is not a viable option for thin films, as per today there is no
experimental information on their anion sub-lattice other than the already discussed
preference for the tetrahedral sites.[13] Considering that the oxidation of the parent REH2
occurs at room temperature and rapidly, thus likely missing the narrow energetic minima
expected for anion-ordered structures, a model based on anion-disorder was heuristically
proposed for the photochromic REOxH3-2x thin films.[3, 13] In fact, independently from
cation and O:H ratio, the fcc symmetry was generally reported for the cation sub-lattice,
with XRD patterns lacking any additional superstructure-peaks typical of anion ordering
(e.g., due to periodicity in the small distortion as in the I a3̄ oxide). [3, 13, 48] The hypoth-
esis of an anion-disordered structure can now be investigated by comparing the optical
properties computed in this work with the experimental ones of YOxH3-2x thin films.

Fig. 4.10 shows the comparison between computed energy bandgaps and the indirect
optical gap from Cornelius et al..[3] The anion-disordered model captures a trend of
increasing gap for increasing O:H ratio, however, up to x ≤ 1, the computed bandgaps
systematically overestimate the experimental ones by 0.5-1 eV. This is a significant differ-
ence even considering that excitonic effects were neglected. Comparison to the reference
compounds REH3 and RE2O3 suggests the absence of systematic overestimations of the
bandgaps in our simulations; REH3 tri-hydrides are in fact known to present the opposite
challenge to any flavour of DFT (including mBJ - Fig. 4.E.1),[42] while the optical gaps of
the RE2O3 match our results within 0.3 eV.

It is worth noting that all anion-ordered structures return even higher bandgaps and
do not show a monotonously increasing trend with O:H ratio (Fig. 4.8c and Fig. 4.F.1),
therefore, despite the disagreement we observe with the experiment, anion-disorder
remains the best candidate for the anion sub-lattice of the H-rich (i.e., x ≤ 1) Y oxyhydride
thin films. Two aspects not included in the model might be responsible for the mismatch
with the experimental optical gaps, namely: (i) unaccounted defects that might give
in-gap states and, (ii) the substrate-induced stress and the limited freedom for distortion
of the grains in the polycrystalline films. In addition, (iii) it is possible that compositional
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Figure 4.10: Comparison between the experimental optical gap of photochromic Y oxyhydride thin films[3] and
the direct/indirect energy bandgaps computed for anion-disordered YOxH3-2x. Lines are a guide for the eyes.

inhomogeneity within the sputtered films results in band extrema that do not reflect
the average REOxH3-2x composition, but rather some local deviations, e.g., a very H-rich
region more similar to YH3 (Eg ∼ 2.6 eV).

Being less sensitive to defects and local inhomogeneity (at least in the absence of
absorption, for E ¿ Eg), the refractive index (ñ = n+ i k = ε1/2) would be a better property
to compare. However, in the limit of E ¿ Eg, it is the composition and not the crystal struc-
ture that dominates its value (Fig. 4.G.1). Focusing on the energies relevant to UV-VIS-nIR
spectroscopy, Fig. 4.11 shows the good agreement between the computed refractive
index of anion-disordered YOxH3-2x and reported experimental values,[15, 16] further
proving that the oxyhydride REOxH3-2x composition well describes the photochromic
thin films. Unfortunately the exact O:H ratio of the films films measured in Refs. [15, 16]
was not known. However their refractive indexes match the values computed for the
interval x : [0.75,1.25], which - considering the challenges of predicting optical properties
ab-initio - is largely compatible with the composition range of x : [0.5,1] that is expected
for air-oxidized thin films.[4]

We conclude, that an anion-disordered sub-lattice is the most likely configuration
for H-rich photochromic thin films (x < 1). The situation appears different for O-rich
compositions (x > 1), where the experimental optical gaps show a steep increase which is
not present in the trend computed for the anion-disordered oxyhydrides. This suggest
that a certain degree of anion ordering must be present in O-rich oxyhydrides films, intu-
itively facilitated by the presence of empty tetrahedral sites. Notably, reactively sputtered
Y2O3 films assume the bixbyite I a3̄ phase, and their experimental optical gap of 5.7 eV
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Figure 4.11: Comparison between the experimental refractive index of photochromic Y oxyhydride thin films[15,
16] and the ones computed for anion-disordered YOxH3-2x.

matches well both reference and computed values. A somewhat gradual transition from
anion-disorder to anion-order is thus expected for x > 1.

4.4.2. COMPARISON TO EXPERIMENTALLY REPORTED OXYHYDRIDES
Our DFT calculation suggest that the anion-disordered phase can potentially be metastable
in a wide range of O:H ratios. In this section we discuss our predicted rage of metastability,
for both Y and La oxyhydrides, in comparison to (i) the experimental works of Fukui
et al. [9] on conventionally synthesized powders and (ii) our own experimental work
(see Chapter 2) on reactively sputtered thin films.[3] Given the high temperature and
long time of the solid-state powder synthesis, this route of synthesis is likely to occur
under thermodynamic control. Conversely, the outcome of reactive sputtering followed
by post-oxidation is undoubtedly dependent on the kinetic limitations of the process. Fig.
4.12 gives an overview of the crystal phase(s) reported in these different studies at given
O:H ratio.

In the O-rich interval (x > 1), no Y or La anion-disordered O-rich oxyhydride was
reported experimentally. With a conventional powder synthesis, Fukui et. al report
segregation of an oxide phase; while from reactive sputtering we produced thin films
whose large Eg suggests a degree of anion ordering. Nevertheless, DFT predicts the
anion-disordered phase to be metastable against spontaneous rearrangement of the
lattice. Therefore we do not exclude that O-rich Y and La oxyhydrides could in principle
be synthesised via kinetically-controlled routes.
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[Fukui et al., 2021]

Thin film synthesis under 
kinetic controll. 
[Cornelius et al., 2019]
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x=0.2

x=0.25

Ia3x=0.5

x=0.5

Figure 4.12: Compositional ranges of metastability of anion-disordered Y and La oxyhydrides as reported in
different studies.

In the H-rich interval (x < 1), we have already discussed that the metastability of Y
and La oxyhydrides is different. While the DFT results, in the case of La, well align to the
experimental work of Fukui et. al., the case of Y is less straightforward. Our DFT results
suggest show that the H-sublattice of Y oxyhydrides undergoes major rearrangments for
x ≤ 0.5. This threshold roughly corresponds to the most H-rich oxyhydride thin films
that we have produced, however this is due to the experimental route of synthesis (see
Chapter 2 and 3) for which compositions below x = 0.5 are not accessible, and therefore
it does not necessarily reflect an intrinsic instability of the experimental thin films for
x < 0.5. Conversely, for powder synthesis the whole compositional range is, in principle,
accessible. In their pressure-composition phase diagram, Fukui et al. have shown that
when the synthesis is carried under a modest pressure, the anion-disordered phase is
stable only for 0.8 < x < 1, while an hexagonal phase (probably YH3) segregates for higher
H concentents. However, carrying the synthesis under an high pressure, in the order of
f ew GPa, widens this compositional range, with the most H-rich anion-disordered Y
oxyhydride reported at x ∼ 0.25. Notably, this corresponds to an H content which is higher
than the limit of metastability predicted by DFT. We hope that future studies of neutron
diffraction will shed light on the H-sublattice in this particularly H-rich Y oxyhydride.

4.5. CONCLUSIONS
In this work, we have introduced a set of special quasirandom structures (SQS) to model
the anion-disordered lattice of REOxH3-2x oxyhydrides along the entire REH3−RE2O3
composition line. This allowed us to investigate ab-initio the influence of the O:H ratio of
the energy, metastability, and optical properties of Y and La oxyhydrides.

In agreement with the experimental result of Fukui et al.,[9] anion-ordered poly-
morphs (P4/nmm, Pnma, and P21/m) are energetically favoured for the REOH 1:1:1
stoichiometric oxyhydrides. Notably, we find that the energetically most stable YOH has
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F 4̄3m symmetry, a so-far experimentally unreported structure where the Y3+ cations
assume fcc lattice and the H – and O2 – anions alternate in its tetrahedral interstitial sites.
Comparing to the most stable anion-ordered polymorphs among those considered in this
work, anion-disorder leads to an energy penalty of 0.16 eV/f.u. and 0.14 eV/f.u. for YOH
and LaOH, respectively. Moving away from the 1:1:1 composition, the energy penalty
becomes lower, and the anion-disordered phase even presents the lowest energy in the
H-rich composition interval for both Y and La oxyhydrides.

Upon increasing oxygen content, anion-disordered REOxH3-2x show a progressive
stabilization, which we rationalize in terms of increasing (negative) lattice energy. For
x ≤ 1, this is due to a shift of charge from the octahedral to the more-stable tetrahedral
anion-sites. For x > 1, further stabilization results from a larger freedom for structural
distortion related to the presence of empty tetrahedral sites.

We find that the cation size (and thus the lattice constant) determines the compo-
sitional interval in which the CaF2-type anion-disordered phase is metastable against
spontaneous structural rearrangement of the anion-sub-lattice. In particular, the bigger
cell of La oxyhydride can accommodate any O:H ratios, while the most H-rich (x ≤ 0.5)
anion-disordered Y oxyhydrides proved unstable.

Finally, the influence of the O:H ratio on the electronic bandgap, DOS, and dielectric
function of anion-disordered oxyhydrides was discussed. To do so, in our simulation we
employed - and validated - the mBJ scheme, achieving an accuracy comparable to far
more expensive GW methods. Our results show major differences between H-rich and
O-rich regimes. For x < 1, we find that the octahedral H – anions play a decisive role: they
form electronic states at the top of the valence band, which reduce the energy bandgap
and dominate the electronic transitions at lower energies, thus increasing the refractive
index of the material in the VIS-nIR spectral range.

A comparison of these results to the experimental data available for photochromic Y
oxyhydride thin films reinforces the hypothesis of anion-disorder for H-rich oxyhydrides
(x < 1), while it hints towards some degree of anion ordering for the O-rich ones (x > 1).

In prospective, we believe that the SQS structures introduced here will also open the
possibility of studying the H – dynamics of anion-disordered oxyhydrides of any O:H ratio.
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4.A. STRUCTURAL MODELS

4.A.1. ANION-ORDERED RE OXYHYDRIDES BASED ON CAF2 -TYPE LATTICE

x=1.25,  P42mx=0.25, R3m x=1, F43mx=0.5, Cmmm x=0.75, R3m x=1.5, P4m2

Figure 4.A.1: Anion-ordered structures based on the CaF2-type lattice which, after relaxation, showed the lowest
energy among all of the ordering schemes possible within one unit cell.

4.A.2. ANION-DISORDERED SQS

x in
REOxH3-2x

Objective
Function

YOxH3-2x
∆HF

[eV/f.u.]
V olume
[Å3/f.u.]

Eg ind.
[eV]

Eg dir.
[eV]

0.25 -4.602(1) -3.50(1) 36.9(2) 2.8(2) 3.0(1)
0.5 -5.5(3) -4.56(2) 37.6(1) 3.3(2) 3.47(9)
0.75 -4.5(2) -5.65(3) 38.14(6) 3.6(1) 3.7(1)
0.875 -2.295(1) -6.192(8) 38.53(9) 3.57(6) 3.73(7)
1 * -6.776(6) 38.565(3) 3.9(4) 4.1(3)
1.25 -4.552(2) -7.73(8) 39.1(4) 4.3(3) 4.5(3)
1.375 -1.995(1) -8.19(6) 39.4(1) 4.3(2) 4.59(6)
1.5 -5.8(8) -8.79(3) 38.89(5) 4.2(6) 4.8(4)

x in
REOxH3-2x

Objective
Function

LaOxH3-2x
∆HF

[eV/f.u.]
V olume
[Å3/f.u.]

Eg ind.
[eV]

Eg dir.
[eV]

0.25 -4.602(1) -3.344(4) 45.7(1) 2.49(6) 2.6(1)
0.5 -5.5(3) -4.358(9) 47.0(2) 2.7(3) 2.9(3)
0.75 -4.5(2) -5.403(8) 47.76(1) 3.1(2) 3.27(9)
0.875 -2.295(1) -5.949(4) 48.04(9) 3.2(1) 3.3(1)
1 * -6.50(1) 48.02(4) 3.9(3) 4.0(3)
1.25 -4.552(2) -7.37(2) 48.6(2) 4.03(9) 4.16(9)
1.375 -1.995(1) -7.80(1) 49.00(7) 3.96(9) 4.2(2)
1.5 -5.8(8) -8.29(4) 48.5(5) 4.11(4) 4.24(4)

Table 4.A.1: Average objective function for the SQS generated in this work. Since different physical properties
converge at a different rate, evaluation of the errors is better done in hindsight. For this purpose, the average
formation energy (∆HF ), volume, indirect Eg , and direct Eg are also reported for both Y and La oxyhydrides.
The number between brackets is the error on the last significant figure, estimated from the results of the different
SQS as δ= (max −mi n)/2. *SQS taken from Jiang et al. [1]
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x=0.25

x=0.5

x=0.75

x=0.875

Figure 4.A.2: SQS used to model the anion-disordered RE oxyhydride of composition x < 1.
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x=1

x=1.25

x=1.375

x=1.5

Figure 4.A.3: SQS used to model the anion-disordered RE oxyhydride of composition x ≥ 1.
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4.B. DFT BINDING, FORMATION AND LATTICE ENERGY
To avoid ill-defined absolute values of energy, in this work we always refer to energy
differences between the absolute energy of the final compound and the absolute energy
of its constituents (i) in their standard state, resulting in the formation energy (∆H f ), (ii)
in their atomized state, resulting in the binding energy (∆Hb), and (iii) in their ionized
state, resulting in the lattice energy (∆HL). Eq. 4.4, 4.5, and 4.6 report the corresponding
reactions, which are also visualized in the Born-Haber cycle in Fig. 4.4.

RE(s) +
x

2
O2 +

3−2x

2
H2

∆H f−−−→ REOxH3−2x (4.4)

RE+xO+ (3−2x)H
∆Hb−−−→ REOxH3−2x (4.5)

RE3++xO2−+ (3−2x)H− ∆HL−−−→ REOxH3−2x (4.6)

This approach requires to calculate the energy of isolated molecules, spin-polarized
atoms and ions. This was trivial from the neutral species but proved impossible for the
highly charged O2 – , because a negative ion in a box with compensating background
charge tends to lose electrons to the vacuum levels - a well known artefact of all semi-local
DFT functionals (texbook wisdom).

Exploiting the Born-Haber cycle and the Hess’s laws, we therefore calculate ∆HL as
the sum of binding energy, RE ionization energies, and O and H electron affinities (eq.
4.7). Here the binding energy is extracted from DFT (eq. 4.5), while ionization energies
and electron affinities are taken from tabulated experimental data.

∆HL =∆Hb + I ERE→RE 3+ +xE AO→O2− + (3−2x)E AH→H− (4.7)
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4.C. COMPARISON BETWEEN MBJ AND G0W0
To verify the quality of the mBJ scheme in the prediction of electronic states, we show
here the indirect Eg of some small Y-O-H compounds calculated with PBE, mBJ and
G0W0 approximations (Fig. 4.C.1). For PBE and mBJ functionals, computational details
are reported in the main text. Single-shot G0W0 calculations (i.e., no iteration of either
G and W) are performed on the structures previously relaxed with PBE. We employed
the dedicated pseudo-potentials provided in the VASP library, treating H 1s, O 2s2p,
and Y 4s4p4d5s as valence orbitals. In comparison to mBJ and PBE, due to the higher
computational cost of G0W0, integration over the Brillouin zone are performed on a
Γ-centred K-mesh of reduced density (4×4×4) and with a higher Gaussian smearing
of 0.2 eV. Electronic transitions within the first 2000 bands are considered. With some
exceptions (marked in fig. 4.C.1), we find that the indirect bandgap to be converged
within δEg <0.2 eV.
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Figure 4.C.1: Comparison between the indirect bandgap of some small Y-O-H compounds calculated with
PBE(red), mBJ(orange), and G0W0(blue) approximations. Left panel: selection of some known anion-ordered
structures. Right panel: anion-ordered schemes of lowest energy based on the CaF2 motif.
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4.E. RE-RE, RE-O, AND RE-H RADIAL DISTRIBUTION FUNC-
TION
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Figure 4.E.1: RE−RE Radial distribution functions (top panels) and their cumulative values (bottom panels) for
the relaxed SQS of Y and La anion-disordered oxyhydrides. Yellow and green vertical lines mark the position
of tetrahedral and octahedral interstitial anion-sites. To help visualization, lines in the top panels are shifted
downward by a constant value of -0.2.
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Figure 4.E.2: RE−O Radial distribution functions (top panels) and their cumulative values (bottom panels) for
the relaxed SQS of Y and La anion-disordered oxyhydrides. Yellow and green vertical lines mark the position
of tetrahedral and octahedral interstitial anion-sites. To help visualization, lines in the top panels are shifted
downward by a constant value of -0.2.
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Figure 4.E.3: RE−H Radial distribution functions (top panels) and their cumulative values (bottom panels) for the
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4.F. BANDGAP COMPARISON
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4.G. REFRACTIVE INDEX COMPARISON

0 1 2 3 4 5 6

-- 1240 620 413 310 248 207

1.5

2.0

2.5

3.0

F43m YOH

P4/nmm YOH

wavelength (nm)

n 
(-)

Energy (eV)

Anion-disordered YOH

Figure 4.G.1: Comparison between the real refractive index of anion-disordered, P4/nmm, and F 4̄3m YOH. At
low energies, far from the absorption edge, the refractive index is completely dominated by the composition
and not by the crystal structure.
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5
INFLUENCE OF CATION (SC, Y, GD)

AND O:H ANION RATIO ON THE

PHOTOCHROMISM OF REOx H3−2x

THIN FILMS

We were the Leopards, the Lions;
those who’ll take our place will be little jackals, hyenas;

and the whole lot of us, Leopards, jackals, and sheep,
we’ll all go on thinking ourselves the salt of the earth.

Giuseppe Tomasi di Lampedusa, Il Gattopardo (1958)

Rare-earth oxyhydride REOxH3-2x thin films prepared by air-oxidation of reactively sput-
tered REH2 dihydrides show a color-neutral, reversible photochromic effect at ambient
conditions. In this chapter, we show that the O:H anion ratio, as well as the choice of the
cation, allow to largely tune the extent of the optical change and its speed. The bleaching
time in particular can be reduced by an order of magnitude by increasing the O:H ratio,
indirectly defined by the deposition pressure of the parent REH2. The influence of the cation
(RE=Sc, Y, Gd) under comparable deposition conditions is discussed. Our data suggest
that REs of larger ionic radius form oxyhydrides with larger optical contrast and faster
bleaching speed, hinting to a dependency of the photochromic mechanism on the anion
site-hopping.

This chapter is an adaptation of:
G. Colombi, T. De Krom, D. Chaykina, S. Cornelius, S. W.H. Eijt, and B. Dam, Influence of cation (RE=Sc, Y, Gd)
and O:H anion ratio on the photochromic properties of REOxH3-2x thin films, ACS Photonics 8, 709 (2021).
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5.1. INTRODUCTION

While the properties of single-anion compounds, like the metal oxides, are to a large extent
dictated by their cation chemistry, multi-anion compounds offer unprecedented degrees
of freedom in the design of functional materials thanks to the broad spectrum of different
anion characteristics, such as electronegativity, polarizability, and ionic radii.[1, 2] Within
this class of materials, rare earth (RE) oxyhydride REOxH3-2x compounds stand out not
only for their exceptional H – conductivity,[3, 4] but also for the possibility of preparing
them via post-oxidation of reactively sputtered REH2 thin films: a route of synthesis which
allows indirect control over the resulting microstructure and O:H ratio.[5]

Since the first report in 2011,[6] REOxH3-2x oxyhydride thin films prepared in this way
(with RE=Sc, Y, Gd, Dy, and Er and 0.5 ≤ x < 1.5) have gathered increasing attention in view
of their color-neutral reversible photochromic effect and photo-conductivity at ambient
conditions, making them promising candidates for smart windows and sensors.[5, 7, 8]

While such optical behaviour is shared by many REs, it remains unexplored what
is the root of such generality and the influence of the cation. In addition, the physical
mechanism behind the photochromic effect is unclear, as well as its limits in terms of
optical contrast and speed.

The present work exemplifies the tunability of the RE multi-anion compounds and
contributes to the understanding of these materials by surveying the effect of both the
cation and the O:H ratio on the photochromic contrast and speed of RE oxyhydrides thin
films.

First, we show that the deposition pressure of the parent (i.e., as-grown) REH2 indi-
rectly defines the anion ratio of the final oxyhydride, as well as its porosity and lattice
constant. Consequently, optical properties such as the refractive index, optical band gap,
and photochromic behaviour can be tuned. We report that the bleaching time constant in
particular can be reduced by an order of magnitude to below 10 min by an optimal choice
of the deposition pressure.

Second, by having mapped the effect of the deposition pressure on the photochromic
properties of Sc, Y, and Gd oxyhydrides, we address the influence of the cation under
comparable deposition conditions. Our data suggest that REs of higher atomic number
and larger ionic radius form oxyhydrides with better photochromic properties - i.e., larger
optical contrast and faster bleaching speed.

To maintain connection with the bigger picture, the influence of the deposition pres-
sure on the material properties is here discussed adopting a bird-eye perspective. Relevant
supporting information are reported in the appendix.

5.2. EXPERIMENTAL

Sample preparation Sc, Y, and Gd based REH2 thin films (thickness ∼150 nm) were
prepared by reactive magnetron sputtering of a 2-inch metal target (MaTeck Germany,
99.9% purity) in a Ar/H2 (5N purity) atmosphere. The deposition chamber was kept at a
base pressure below 1×10−6 Pa. During deposition the total gas flow was fixed at 40 sccm
with an Ar/H2 gas ratio of 7:1, while the total deposition pressure (pdep ) was varied by
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means of a butterfly reducing valve mounted at the inlet of the pumping stage. The DC
power supplied to the Sc, Y, and Gd targets was set at 200 W, 200 W, and 165 W respectively,
corresponding to metal deposition rates of 1.2 Å/s, 3.0 Å/s and 3.0 Å/s. All samples were
grown on unheated UV-grade fused silica (f−SiO2) and polished glassy carbon substrates.

The as-deposited REH2 thin films were then oxidized in ambient conditions by expo-
sure to air. Being the oxidation a self-limiting process, after a few days in air the samples
reach a (meta)stable state (Fig. 5.A.1). All material characterization presented in this work
was done only after such a stable condition was reached.

Sample characterization Structural and optical properties were studied by a combina-
tion of X-ray diffraction (XRD, Bruker D8 Discovery) and photospectrometry. A custom-
built optical-fiber based in-situ spectrometer (range: 230-1150 nm) with a time resolution
of ∼1 s was employed to test the photochromic effect as triggered by a narrow-band LED
(λ= 385 nm, I = 75 mW /cm2). Throughout this work, all values of average transmittance,
〈T 〉, refer to the interval λ : [450,1000] nm. The REOxHy chemical composition was stud-
ied by combination of Rutherford backscattering spectrometry (RBS) and elastic recoil
detection (ERD) at the 2 MV Van-de-Graaff accelerator at Helmholtz-Zentrum Dresden-
Rossendorf (Dresden, Germany).[5] A series of thicker (∼450 nm), Al-capped (∼20 nm)
Y oxyhydrides produced in the same way was studied by Doppler Broadening positron
annihilation spectroscopy (DB-PAS) at the Variable Energy Positron (VEP) facility located
at the Reactor Institute Delft (Netherlands). The aforementioned 385 nm LED was used
for in-situ illumination (2.5 h), although with a reduced irradiance (I = 30 mW /cm2) due
to the larger distance between light source and sample.

5.3. RESULTS

5.3.1. INFLUENCE OF DEPOSITION PRESSURE
Fig. 3.1 shows the impact of the deposition pressure of the parent REH2 dihydride on
the key material properties of the resulting REOxH3-2x after exposure to air. We observe
similar trends in Sc, Y, and Gd oxyhydrides, whose cations respectively belong to the 4th,
5th, and 6th period of the periodic table and, albeit maintaining a similar chemistry and
valence electron configuration, represent a wide range of ionic radii within the group
of REs (Fig. 3.1a). Sc is the smallest extreme, while Gd is a good proxy for the largest
lanthanides. Therefore we suppose that these trends are general to virtually any RE that
forms a stable oxyhydride.

In Fig. 3.1b we distinguish three regions, reflecting the onset of the oxidation and the
metal REH2 dihydride to semiconducting REOxH3-2x oxyhydride transition. Nafezarefi
et al.[7] reported that oxygen incorporates only in RE dihydride thin films sputtered at
a sufficiently high deposition pressure, above a threshold value (critical pressure, p∗)
that depends on the RE and on the specificities of the sputtering chamber. Above this
pressure, the metal-to-insulator transition takes place when exposing the thin film to air:
an optical bandgap opens and the transmittance maxima at E < Eg approach the value of
the bare substrate, implying the absence of a second absorbing/scattering phase and a
negligible concentration of deep, optically active defects.[7] We recognize this behaviour
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Figure 5.1: a) Radius,[9] ground state electron configuration, and term symbol for Sc, Y, and Gd atoms. The
Shannon effective radii of their trivalent ions are also given.[10] b) Effect of deposition pressure of the parent
REH2 dihydride (RE=Sc, Y, Gd) on the key material properties of the resulting REOxH3-2x after exposure to air -
From top to bottom: min, max and average optical transmittance (〈T 〉), optical band gap (Eg ), lattice constant
(d), photochromic contrast (〈∆T 〉), and photochromic bleaching time (τB ). A higher deposition pressure results
in a higher porosity and, consequently, higher oxygen content. Samples sputtered at pressures below the critical
pressure p∗ (dark orange background) do not incorporate oxygen upon air exposure and remain optically thick
REH2 metal hydrides. Around p∗ (light orange background) the metal to semi-conducting REOxH3-2x transition
sets in. Films sputtered at p ∼ p∗ show composition gradients, with higher oxygen concentration at the film
surface (Fig. S3). Only at higher deposition pressures (p > p∗), single-phase homogeneous photochromic
oxyhydrides are obtained. Further increase in deposition pressure leads to increasing O:H ratio (Fig. S3),
decreasing photochromic contrast and faster bleaching.
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in Y and Gd oxyhydrides (Fig. 3.1b, top panel) while the absorption spectra of Sc-based
compounds show a prominent absorption tail (Fig. 5.B.1) which extends to the whole
measured spectral range and impedes the evaluation of the optical bandgap from the
transmittance spectra.

RBS/ERD data show that the Sc, Y, and Gd oxyhydride thin films sputtered at pressures
near p∗ (0.3 Pa, 0.375 Pa, and 0.6 Pa respectively) present a composition gradient through-
out their thickness, resembling the diffusion profile of oxygen starting from the film
surface. Only at higher deposition pressures homogeneous photochromic oxyhydrides
are obtained (Fig. 5.C.1). RBS/ERD data additionally verify that a higher deposition pres-
sure results in a higher O:H ratio, in qualitative agreement with the progressive decrease
of refractive index - as implied by the decreasing amplitude of the thin-film interference
oscillations (Fig. S2; Fig. 3.1b, top panel) - and with previous studies on both Y and Gd
oxyhydride thin films. [8, 11, 12] We argued recently that the reaction from metallic REH2
dihydride to photochromic REOxH3-2x oxyhydride happens in two steps:[5, 13] first, a
net oxygen incorporation (Eq. 5.1a); second, a continuous oxygen-for-hydrogen (1:2)
exchange (Eq. 5.1b).[13]

REH2 +
1

4
O2 −−→ REO0.5H2 (5.1a)

REO0.5H2 +
2x −1

4
O2 −−→ REOxH3−2x +

2x −1

2
H2 ↑ (5.1b)

These reactions are driven by a large gain in lattice energy and occur spontaneously even
at ambient conditions when the kinetic barriers of oxygen diffusion are not prohibitive.[13]
In this context, porosity is an enabling factor for the formation of RE-oxyhydrides via post
oxidation of sputtered REH2 thin films. As depicted in the well-known sputtering zone
diagram,[14] a higher deposition pressure translates to a higher porosity because of the
increased probability of collisions of the sputtered atoms in the gas phase, and therefore
a reduced kinetic energy once they reach the substrate. Thus, higher deposition pressures
lead to higher O:H ratios due to the increased porosity of the films.

Though we can tune the O:H ratio by the deposition pressure, we find that this is
limited to the H-rich range (0.5 < x < 1) of the REOxH3-2x composition line. Indeed, the
optical band gap gradually increases from 2.3(1) eV to 2.8(1) eV (Fig. 3.1b, second panel)
and, by comparison to the phenomenological relation that links Eg and composition,[5]
shows that all the oxyhydrides investigated here belong to the H-rich region. Hence, in
agreement with our previous ion-beam analysis,[5] it appears that O-rich oxyhydrides
(x > 1) with Eg ≥3 eV do not form via air exposure of highly porous REH2 films at room
temperature. This might relate to the limited driving force for further oxygen inclusion
at x > 1,[13] as well as to the substrate-induced strain that hinders the further lattice
expansion and distortion that is expected for compositions that approach the bixbyite
oxide.

While no obvious structural phase change is observed from the fcc-F m3̄m structure
motif of the parent dihydride (Fig. 5.D.1), we note, in agreement with previous works,[5, 7]
that the oxidation to the oxyhydride state is accompanied by a lattice expansion (Fig. 3.1b,
third panel). Our data show that reaction 5.1a, which coincides with the oxidation of
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the cation from RE2+ to RE3+ and with the metal to semiconductor transition, is always
accompanied by a lattice expansion, intuitively needed to accommodate the additional
O2 – anions. The volume changes corresponding to reaction 5.1b appear instead to be
different from cation to cation, with Sc plateauing, Y showing a weak maximum, and Gd
expanding monotonously for increasing deposition pressures.

The lower two panels in Fig. 3.1b show the dependence of the photochromic prop-
erties of Sc, Y, and Gd oxyhydrides on the deposition pressure. While the full cycles of
photo-darkening (30 min) and bleaching are reported in Fig. 5.E.1, we introduce here
two figures of merit to quantitatively express the photochromic behaviour in terms of the
application-limiting aspects, namely the magnitude of the optical change and its speed.
First, we define the absolute contrast, 〈∆T 〉, as the difference between the initial average
transmittance, 〈T0〉, and that at the end of the darkening, 〈Td ar k〉:

〈∆T 〉 = 〈T0〉−〈Td ar k〉. (5.2)

Second, we address the bleaching speed via a characteristic time constant, τB , which
reflects the time required for the material to revert to its initial transmittance after the
illumination is ceased. Under the only hypothesis that all absorbing species formed
during illumination disappear following reaction kinetics of equal order, τB is equal to
the inverse of the weighted-average rate at which the photo-generated absorbing species
disappear. Assuming a first order bleaching kinetics, Eq. 5.3 is employed in Fig. 5.E.1
to derive the bleaching time constant from the time evolution of the average optical
transmittance 〈T (t )〉:[15]

ln

(
−ln

〈T (t )〉
〈T0〉

)
=− 1

τB
t − l n〈Td ar k〉. (5.3)

A higher deposition pressure leads to photochromic Sc, Y, and Gd oxyhydrides of lower ab-
solute contrast and significantly shorter bleaching time. The latter in particular is reduced
by an order of magnitude, from tens of hours to some hours for Sc-based oxyhydrides and
from few hours to few minutes for Y and Gd based oxyhydrides. It appears that the atomic
number of the cation, and even more its size, correlates with overall better photochromic
properties - i.e., larger contrast and faster kinetics. The ∼150 nm Gd oxyhydride films
produced at higher pressures, with a bleaching time constant below 10 min, present the
best bleaching kinetics among the RE oxyhydrides thin films studied here. At the time
of writing, quantitative analysis of the bleaching kinetics can be found only in ref. [8]
and [13]; where time constants in the order of several hours are reported for bare and
Zr-doped Y oxyhydride films. Similarly long bleaching times can be qualitatively observed
also elsewhere.[7, 16]

5.3.2. IRREVERSIBLE LIGHT-INDUCED VACANCY FORMATION
While the relation between deposition pressure (i.e., composition), optical band gap, and
lattice constant is fairly well understood, the mechanism behind the photochromic effect
remains unclear. The bandgap excitation points to an electronic origin; yet, at present it is
not known if other electronic processes follow the inter-band absorption. In any case, the
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Figure 5.2: DB-PAS S:W diagram of the Y to YH2 to Y2O3 composition range, including YOxH3-2x oxyhydrides
sputtered at different deposition pressures in their virgin state (full points). The arrows indicate the general
trends in S:W for the transition from metallic Y to metallic YH2 (hydrogenation) to insulating Y2O3 (oxidation).
The open points show the permanent light-induced change in the S:W of the oxyhydrides after a full cycle of
photo-darkening (4h) and bleaching in the dark (72h).

large time constants involved in the photochromism suggest that structural rearrange-
ment might play a dominant role. In this sense, it was hinted that the photo-darkening
depends on the segregation of an absorbing phase,[17, 18] a process accompanied by
reversible contraction of the crystal lattice[16, 19] and quenching of the NMR signal of
the most mobile H fraction (∼ 3%).[20] Hence, in the following we consider the influence
of the deposition pressure on both electronic and structural properties, and support our
discussion with the insight from DB-PAS on Y-based thin films.

In Fig. 5.2, reference materials and photochromic oxyhydrides sputtered at different
deposition pressures are mapped versus the so-called line shape DB-PAS parameters
W and S, which indicate the probability of positron annihilation with electrons of high
momentum (e.g., (semi-)core states), and low momentum (e.g., semiconductor valence
states), respectively. We have already mentioned that the deposition pressure influences
the final composition and hence the optical bandgap. Accordingly, DB-PAS shows a trend
of increasing W and reduced S parameter upon increased O:H ratio, indicating a broad-
ening of the electron momentum distribution as the valence band gains a progressively
larger O(2p) character. This supports the hypothesis, originally advanced by Cornelius et
al.[5] in analogy to other multi anion compounds, that the valence band of RE oxyhydrides
is a mixture of occupied H(1s) and O(2p) states, and that it shifts towards lower energies
with increasing O:H ratio because of the higher electronegativity of oxygen (χO = 3.44)
compared to hydrogen (χH = 2.20).
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After a full cycle of photo-darkening and bleaching, we observe irreversible changes
in the S:W parameters of all samples, evidence that permanent light-induced structural
modifications occur in Y oxyhydrides sputtered at any deposition pressure. In particu-
lar, we find the same trend originally reported by Plokker et al.,[21] where upon in-situ
illumination S increases and W decreases, suggesting a permanent formation of positron
trapping sites that might include negatively charged cation monovacancies (VY) or neu-
trally charged vacancy clusters (e.g. VY−VH, VH−VH, VO−VH).[21, 22] Visually, we note
that the direction of the change in the S:W plot is similar for all samples. This is quantified
by the so-called R parameter (R =∆S/∆W ), a defect-specific value which is independent
of the concentration of defects and on the positron trapping efficiency.[23] For YOxH3-2x
sputtered at 0.4, 0.5, and 0.6 Pa we find respectively R =−7(5), R =−9(1), and R =−11(3).
While further studies are needed to exactly identify the vacancies that irreversibly form
upon photo-darkening, the fact that all samples show a similar R parameter suggests that
the deposition pressure does not influence the type of formed negative and/or neutral
vacancies seen by DB-PAS. This vacancy formation under modest illumination conditions
indicates local mobility/displacement of ions in the RE oxyhydrides induced by photo-
excitation. However, we exclude that the involvement of these vacancies is a necessary
condition for the bleaching to occur, since no reversibility over time is observed in the
oxyhydrides deposited at 0.5 Pa and 0.6 Pa (Fig. 5.F.1, Fig. 5.F.2, Fig. 5.F.3).

5.4. DISCUSSION
Let us now look at the implications of a change in O:H ratio in more detail. Recently
we verified that for any oxyhydride composition (REOxH3-2x with 0.5 ≤ x ≤ 1.5) the O2 –

anions are located in the tetrahedral interstitial sites defined by the cation lattice.[13]
On that basis, we proposed an idealized structure model which serves as a guideline to
estimate the fraction and type of free interstitial sites depending on the anion ratio. Fig.
5.3 shows the correlation between this structural model and the trend observed in this
work of decreasing photochromic contrast and increasing bleaching speed upon O:H ratio.

We suppose that RE oxyhydride thin films share the exceptional H – conductivity of
the bulk RE oxyhydrides,[3, 4] and that the mobility of the hydride ions is an enabling
factor for the photo-darkening. While there is yet no data available for either local or
long-range hydrogen motion in REOxH3-2x thin films, LaOxH3-2x powders show higher
H – ionic conduction at lower O:H anion ratio (i.e., lower x).[3] Comparing to the trend of
photochromic contrast in the compositional interval 0.5 < x < 1, the bulk diffusion of H –

ions might then influence the overall extent of the photochromic process: the increase
in contrast would then be related to an increase in the H – diffusion coefficients. In this
range of compositions, we suggest that H – ions move either via direct hopping between
neighbouring octahedral sites or via the indirect hopping mediated by tetrahedral vacan-
cies, in analogy to what is proposed for other fluorite-type anion conductors, such as
LnOH (with Ln=La, Nd),[4] β−PbF2,[24] and β−PbSnF4.[25] Conversely, we expect direct
tetrahedral-based mobility to be severely inhibited by the lack of free tetrahedral sites and
by the high activation energy.[4] In this sense, we point out that the Y and Gd oxyhydrides
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Figure 5.3: Fraction of empty octahedral (green polygons) and tetrahedral (yellow polygons) interstitial sites
upon increasing O:H ratio in fcc, anion-disordered REOxH3-2x oxyhydrides. The arrows indicate the correlation
with the photochromic contrast and bleaching time constant.

produced respectively at 1.0 Pa and 1.2 Pa are only weakly photochromic (〈∆T 〉 < 4%) and
their Eg =2.8(1) eV suggests a composition that approaches the stoichiometric REOH.[5]
Possibly the photochromic properties of oxyhydrides of composition close to x = 1 are
suppressed due to their specific interstitial-site occupation (tetrahedrals all occupied and
octahedrals all empty) which hinders the aforementioned diffusion pathways and there-
fore reduces the attempt frequency for site hopping and the anion mobility altogether.[3]
Finally, it cannot be excluded that also the diffusion of oxygen plays a role, as suggested by
Baba et al.[16] When compared to the rate of hydrogen hopping, however, the oxide sub-
lattice of bulk oxyhydrides is found essentially stationary by computational[3, 4, 26–28]
and experimental[29, 30] works alike. Intuitively, the reason lies in the lower polarizability
and double charge of the O2 – oxide ions compared to H – hydride ions.[1]

The fact that we could rationalize (i) composition, (ii) optical transmittance, (iii) opti-
cal bandgap, (iv) lattice constant, and (v) trends in photochromic properties within the
framework of a single-phase line-compound strongly indicates that the photochromism
is an intrinsic property of the REOxH3-2x oxyhydride phase. We note that the alternative
hypothesis of Hans et al.,[31] who recently proposed the co-existence of an oxide and
a dihydride phase, is not compatible with the well-established optical bandgaps and
complete transmittance for E < Eg of REOxH3-2x thin films. Conversely, our careful study
of the oxidation behaviour and its dependency on the deposition pressure can explain
the specific composition reported by Hans et al. as that of a partially oxidized REH2,
a non-general case that we obtain only around p∗. However, we do not exclude the
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possibility of domains with slightly reduced/increased oxygen or hydrogen content - i.e.,
small local variations of x within the REOxH3-2x phase. In analogy to what observed in
mixed halide perovskites, as recently reviewed by Brennan et al.,[32] local compositional
inhomogeneity of this type might facilitate structural rearrangements upon illumination.

5.5. CONCLUSION
In summary, we have systematically shown that the photochromic properties of REOxH3-2x
oxyhydrides thin films, namely the photochromic contrast and the bleaching kinetics,
can be largely tuned controlling the deposition pressure of the parent REH2. We suppose
that the root of this tunability lies in the different O:H anion ratio and, consequently,
in the different number and energetics of the empty sites which enable anion hopping
and therefore facilitate the structural rearrangements thought to occur during the pho-
tochromic process. DB-PAS shows vacancy formation during photo-darkening, indicating
local mobility of ions as a consequence of photo-excitation of charge carriers. However,
the observed vacancy formation is irreversible and does not play an essential role in
the bleaching process. The photochromic properties of oxyhydrides of different REs are
compared in a comprehensive way, showing a trend of increasing contrast and bleaching
speed from Sc to Y to Gd based oxyhydrides. While a conclusive answer on the role of
the cation is still missing, we note that these trends and their correlation to the cation
size hint once again to a process limited by diffusion. As a matter of fact, the cation size
translates to a larger lattice constant, 4.94(4) Å for Sc, 5.36(4) Å for Y, and 5.45(6) Å for
Gd oxyhydrides, reducing the activation barriers for site hopping.[4] However we do not
exclude that other factors indirectly influenced by the deposition pressure might play a
role in the photochromic process - e.g. porosity, grain size, defects, texture, stress, and
degree of anion ordering.

The fact that we could produce photochromic films that bleach in less than 10 minutes
brings the RE oxyhydrides one step closer to applications as smart coatings for sensors
and windows.
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5.A. AIR OXIDATION
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Figure 5.A.1: Evolution of the average transmission during air oxidation at ambient conditions of (a) ScOxH3-2x,
(b) YOxH3-2x, and (c) GdOxH3-2x oxyhydrides sputtered at different deposition pressures. Grey arrows indicate
the trend with the deposition pressure.
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Figure 5.B.1: Top: Transmission spectra of ScOxH3-2x, YOxH3-2x, and GdOxH3-2x oxyhydrides after oxidation in
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5.C. ION-BEAM COMPOSITION ANALYSIS
RBS (ERD) measurements were performed with a 1.7 MeV 4He+ beam at 0°(70°) incidence
and 160°(30°) scattering angle using energy dispersive detectors with an energy resolution
of ∼17 keV. The ERD detector was covered by a 6.6µm Al stopper foil to discriminate
recoiled H from forward scattered He. While we could not quantify the exact composition
due to a poor estimation of the solid angle of the ERD detector, the fact that all samples
were exposed to the same total beam charge (30µC) allows for qualitative comparisons.
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Figure 5.C.1: RBS and ERD spectra for ScOxH3-2x, YOxH3-2x, and GdOxH3-2x sputtered at different deposition
pressures. The insets show a zoom of the oxygen RBS signal. While we could not quantify the exact composition
due to the lack of proper standards, it can be qualitatively observed that the amount of oxygen(hydrogen)
increases(decreases) with the deposition pressure (grey arrows). Notice that some thin films produced on the
carbon substrate peeled off before we could analyse them: this is the case of the of the Gd oxyhydrides sputtered
at pressures above 0.7 Pa and the Y oxyhydride sputtered at 0.5 Pa, for which we measured a twin produced on a
SiO2/Si substrate
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Figure 5.D.1: XRD patters of the polycrystalline ScOxH3-2x, YOxH3-2x and GdOxH3-2x sputtered at different
deposition pressures. Each series of data is compared to the reference pattern of the corresponding RE-dihydride.
Upon increasing deposition pressure, the peaks shift towards lower angles reflecting a progressive expansion of
the lattice. In addition, the change in peak ratio reflects a progressive change in preferential orientation, as also
observed by Baba et al.[1] for Gd oxyhydrides. The broad feature centred at 2Θ∼ 22°is due to scattering by the
f-SiO2 substrate. Grey arrows indicate the trend with the deposition pressure.
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5.E. PHOTOCHROMIC EFFECT
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Figure 5.E.1: Photochromic behaviour of ScOxH3-2x, YOxH3-2x and GdOxH3-2x sputtered at different deposition
pressures. Top: Evolution of the average optical transmission upon 30 min of photodarkening and subsequent
bleaching in the dark. Bottom: Linearisation of the bleaching data according to equation [3] and corresponding
best fit. Grey arrows indicate the trend with the deposition pressure.
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5.F. DETAILS ON DB-PAS ANALYSIS ON YOX H3-2X
For each Y oxyhydride film a DB-PAS depth profile was measured in the virgin state, mean-
ing that the films were not exposed to UV-light during and before these measurements,
and 3 days after a fullcycle of photodarkening and bleaching. Given the much faster
kinetics of the optical changes, it is safe to assume that after 3 days the bleaching of the
samples to their initial color was complete. Therefore, comparing this measure to the
one made in the virgin state, we consider any change in the S:W parameter as permanent,
meaning that it does not revert with a kinetics comparable to the one of the photochromic
effect. The use of a narrow-band LED placed outside the vacuum chamber guarantees
minimal heating of the samples, with a temperature increase upon illumination below 2
°C.
The cycle of in-situ photo-darkening and bleaching was monitored in a time-resolved
manner by measuring S and W at a single implantation energy of 6.4 keV, corresponding
to a mean probe depth approximately in the center of the film. The samples were illumi-
nated for 2.5h from the side of the substrate and the S:W parameters monitored for at
least 30 more hours after the illumination was ceased.
A four-layer model was used in VEPFIT to fit S and W depth profiles of the three oxy-
hydrides; with the first layer being the Al capping, second and third layers combined
the oxyhydride film, and fourth (semi-infinite) layer the f-SiO2 substrate. Independent
DB-PAS depth profiles of the bare substrate and of a thick Al film (sputtered in the same
manner of the Al capping layers), were used to fix the fitting parameters of first layer and
substrate. The choice of modelling the oxyhydride film by two layers was dictated by the
need to account for the interface with the Al capping layer (i.e., the valley(peak) in the
S(W) at ∼3 keV) and for the fact that during illumination the light intensity is progressively
attenuated throughout the material, leading to a less pronounced darkening as the dis-
tance from the point of first exposure (i.e., the interface with the substrate) increases. Two
layers are the minimal model sufficient to describe the experimental depth profiles. The
average of the fitted values of S and W for the top and bottom oxyhydride layer, weighted
by the layer thickness, are reported in Fig. 2 of the main text and are used to derive the
R-parameter of each sample.
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Figure 5.F.1: DB-PAS analysis of Al-capped YOxH3-2x sputtered at 0.4 Pa. Top: Time evolution of the S and W

parameters probed at Ei mp = 6.4 keV during 2.5 h of photo-darkening (λ= 385 nm, I = 30 mW /cm2) and 40 h
of bleaching in the dark. Bottom: S:W depth profiles and best fits for the sample in its virgin state and 3 days
after the cycle of in-situ illumination and bleaching.
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YOxH3-2x 0.4 Pa S1 (−) W1 (−) S2 (−) W2 (−) d f i t ,1/2 (nm)
Virgin 0.5600(6) 0.0363(2) 0.569(1) 0.0322(4)

115/188
3d Bleaching 0.5643(7) 0.0357(3) 0.574(1) 0.0314(5)

Table 5.F.1: Best fit parameters for the DB-PAS depth profiles of Al-capped YOxH3-2x sputtered at 0.4 Pa before
and after the full photochromic cycle.

YOxH3-2x 0.4 Pa S (−) W (−)
Virgin 0.5646(8) 0.0342(3)
3d bleaching 0.5692(9) 0.0335(4)

∆S (−) ∆W (−) R (−)
0.005(1) -0.0007(5) -7(5)
∆S (%) ∆W (%) R (%)

0.8(2) -2(1) -0.4(3)

Table 5.F.2: Weighted-average S:W parameters for the DB-PAS depth profiles of Al-capped YOxH3-2x sputtered
at 0.4 Pa. Absolute and relative changes, as well as the absolute and relative R value are additionally reported.
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Figure 5.F.2: DB-PAS analysis of Al-capped YOxH3-2x sputtered at 0.5 Pa. Top: Time evolution of the S and W

parameters probed at Ei mp = 6.4 keV during 2.5 h of photo-darkening (λ= 385 nm, I = 30 mW /cm2) and 60 h
of bleaching in the dark. Bottom: S:W depth profiles and best fits for the sample in its virgin state and 3 days
after the cycle of in-situ illumination and bleaching.
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YOxH3-2x 0.5 Pa S1 (−) W1 (−) S2 (−) W2 (−) d f i t ,1/2 (nm)
Virgin 0.5506(9) 0.0410(3) 0.5581(9) 0.0390(3)

65/256
3d Bleaching 0.5642(9) 0.0407(3) 0.5895(9) 0.0352(3)

Table 5.F.3: Best fit parameters for the DB-PAS depth profiles of Al-capped YOxH3-2x sputtered at 0.5 Pa before
and after the full photochromic cycle.

YOxH3-2x 0.5 Pa S (−) W (−)
Virgin 0.5567(9) 0.0394(3)
3d bleaching 0.5844(9) 0.0363(3)

∆S (−) ∆W (−) R (−)
0.028(1) -0.0031(4) -9(1)
∆S (%) ∆W (%) R (%)

5.0(2) -8(1) -0.64(9)

Table 5.F.4: Weighted-average S:W parameters for the DB-PAS depth profiles of Al-capped YOxH3-2x sputtered
at 0.5 Pa. Absolute and relative changes, as well as the absolute and relative R value are additionally reported.
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Figure 5.F.3: DB-PAS analysis of Al-capped YOxH3-2x sputtered at 0.6 Pa. Top: Time evolution of the S and W

parameters probed at Ei mp = 6.4 keV during 2.5 h of photo-darkening (λ= 385 nm, I = 30 mW /cm2) and 40 h
of bleaching in the dark. Bottom: S:W depth profiles and best fits for the sample in its virgin state and 3 days
after the cycle of in-situ illumination and bleaching.



5.F DETAILS ON DB-PAS ANALYSIS ON YO
X

H3-2X

5

121

YOxH3-2x 0.6 Pa S1 (−) W1 (−) S2 (−) W2 (−) d f i t ,1/2 (nm)
Virgin 0.5419(7) 0.0443(3) 0.545(1) 0.0404(5)

65/256
3d Bleaching 0.5571(7) 0.0425(3) 0.574(1) 0.0381(4)

Table 5.F.5: Best fit parameters for the DB-PAS depth profiles of Al-capped YOxH3-2x sputtered at 0.6 Pabefore
and after the full photochromic cycle.

YOxH3-2x 0.6 Pa S (−) W (−)
Virgin 0.5439(3) 0.0418(4)
3d bleaching 0.5681(3) 0.0396(4)

∆S (−) ∆W (−) R (−)
0.0242(4) -0.0021(6) -11(3)
∆S (%) ∆W (%) R (%)

4.45(8) -5(1) -0.9(2)

Table 5.F.6: Weighted-average S:W parameters for the DB-PAS depth profiles of Al-capped YOxH3-2x sputtered
at 0.6 Pa. Absolute and relative changes, as well as the absolute and relative R value are additionally reported.
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6
PHOTOCHROMISM AND

PHOTOCONDUCTIVITY IN

REOx H3−2x

[..] a land yet without history
but only chronicles of hunt and tales of adventure
that with time transformed in myths and legends.

Walter Bonatti, Klondike (1965)

While the optical photochromism of RE oxyhydride thin films has been extensively studied,
their large persistent photo-conductivity have been somewhat neglected. Here we present an
extensive characterization and demonstrate that photochromism and photo-conductivity
originate from the same process, as indicated by a comparable time and temperature
dependence, and by a unique exponential relation linking material conductivity and
optical absorption. While a definitive understanding of the mechanism behind the process
is still missing, we use this new insight to discuss if, and under which conditions, the
mechanisms proposed for the photochromism can also account for the photo-conductivity.
We rule out that purely electronic processes are sufficient, and suggest that light exposure
either leads to (i) the formation of an ensemble of in-gap defects capable of trapping
electrons and holes alike, or (ii) to the segregation of a percolating network of metallic
domains.

Based on this chapter, we are preparing the following paper:
G. Colombi, B. Boshuizen, D. Chaykina, H. Schreuders, T. J. Savenije, and B. Dam, Relation between pho-
tochromism and photoconductivity in REOxH3-2x thin films, In preparation (2022).
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6.1. INTRODUCTION

Photochromism and photo-conductivity of Y oxyhydrides thin films were first reported by
Mongstad et al. [1] in 2011 – a time when composition and structure of this material were
unknown, as well as its relation to the bulk REOxH3-2x, which only two years later will
be found exceptional H – ionic conductors.[2] Since the original work of Mongstad, sev-
eral other rare-earths (RE=Sc,Y,Nd,Gd,Dy,Er),[3–6] were reported to form photochromic
oxyhydride thin films as well. In 2019 we established that all these photochromic films
have REOxH3-2x oxyhydride composition, and proposed a structural model based on the
CaF2-type lattice where the anion preferentially occupy the tetrahedral interstitial sites of
the cation lattice.[4, 7] The composition of the oxyhydride and the deposition conditions
were found to influence the extent and the speed of photochromism,[8–10] however the
general presence of the phenomenon indicates that its origin is intrinsic to the RE oxyhy-
dride thin film material. While there is no conclusive agreement on the photochromic
mechanism, most research converges towards the idea that structural rearrangements
enabled by the high H – (local) mobility are at the heart of the photochromism. In this
sense, it was hinted that the photodarkening depends on the segregation of an absorbing
phase,[11, 12] a process accompanied by reversible contraction of the crystal lattice,[13]
and quenching of the NMR signal of the most mobile H fraction (∼ 3%).[14] A reversible
change in the H-sub-lattice upon illumination was indirectly observed as well via muon
spin rotation spectroscopy (µSR).[15] Finally, the bleaching was shown to be a thermally
activated process, while the photo-darkening could be induced even at a temperature of
4 K.[16]

Despite the interest in this class of materials, on their photochromic properties, and
later on on their ionic conduction, very little research has been spent towards the study
of their photo-conductivity – whose measurement is inherently much more challeng-
ing, as explained throughout this chapter. In fact, at the time of writing, no other study
managed to reproduce the results originally presented by Mongstad et al. [1], namely
a tenfold reduction of the material resistance upon illumination, followed by a partial,
slow reversibility in the dark. In his Ph.D. thesis, Mongstad himself mentions the many
(and unquantified) sources of error in the measurement, warning the reader against
quantification of the material resistivity (in contrast to the system resistance), and against
over-interpretation of the resistance time-dependence.

Nonetheless, reliable information on the conductivity and photo-conductivity of these
thin films are (i) a potential source of insight on the photochromic mechanism, (ii) essen-
tial to evaluate their employability as solid state ionic conductors in any electrochemical
devices, (iii) a necessary prerequisite for any further tuning of their ionic/electronic
transport properties, and (iv) a potential probe for the type and concentration of defects
inside the material. From a more fundamental perspective, a better understanding on
the conduction of the RE oxyhydrides might help to understand at which extent their
properties resemble or depart from those of the related REHx hydride systems, which
have been extensively investigated in view of the metal-to-insulator transition that occurs
with a change of the H content.[17–20] In this chapter, we address this knowledge gap,
presenting for the first time high-quality, time-dependent, measurements of optical and
transport properties, including Hall-Effect (HE).[21] While the limited range of sensitivity
of our current(voltage) source(reader) forced us to work with the most conductive Gd-
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based oxyhydrides (optical gap 2.5(1) eV), we expect that the conclusions drawn here
hold for the other RE oxyhydride photochromic thin films as well.

6.2. EXPERIMENTAL
Sample preparation Gd based REH2 thin films (thickness ∼1500 nm) were prepared by
reactive magnetron sputtering of a 2-inch Gd target (MaTeck Germany, 99.9% purity) in
a Ar/H2 (5N purity) atmosphere. The deposition chamber was kept at a base pressure
below 1×10−6 Pa. During deposition the total gas flow was fixed at 40 sccm with an Ar/H2
gas ratio of 7:1, while the total deposition pressure (pdep ) was set to 0.75 Pa by means of a
butterfly reducing valve mounted at the inlet of the pumping stage. A total power of 175 W
supplied direct current was used to sustain the plasma excitation. Ten twin samples were
grown on unheated UV-grade fused silica (f−SiO2) in a single deposition, so to guarantee
a high homogeneity between them. The as-deposited REH2 thin films were then oxidized
in ambient conditions by exposure to air. Having previously shown that the oxidation is a
self-limiting process,[8] a rest time of 7−14 days was allowed to the samples before any
further characterization.

Contact deposition To guarantee Ohmic metal-semiconductor junctions (and min-
imize contact resistances) during transport measurements, we find the deposition of
additional contact layers to be needed. Being an high-effort and low-reward activity, with
a large space of parameters to consider, it is said that making contacts is an art, rather
than a systematic science. This work makes no exception to such empirical approach,
and we find the following multilayer (in order, from the sample surface) to be optimal:
∼100 nm YH2, ∼100 nm Cr, ∼100 nm Au. The heuristic reasoning behind this choice is
discussed in the following.

1. Among pure metals, Y has one of the lowest workfunctions, thus, in the absence of
other information, is always a good candidate for an Ohmic metal-semiconductor
interface. However, (i) the hcp lattice of Y poses an additional strain at the inter-
face with the fcc oxyhydride, and (ii) the large affinity that Y has for H induces a
fraction of the H to diffuse from the oxyhydride to the contact. Notably, during
our pilot experiments, we observed that such H exchange was further encour-
aged by UV exposure, leading to a non-reversibility of both photochromism and
photo-conductivity. This effects are vastly mitigated by using an fcc-YH2 layer.

2. Cr acts as an adhesion layer between YH2 and Au. Additionally, Cr is one of the
pure metals that least suffers from hydrogen embrittlement,[22] therefore, we think
it might further help to prevent H diffusion from the bottom layers to the Au top
contact.

3. The top-most Au layer acts as a barrier for oxidation, something that Cr, and YH2
even more, are particularity sensitive to.

Finally, to further minimize the contact-oxyhydride interaction and the systematic errors
during transport measurements,[23] the contacts where deposited at the corners of a
7×7 mm square and their size was kept to a minimum of around 0.5 mm2.
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Figure 6.1: Schematics of the experimental setup used in this work. Optical transmittance and transport
properties can be measured in sync under very comparable illumination, temperature, and vacuum conditions.

Sample characterization Fig. 6.1 shows a schematic of the experimental setup used
to simultaneously measure optical transmittance and transport properties under very
comparable temperature, vacuum, and illumination conditions. To achieve that, two
samples are placed in connected vacuum chambers (pressure ∼ 10−1 mbar) and kept at
the same temperature by independent backplate heaters with a PID control loop. Special-
ized setups are then used to measure their properties.

The optical transmittance is measured with a custom-built fiber based spectrometer
equipped with a white source (DH-2000BAL, Ocean Optics) and a Si-based energy dis-
persive spectrometer (HR4000, Ocean Optics). The wavelenght range is approximately
230-1150 nm, and the time resolution of ∼1 s.

Resistance and Hall-effect are measured in a squared Van der Pauw[23] geometry
using a H50 Hall-effect current(voltage) source(meter), a commercial system from MMR
Technologies that operates in a nominal resistance range of 102 −1010 Ω, and with a time
resolution of approximately 3 min. A permanent magnet of ∼850 G is used in the Hall-
effect measurements.

Photochromism and photo-conductivity are triggered by two narrow-band LED cali-
brated to deliver the same intensity at the sample surface (λ= 385 nm, I = 75 mW /cm2).
Note that while light intensity does not need to be particularly homogeneous for the
transmittance, which is probed in a central spot of ∼2 mm2, that is not the case for the
transport measurements, which probe the entire sample 7×7 mm2. To guarantee an
homogeneous light intensity over the whole sample surface, a set of optical elements is
installed in front of both LEDs following the principle of Köhler illumination.

Knowing that regions of RE oxyhydrides films that were previously exposed to light
suffer from a so-called "memory effect",[1] namely a slower bleaching speed compared
to a non-illuminated area, all the measurements presented here correspond to the first
cycle of virgin (i.e., as-deposited) samples.
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6.3. RESULTS
In the following, we first look at some basic transport properties of the Gd oxyhydride,
and then we discss the photo-induced effects, which are the focus of this work.

6.3.1. GD OXYHYDRIDE TEMPERATURE STABILITY
It is well known that the temperature dependence of the material resistivity is an insightful
indication of the electronic state of the material and of the underlying mechanism of
charge transport. However, due to the high concentration of defects and of the tendency
to oxidise, the range of temperatures in which our RE oxyhydride thin films are stable
is relatively narrow. This interval of temperatures is here discussed, using the material
resistivity as a probe.

Fig. 6.2 shows how the material resistivity changes over time during a temperature
ramp that goes from 300 K to 400 K, in steps of 5 K. Up to ∼340 K, the material shows the
expected semiconductor behaviour, with the resistivity decreasing monotonously for
increasing temperature. No metal-like temperature dependence (dρ/dT > 0) is observed,
which is no surprise given the optical bandgap and ionic character of the RE oxyhydride
bond. In this low-temperature interval, at any given temperature, the resistivity does not
change in time. Starting at ∼350 K, we observe instead an increase of resistivity while
the film soaks at fixed temperature. This is most likely due to a progressive increase of
the oxygen content in the thin film, a process that is thermodynamically favoured (see
chapter 4). Such increase of resistivity is observed up to ∼390 K, where a second process
becomes dominant and the material resistivity starts to decrease over time. An exact
understanding of the behaviour in this high temperature regime is beyond the scope of
this work, however, we suppose that some hydrogen release – and consequent reduction
of some metal cations – might be happening. This hypothesis seems validated by the
slight darkening of the material as observed by eye. After the material is cooled down back
to the initial temperature, a permanent increase of resistivity confirms the occurrence of
irreversible structural processes (most likely oxidation). On the basis of these data, we
limit any further measurements to a moderately low temperature range of 300−350 K.

To further verify the hypothesis of oxidation during the measurement, a second
sample deposited around the critical deposition pressure (pdep =0.65 Pa) – therefore re-
sulting in a dark-looking partially oxidized GdOxH3-2x//GdHx phase mixture (see chapter
5) – was tested following the same routine (Fig. 6.3). The resistivity of this sample is
initially found to be around 10−2 Ωcm, which is ∼ 100 times lower than the pure Gd
oxyhydride phase and yet quite higher than the typical values of metallic compounds
(10−5 −10−6 − Ωcm). Notably, at low temperatures the resistivity of this sample decreases
for increasing temperature, indicating that the semiconducting phase dominates its be-
haviour. All of this suggests that this sample contains only a minor fraction of metallic
domains in an otherwise semiconducting, oxyhydride matrix. Heating this mixed-phase
sample at temperatures above ∼310 K results in a continuous increase of resistivity over
time. This result is analogous to what was observed for the oxyhydride, although with an
earlier temperature onset that can be understood considering the higher driving force for
the dihydride oxidation (see section 3.4.1).[7] After the annealing treatment, when the
temperature of 300 K is restored, the sample is largely transparent and its conductivity
is one order of magnitude higher than the initial one. All together, these observation
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strongly indicate that, despite the rough vacuum (∼ 10−1 mbar) achieved in the set-up,
our thin films are still prone to oxidation.
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6.3.2. GD OXYHYDRIDE TRANSPORT PROPERTIES
Hall-effect (HE) measurements are arguably one of the most insightful tools to investigate
the transport properties of a semiconductor, as they permit to identify the dominant
carrier type (i.e., electron or holes), and allow to quantify carrier density (ne/h) and carrier
drift mobility (µe/h). Strictly speaking, however, the Hall-mobility µH well approximates
the actual drift mobility of the charge carriers only if they freely move within a band that
is much wider than kB T .[24] This type of electronic transport is often referred as coherent,
and envisions the carrier motion to be free and only occasionally disrupted by scattering
events. Coherent transport is characteristic of most conventional semiconductors and
typically involves a mobility that decreases with increasing temperature; typical values
greatly exceed 1 cm2s−1V−1. In contrast, incoherent transport envisions the carrier to
only make occasional jumps between localized regions in the material. In this case the
mobility reflects the activation energy needed for the jump and rises with increasing
temperature; typical values are well below 1 cm2s−1V−1.[24]

At present, what type of electronic transport better describes the RE oxyhydride
material remains unclear, therefore in the following we first discuss our measurements in
the framework of a free-carrier model, and then we briefly consider the alternative option
of a polaron conduction.

FREE CARRIERS HYPOTHESIS

In framework of a free-carrier model, here we first discuss the Gd oxyhydride carrier den-
sity/mobility in comparison to other semiconductors, and later show their temperature
dependence. The reader is, however, warned to be cautions with these results because
they are extracted under assumption of a perfectly homogeneous film, and a single carrier
type (i.e., neµe /nhµh >> 10 or neµe /nhµh << 0.1). However, the homogeneity of the sam-
ple was indirectly assessed (see section 6.A), and the assumption of a dominant carrier is
most often verified in defect-rich semiconductors.

In all our measurements, we find the Hall voltage (VH ) to have a positive sign, indicat-
ing that holes are the dominant charge carrier in this set of Gd oxyhydride thin films. Since
the hole effective mass is typically much smaller than the one of the electrons, this would
be rather surprising in a defect free semiconductor. In the case of our highly defective
thin films it might, however, indicate a net dominance of in-gap electron traps and/or
shallow electron acceptor states. Fig. 6.4 shows a map of carrier density and mobility
where the properties of the Gd oxyhydride are compared to a selection of reference values.
While the carrier density of the Gd oxyhydride (nh ∼ 1011 −1012 cm−3) is in line with that
of common intrinsic semiconductors, the hole mobility is found to be exceptionally high
(µh ∼ 103 −104 cm2V −1s−1). [25–29] Unfortunately, while the conductivity of many REHx
hydrides was extensively characterized,[17, 18, 30–34] we could not find any reference
value for the carrier mobility to make a comparison.

It is important to note here that if the assumption of a single carrier were not verified,
that would lead to under-estimation of the carrier mobility (Fig. 6.A.5). Similarly, an
over-estimated material resistivity (for example due to contact resistances) would lead to
an under-estimation of the carrier mobility. Therefore, the exceptional high mobility of
the Gd oxyhydrides cannot be traced back to any obvious experimental artefact.

Fig. 6.5 shows the temperature dependence of the Gd oxyhydride conductivity, hole
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and Hall-effect measurements of the Gd oxyhydride thin films studied in this work.

density, and hole mobility. As the temperature increases, the total conductivity increases
as well due to a net increase of carrier density. Conversely, the carrier mobility decreases.
Unfortunately, the limited temperature interval makes it difficult to quantitatively discuss
any material-specific temperature dependence, thus, we limit our discussion to the ideal,
approximated n ∝ E xp(−∆E/2kB T ) relation that follows from a Fermi-Dirac distribution
of the occupied/unoccupied states.[25] For an intrinsic semiconductor ∆E corresponds
to the Eg , while for an extrinsic semiconductor ∆E corresponds to energy distance of
the main donor(acceptor) level from the conduction(valence) band. [25] From the fit
of the experimental data, we find ∆E ∼ 0.9 e.V.(Fig. 6.6), which is clearly much smaller
than the optical gap and indicates the presence of deep states that, in view of the positive
Hall potential, must act as electron acceptors (i.e., hole donors). Finally, the decrease of
mobility with increasing temperature is typical of a coherent electron transport and can
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Figure 6.6: Fit of temperature-depended carrier (holes) density of the Gd oxyhydride thin films studied in this
work according to the ideal relation n ∝ E xp(−∆E/2kB T ).

be rationalized in terms of increasing phonon-scattering. We rule out any significant ionic
contribution to the total conductivity measured here, as the ionic H – conductivity that
was reported in LaOxH3-2x powders is (i) orders of magnitude smaller (< 10−6 S/cm), and
(ii) a temperature activated process, thus at odds with the decrease of mobility measured
for increasing temperature. [2] The picture of a p-type semiconductor seems, therefore,
sufficient to describe the electronic transport behaviour in the Gd oxyhydride thin films
studied in this work. The exceptionally high mobility, however, warrants further verifica-
tion and might be a symptom of skewed Hall effect results due to polaronic conduction.

POLARONS HYPOTHESIS

In view of the ionic character of the compound (see chapter 4), one might expect the
free charges to experience some coupling with the crystal lattice, potentially leading
to polaron formation.[35] In this case, being the polaron motion qualitatively different
from that of free carriers, the analysis of the Hall-effect becomes far from simple and
dependent on the specific material and the specific type of polaron. As a result, the
magnitude, temperature dependence, and even the sign of the Hall voltage extracted
under the assumption of free-carriers might be incorrect.[24] In this regard, we note that
such an erroneous analysis of the Hall-effect was reported to overestimate the mobility of
small polarons by a factor of 102 −103 in Fe2O3-based epitaxial films and BiVO4-based
single crystals alike.[36] Since in the previous section we derived an exceptionally high
mobility that seem at odds with the high density of defects expected in a porous, air-
oxidized, reactively-sputtered thin film, we consider likely the eventuality of a systematic
overestimation due to polaron conduction.
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6.3.3. RELATION BETWEEN PHOTOCONDUCTIVITY AND PHOTOCHROMISM

Mongstad et al. [1], and later You et al. [10], have undoubtedly shown that photochromism
in RE oxyhydride thin films is accompanied by a photo-induced change of conductivity.
Neither of the two studies, however, presented a sufficiently accurate time-dependent
measurement of the conductivity to discuss the connection between the two photo-
induced phenomena. The reasons behind this knowledge gap are essentially of exper-
imental nature, namely: (i) the challenges of contact optimization, and sample homo-
geneity in general; (ii) the extremely high resistance of a ∼ 1000 nm RE oxyhydride thin
film, which requires a current source and a voltage reader capable of working in the range
of p A and V , respectively; (iii) the rather low resistance of the films under illumination,
which requires the current source and the voltage reader to work now in a opposite regime
of m A and mV , respectively; and (iv) the need for an homogeneous illumination.

Having addressed all these experimental challenges, Fig. 6.7 gives a visual overview
of the photo-induced effect on optical absorption and electronic conduction. Here, the
two phenomena follow a very comparable time and temperature dependence, strongly
pointing towards a common origin.

Looking at the material conductivity, with 30 min of illumination we find an enor-
mous, reversible increase from ∼ 10−5 S/cm to ∼ 10−1 S/cm. This is 3 orders of magnitude
higher than the increase measured in the original work of Mongstad et al. [1], although
a direct comparison is difficult because of the different wavelength and intensity of the
LEDs used for illumination. Additionally, differently from Mongstad et al. [1], our results
do not show signs of large irreversibility. Indeed, allowing enough bleaching time in the
dark (e.g., 10 h at 303 K), we find that the conductivity of all samples returns to the initial
value. We suspect that the irreversibility observed in the earlier studies is due to a loss of
hydrogen from the RE oxyhydride towards the measuring probes, similar to what we have
observed for non-optimized contacts.

Unfortunately accurate measures of the Hall-effect cannot be combined with illumi-
nation, as the permanent magnet would cover the light path. We could, however, measure
the sample immediately after the 30 min of UV exposure, finding a remarkable switch of
the polarity of the Hall voltage that implies a change from p-type to n-type conductivity.
A quantitative evaluation of the carrier density and mobility is not reliable because of the
change that the sample undergoes during the ∼5 min necessary for the measurement.
However, considering the relation σ∝ n/µ and the fact that the carrier mobility cannot
change by orders of magnitude, it must follow that the increase of conductivity is due to a
comparable increase of carrier density.

Comparing the trend of optical transmittance and material conductivity gives a strong
indication that the changes that occur under illumination have a common origin. Using
the data at 303 K as an example (Fig. 6.8a), the relation between conductivity and relative
optical transmittance is visualized in Fig. 6.8b, where these two properties are plotted
one against the other. When the material is in its optically transparent state, either before
illumination or at the end of the bleaching process, the relative optical transmittance and
conductivity do not follow any obvious relation. However, during illumination and during
most of the bleaching, there is a linear relation between σ and −l n(T /T0). Neglecting the
reflectivity of the sample, in first approximation, it holds that −ln(T /T0) ∼∆αd , where
d is the thickness of the thin film, and ∆α is the absorption coefficient of the optically
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Figure 6.7: Photo-induced effects on optical transmittance (top) and material conductivity (bottom) of Gd oxyhy-
dride as measured at different temperatures. To avoid artefacts due to the memory effect,[1] all measurements
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a)

b)

c)

Figure 6.8: a) Photo-induced effects on relative optical transmittance (top) and material conductivity (bottom)
of Gd oxyhydride measured at 303 K. b) Relation between the increase of optical absorption (−ln(T /T0) ∼∆αd)
and conductivity. The black points refer to the bleaching, while the purple ones to the darkening process. A
fit based on eq. 6.1 is shown in red. c) Time dependence of optical transmission and conductivity linearised
according to the assumption that all optically-absorbing species disappear following a first order bleaching
kinetics.[37] A fit based on eq. 6.4 is shown in orange. In all panels, the background colors are used to highlight
the regimes in which optical absorption and conductivity are dominated by the photo-induced effects (blue), in
contrast to the material properties of the Gd oxyhydride as largely recovered at the end of the bleaching (yellow).
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absorbing species formed by light exposure.[3] The negative Hall voltage and the pro-
portionality between σ and ∆α suggests that these two photo-induced properties either
originate (i) from the same absorbing and electron-conductive species that is formed
upon illumination, and/or (ii) from a single process leading to the formation of absorbing
species and to an increase of mobile electrons in the material.

We propose eq. 6.1 as an empirical relation between conductivity and ∆α in the Gd
oxyhydride, which in the limit of ∆α→ 0 describes the conductivity of the material in
its transparent state (σ0) as a constant (eq. 6.2), and by subtraction, the photo-induced
conductivity (σph) as a shifted exponential (eq. 6.3):

σ(∆α) = y0 + Ae∆αB (6.1)

σ0 = lim
∆α→0

σ(∆α) = y0 + A (6.2)

σph =σ(∆α)−σ0 = A
(
e∆αB −1

)
. (6.3)

The ability of eq. 6.1 to fit the experimental data, especially in the region where the photo-
conductivity dominates, is shown in Fig. 6.8b.

While the physical reason behind the exponential relation of σph and ∆α remains
unclear, as well as the physical meaning of the fitting parameters, we note that B is largely
unaffected by temperature and memory effect (Fig. 6.B.1), again reinforcing the idea that
photo-conductivity and photochromism have a single origin.

As a double check, Fig. 6.8c confirms that by applying eq. 6.1 to the conductivity
data one recovers the same time dependence that is well-known to describe the optical-
bleaching kinetics:[8, 37]

ln

(
d

B
l n
σ(t )− y0

A

)
∼ l n

(
−ln

〈T (t )〉
〈T0〉

)
=− 1

τB
t − ln〈Td ar k〉. (6.4)

The unusual time dependence of the photo-conductivity, notably, implies that the the
rate determining step of the bleaching is not a purely independent electronic process.
The decay of the photo-generated charge carriers must therefore depend on some type of
structural rearrangement, or reaction, in the solid state.

6.4. DISCUSSION
Since the discovery of the photochromism in REOxH3-2x thin films, several ideas have
been proposed to describe such behaviour, as recently reviewed by Chaykina et al. [15]
The first step of the process involves the formation of an electron-hole pair via inter-band
(hν≥ Eg ) photo-excitation. The subsequent formation of optical absorbing species and
their identity remains a topic of debate. At the time of writing, two groups of mechanisms
are under consideration, namely (i) the formation of small defects within the REOxH3-2x
phase, and (ii) the phase segregation of a secondary absorbing/conductive phase. A third
group of mechanisms involving the exchange of matters with the environment, such
as in Baba et al. [38], was essentially ruled out from the observation of reversible pho-
tochromism in ALD-capped films[6, 39] and in an ultra high vaccum environment.[15, 40]
While interaction with the environment can likely influence the rates of photo-darkening
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Figure 6.9: The formation of small, long-living defects is considered a possibility to describe the optical and
electronic changes observed upon illumination of RE oxyhydride thin films. Such defects might act as a trap
for holes, electrons, or both. A visual overview of these three possibilities is given here, together with their
ability/limits of describing the experimental findings, namely (i) temperature dependence, (ii) time dependence,
(iii) negative Hall voltage, (iv) spectral shape of the absorption coefficient, and (v) exponential relation between
photo-conductivity and absorption coefficient (see text).

and bleaching,[40] that does not seem to be a necessary condition for the reversible
photochromism to occur. In the following we discuss the remaining two groups of mecha-
nisms with the added insight of the transport measurements presented here. In doing so,
we try to assess if the species responsible for the optical absorption can also be responsi-
ble for the increase in conductivity.

6.4.1. HYPOTHESIS OF LONG LIVING SMALL DEFECTS
In this hypothesis, light exposure induces the formation of long-living small defects which
trap either the electron, the hole, or both. Fig. 6.9 gives a schematic overview of these
three possibilities, their merits, and their pitfalls.

Trapped hole, free electron. So far, two type of defects have been proposed to act as
hole-traps in RE oxyhydrides, namely molecular H2 and hydroxide diatomic anions (OH – ).
However, we do not exclude that other hole-trapping defects might be possible.

Formation of molecular H2 was suggested in a computational study,[41] where two
H – in adjacent octahedral sites were seen to bond creating a shallow donor level close
to the conduction band edge. Interestingly, the activation energy for the formation and
dissolution of the H2 molecule was seen to depend on the O:H anion-ratio, possibly ex-
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plaining the compositional dependence of the bleaching kinetics.[8] This computational
study was, however, conducted on YOxH3-2x of extremely high H-content (x < 0.25), a
compositional range that is far from the experimental one (x > 0.5) and that we have
already discussed as inherently unstable and, thus, not necessarily representative (see
chapter 4).

Formation of hydroxide diatomic anions (OH) – was suggested in analogy with mayen-
ite (12CaO3 ·7Al2O3).[42–45] Here, light converts a fraction of the H – ions into hydroxides,
releasing electrons and, thus, improving conductivity and optical absorption of the origi-
nally insulating oxide. Similarly to the case of our photochromic thin films, this reaction
is reversible and influenced by temperature.

The implication with this class of defects, is that the free electrons released in the
conduction band are responsible for both the optical absorption and conduction. This
hypothesis is in line with many experimental aspects, including (i) the negative Hall
potential, (ii) the comparable kinetics and temperature dependence of photochromism
and photo-conduction, and (iii) the fact that no major structural rearrangement and/or
long-distance atomic diffusion is needed.

There are, however, two unresolved shortcomings, as this hypothesis does not explain
(i) the exponential relation between σ and α, which would both be linearly proportional
to the fraction of free electrons and therefore to each other, and (ii) the experimental
dependence of the absorption coefficient on the wavelength. In this sense, Nafezarefi
et al. [3] reported that the absorption coefficient of REOxH3-2x thin films decreases with
the wavelength, showing a trend that is opposite to the normal free carrier absorption in
semiconductors(α(λ) ∝λp , with p > 0).[46, 47]

Trapped electrons, free holes. Often considered in the past was the possibility that the
electron of the photo-generated electron-hole pair could be trapped in a anion vacancy,
forming a colour center responsible for the optical absorption of the photo-darkened
material. Such colour centres have been observed before in rare-earth compounds,[48, 49]
and recognized as the cause of photochromism in other inorganic materials.[50, 51]

The implication, in this case, is that the free holes are responsible for the photo-
conductivity of the material. Being this in direct contrast with the negative Hall potential
measured for the photo-darkened material, we exclude this to be a viable explanation.
Additionally, similar to the previous case, the optical absorption and photo-conductivity
would both be linearly proportional to the fraction of trapped electrons, thus, resulting in
a linear relation between σ and α.

Some trapped electrons, trapped holes. As a final possibility we consider a combina-
tion of the first two cases, where the holes are trapped in small defects that impede the
recombination of the carriers, and a fraction of the electrons is trapped as well in the form
of colour centres. In this case the free electrons would be dominantly responsible for the
photo-conductivity, while the trapped electrons would be dominantly responsible for the
optical absorption. Compared to the first case, this hypothesis has the merit of solving
the λ dependence of the absorption coefficient. However, the relation between σ and α
becomes non-trivial and its relation to the experiment cannot be assessed.
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6.4.2. HYPOTHESIS OF METALLIC PHASE SEGREGATION

The second hypothesis to describe photo-darkening and photo-conductivity of the RE
oxyhydride thin films is the segregation of a second phase with metallic properties. In
this case, the optical absorption would result from the plasmonic resonance localized at
the surface of small metallic domains within the dielectric RE oxyhydride matrix.

The hypothesis of metallic phase segregation was first advanced in analogy to the
Cu-doped Ag-halide glasses, whose reversible photochromism is well known to depend
on the segregation of plasmoni Ag particles.[50, 52–55]. Later, the ellipsometry study
of Montero et al. [11] reinforced this hypothesis, showing that the dielectric function of
the darkened state could result from a small volume fraction (v% = 1−10 %) of metallic
inclusions (most likely RE di-hydride) within the transparent matrix.

In qualitative terms, the merits of this hypothesis are several. The slow[3, 8] temper-
ature activated[16] kinetics and the volume contraction[13] would, in fact, be a natural
consequence of the structural rearrangement necessary for the segregation(dissolution)
of the metallic phase during photo-darkening(bleaching). From an optical perspective,
the extremely broad absorption of the darkened films (λ∼ 400−2500 nm) and its spectral
shape[3] can result from an ensemble of metallic domains with different shapes and
different concentrations of free carriers and/or different effective masses. From an elec-
tronic perspective, the conductivity would effectively increase upon illumination due
to the formation of metallic domains within the the thin film. In line with this idea, we
note that during illumination the Gd oxyhydride films reach a conductivity (∼ 10−1 S/cm)
which is not too distant from that (∼ 10−2 S/cm) of the GdOxH3-2x//GdHx mixed-phase
sample of Fig. 6.3. Finally, the time-dependence of the bleaching (Fig. 6.8c) can be directly
connected to the average rate of dissolution of the metallic domains.

Having a measurement of the film electronic properties under illumination, we probe
the hypothesis of metallic domains in Fig. 6.10. Here, the Maxwell-Garnett[56] and
Bruggerman[57] effective medium approximations (EMAs)[58] are used to estimate the
volume fraction of the metallic phase (here assumed GdH2, σGd H2 = 1.7×103 S/cm[34])
that would correspond to the experimental photo-induced conductivity. While the two
models are equivalent in the limit of small volume fractions, it is sell known that only
the Bruggerman EMA is qualitatively capable of describing the behaviour of a composite
where the two phases are in comparable amounts. In any case, both models show a
plateau during darkening and during most of the bleaching (Maxwell-Garnett: v% ∼ 1,
Bruggerman: v% ∼ 0.33), indicating that the hypothesis of segregation of metallic do-
mains can account for the experimental photo-conductivity only if such domains form
percolation channels throughout the whole sample.

While the Bruggerman EMA qualitatively predicts an abrupt shift in conductivity
when percolation is reached (at v% ∼ 0.33), a quantitative analysis cannot be done with-
out knowledge of the three-dimensional topology of the conductive network within the
insulating matrix. Intuitively, at parity of volume fraction, a fiber-like arrangement of the
metallic domains results in an higher conductivity compared to dense and more isolated
clusters. Given the lack of direct information on the RE oxyhydride system, here we
further estimate which range of volume fractions potentially describes the experimental
photo-conductivity using the relatively generic model of Cai et al. [59]. This model is a
modification of the Bruggerman EMA, where the conductivity in the percolation regime is
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Figure 6.10: Time-dependence of the conductivity of Gd oxyhydride thin film during a cycle of darkening and
bleaching at 303 K. Under the hypothesis that illuminaton induces the segregation of GdH2 metallic domains,
the bottom panel shows their volume fraction as estimated with Maxwell-Garnett and Bruggerman effective
medium approximations. In both cases, the plateau indicates that percolation of the metallic domains is needed
to account for the experimental photo-conductivity. The background colors are used to highlight the regimes in
which optical absorption and conductivity are dominated by the photo-induced effects and show exponential
relation (blue), in contrast to the material properties of the Gd oxyhydride as largely recovered at the end of the
bleaching (yellow).
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Figure 6.11: Effective conductivity for the GdOxH3-2x//GdH2 composite material for any volume fraction of
GdH2. The estimation is shown for the Maxwell-Garnett and Bruggerman effetive medium approximations, as
well as for the model of Cai et al. [59], which in the percolation regime corrects the Bruggerman theory with
a semi-empirical parameter (t), whose effect is also shown. The background colors are used to highlight the
regimes in which optical absorption and conductivity are dominated by the photo-induced effects and show
exponential relation (blue), in contrast to the material properties of the Gd oxyhydride as largely recovered at
the end of the bleaching (yellow).

essentially rescaled with a single semi-empirical parameter (2 ≤ t < 6) that depends on the
type of network, and is often found in the range of t ∼ 2.[59] The effect of this correction
is reported in Fig. 6.11, which shows how 30−50% of the RE oxyhydride material would
need to convert into a conductive GdH2-like phase.

To do the above estimation, the conductivity of the metallic domains was assumed
to be equal to that reported for a GdH2 thin film,[34] however, the lower boundary of
v% ∼ 30% would remain even if the metallic domains where to present an arbitrarily
higher conductivity. A minimum metallic volume fraction of ∼ 30% is significantly higher
than the value reported by Montero et al. [11], even considering that in this work we
used a much higher light intensity, and that the Gd oxyhydride films present a higher
photochromic contrast than the Y-based ones.[8]. A possibility to consider, however, is
that the metallic domains do not disperse throughout the whole material, but rather
nucleate and grow in favourable regions, such as at grain boundaries, around the columns
of the film, or at the substrate/air interfaces. This would effectively greatly reduce the
volume fraction required to have percolation of the segregated phase.

Finally, we note that the hypothesis of metallic phase segregation, like the hypothesis
of small defects, does not provide a clear explanation for the exponential relation between
σ and α. In this sense, approximating the absorption coefficient as α∼ cσabs , where c is
the concentration of metallic domains and σabs their average absorption cross section,
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one might consider two limit cases. Firstly, let’s suppose that the UV exposure induces
the nucleation of small metallic particles with similar size, and that such particles do not
grow further. In this case, the absorption coefficient would linearly scale with the metallic
volume fraction, as that would reflect the number of metallic particles. Fig. 6.11 clearly
shows that no EMA expression presents an exponential relation between conductivity
and volume fraction. Second, let’s suppose that the UV exposure initially nucleates a fixed
number of metallic particles, and that these particles grow upon further illumination.
In this case, the particle concentration would remain constant, while their σabs would
scale with the cube of their volume, as predicted by the Mie theory in the sub-wavelength
limit.[60–62] Once again, no EMA theory predict an exponential relation between con-
ductivity and v3

%.
While the two limit cases here discussed contradict the exponential relation betweenσ

andα, the general case (particle of different size/shape, nucleation and growth happening
at the same time) presents too many variables to be assessed.

6.5. CONCLUSION
In conclusion, in this chapter we have presented an extensive characterization of the
transport properties of photochromic and photo-conductive GdOxH3-2x thin films, includ-
ing the effects induced by light exposure. Analysing the Hall-effect data in the framework
of a free-carriers transport, we find the reactively sputtered Gd oxyhydride thin films
to be p-type semiconductors characterized by a low concentration of charge carriers
(n ∼ 1011 −1012 cm−3) with exceptionally high mobility (µ∼ 103 −104 cm2V −1s−1). Such
high mobility evidently warrens further verification and is likely to be an overestimation
due to "misinterpreted" polaronic conduction.

We find photochromism and photo-conductivity (in the darkened state electrons are
the main carriers) to be connected properties, as indicated by a comparable time and
temperature dependence, and by a unique exponential relation between material conduc-
tivity and the optical absorption. All these facts indicate, beyond reasonable doubt, that
photochromism and photo-conductivity originate either (i) from the same absorbing and
electron-conductive species formed upon illumination, or (ii) from a single light-induced
structural process which leads to the formation of absorbing species and to the increase
of mobile electrons in the material. The hypothesis of a completely electronic process is
ruled out.

Finally, we have used this new insight to discuss the two mechanisms proposed for the
photochromic effect, namely the formation of small defects and the phase segregation of
metallic domains, with the intention of assessing if the optically absorbing species can
also be responsible of the photo-induced conductivity. While a definitive understanding
of the mechanism behind the process is still missing, our data help to narrow the picture.
For the hypothesis of small defects, we rule out that having only hole-traps or electron-
traps is sufficient, showing that both type of traps would be needed. For the hypothesis
of metallic phase segregation, a semi-quantitative discussion of the photo-conductivity
shows that a minor fraction of isolated and dispersed metallic domains would not suffice
to describe the experimental data. Upon illumination the conductivity increases by an
impressive factor of ∼ 104, something that metallic domains can account for only if they
form a network that percolates throughout the whole film.
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It seems that neither of the two mechanism provides a simple compelling explanation
of both photochromism and photo-conductivity, if not under stringent conditions that are
at odds with previous works. Therefore, in future research, we think that the hypotheses
of metallic phase segregation (explaining the optical absorption) and defect formation in
the RE oxyhydride matrix (explaining the increase of negative charge carriers) should be
considered – together and simultaneously – in the framework of a single process initiated
by the electron-hole formation.
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6.A. ADDITIONAL DETAILS ON TRANSPORT MEASUREMENTS
Measures of resistivity and Hall Effect are central to semiconductor science, yet, the
classical Van der Pauw technique presents many practical challenges and remains prone
to errors. Therefore we put special care in assessing the reliability of our data. In the
following we briefly describe Van der Pauw and Hall-Effect measurement schemes, and
then the quality-control checks that we implemented at different steps of the analysis.
The theory summarized hereafter is all textbook wisdom.

Van der Pauw resistivity Fig. 6.A.1 shows the Van der Pauw geometry and the cyclic
permutation of measurements that are used to extract the resistivity of a thin film. Four
contacts are placed along the perimeter of the sample, and in each measure current
is forced along one pair, while the voltage drop on the opposite pair is recorded. To
increase the precision of the overall procedure, each of 4 measures depicted in the figure,
is repeated inverting the direction of the current, resulting in a total of 8 acquisitions.
The Van der Pauw geometri de facto implies that the resistance of the sample is probed
along its horizontal (RA , eq. 6.5) or vertical axis (RB , eq. 6.6) depending on the cyclic
permutation.

RA =
(

VDC

I AB
+ VC D

IB A
+ VAB

IDC
+ VB A

IC D

)
/4 (6.5)

RA =
(

VC D

ID A
+ VBC

I AD
+ VD A

IC B
+ VAD

IBC

)
/4 (6.6)

From that, the actual sheet resistance (Rs ) can be calculated from the numerical solution
of:

e(−πRA /Rs ) +e(−πRB /Rs ) = 1. (6.7)

Provided that the contacts are at the perimeter of the sample, eq. 6.7 holds for samples
of any arbitrary shape. However, having used a squared sample provides us with the
opportunity of conducting a series of checks on the consistency of the acquired data.

1. An Ohmic behaviour of the metal-semiconductor junction is of paramount impor-
tance. Throughout the whole measure, the Ohmic behaviour is monitored looking
at what happens when the polarity of the current source is switched (eg. from I AB

to IB A). Fig. 6.A.2a confirms that, for each contact pair, the difference of voltage
drop upon polarity switch is well below ∼ 10%.

2. An underlying assumption to any transport measurement is the homogeneity of
the sample. In view of the symmetric squared shape of the sample, the degree of
homogeneity can be probed comparing RA and RB . Fig. 6.A.2b confirms that the
difference between these two is within ∼ 20%.

3. To further assess the influence of homogeneity on the extracted value of resistivity,
we compare the value extracted from eq. 6.7, with the special solution Rs,i deal =
πR/ln(2) that holds for RA = RB = R. Figure Fig. 6.A.2c confirms that the two
approaches return almost identical result.
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Figure 6.A.1: Cyclic permutation of measurements used to quantify the sheet resistance of a thin film according
to the Van der Pauw method. Four contacts are placed along the perimeter of the sample, and in each measure
current is forced along one edge of the sample, while the voltage drop on the opposite edge is recorded. Red and
blue lines indicate the connections to the external current source and voltage meter, respectively. The purple
arrows indicated the axis along which the resistance is probed.
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Figure 6.A.2: Consistency checks on the Van der Pauw measurements for the temperature-dependent conduc-
tivity reported in Fig. 6.5. Each panel reports 12 measures on the x-axis, which corresponding to the 6 studied
temperatures, each of them repeated twice for statistics. Error bars reflect the propagation of the (over)estimated
uncertainty for each current and voltage readout (δI = 20%I ,δ∆V = 3 mV). a) Ratio between the potential
difference measured upon current reversal. The sign of the potential drop changes but its value remains equal
within 10% error, verifying Ohmic behaviour in all measures. b)Ratio between the resistance probed along
the horizontal (RA) and vertical (RB ) axes of the sample. The difference between RA and RB is within 20%,
verifying that the sample is largely homogeneous. c) Ratio between the sheet resistance evaluated with the
general Van der Pauw equation and with its special, ideal solution that holds for RA = RB . The two results are
almost identical, showing the resiliency of the method against small errors.
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Hall Effect Fig. 6.A.3 shows the cyclic permutation of measurements and of current
reversal that are used in an Hall Effect experiment. The Van der Pauw geometry is main-
tained, but this time current if forced across the diagonal of the squared samples. A
stationary magnetic field (B) perpendicular to the sample surface effectively induces a
bending of the current trajectory, which in turn gives a potential difference (Hall voltage,
VH ) along the other diagonal of the sample. Under the assumption of a single type of
charge carriers (i.e., only electrons, or only holes), it can be easily proved that the Hall
Voltage reads:

VH = q

|q |
I B

ned
(6.8)

where d is the sample thickness, e the electron charge, q the charge of the carriers, and
n the carrier density. In practice, VH and I are estimated as the average values from the
cyclic permutation of measurements, and then all experimentally accessible information
are grouped in the so-called Hall coefficient (RH ):

RH = VH d

B I
. (6.9)

From eq. 6.9 and from the well known relation between conductivity and carrier mobility
(σ= e0nµ), follows that carrier density and mobility can be quantified as:

n = 1

e|RH | (6.10)

µ=σ|RH |. (6.11)

Similar to the case of Van der Pauw resistivity, and on top of the checks already done
for it, the cyclic permutation of measurements gives us the opportunity to evaluate the
consistency of the measured quantities in a series of checks:

1. Being the sample symmetric, one expects the Hall voltage to be similar for any
considered pair of contacts. Fig 6.A.4a compares each readout to the average value
of all of them, showing that most of them are with a 30% of difference.

2. Reversing the polarity of current source, and changing the direction of the magnetic
field at the same time, induces the current trajectory to bent towards the same
direction. That is schematically shown along each row of Fig. 6.A.3. Since the
same region of material is probed, the Hall potential should as well be comparable.
Fig. 6.A.4b shows this to be the case at T = 300 K, while at higher temperatures there
is a progressive decline in the quality of the measure.

3. Reversing only the magnetic field, induces the current trajectory to bend in the
opposite direction. However, for a symmetrical and homogeneous sample one
expects a comparable Hall voltage. That is confirmed in Fig. 6.A.4c.

4. Reversing only the polarity of the current source, induces the current trajectory
to bend in the opposite direction. However, for a symmetrical and homogeneous
sample one expects a comparable Hall voltage. Fig. 6.A.4d shows that this is the
case at T = 300 K, while at higher temperatures there is a progressive decline in the
quality of the measure.
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In summary, we find the measure done at T = 300 K to pass all the quality-checks that we
could conceive, with a spread of Hall voltages always well below 10%, as expected for a
homogeneous film of symmetric geometry. This makes a strong case for the reliability
of the estimated carrier density (n ∼ 1011 − 1012 cm−3) and carrier mobility (µ 103 −
104 cm−2V −1s−1), at least the order of magnitude.

The measures done at higher temperature show instead some problems when the
polarity of the current source is changed. This might point towards a loss of Ohmic
behaviours, but no such thing was observed instead in the Van der Pauw measurements.
It is here important to mention that Van der Pauw and Hall effect measurements were
not done one after the other in two different moments, but they were alternated during a
single temperature ramp. Since the Hall voltage can be very small, and since is heavily
influenced by any residual polarization of contacts and interfaces, we suspect that upon
polarity reversal not enough time was given to the sample to find a new equilibrium
before. Why this happened at higher temperature is likely related to a worsening of the
contact with the spring loaded tips of our probe station. In any case, the quality of the Hall
effect measurements done at T > 300 K is more ambiguous to assess, because it is unclear
how the increasing spread in Hall voltage affects the final estimation of the carrier density
and mobility. Since (i) these material properties are extracted from the average value of
Hall voltage, and (ii) in view of the physically reasonable trend observed in Fig. 6.5, and
(iii) in analogy with the resiliency of the Van der Pauw method for resistivity, we suppose
that the Hall effect analysis is relatively resilient as well.
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Figure 6.A.3: Cyclic permutation of the 8 measurements used that contribute to an Hall effect experiment and
that are used to quantify carrier density and mobility. Four contacts are placed along the perimeter of the
sample, and in each measure current is forced along one diagonal pair, while the Hall voltage on the opposite
diagonal is recorded. This is done with the sample soaking in a stationary magnetic field perpendicular to its
surface, which effectively results in a bending of the current trajectory (visualized by red arrows under the case
of positive charge carriers). The connection to the external current source (red) and voltage reader (blue) remain
identical for the first four cases, and for the last four cases, therefore they are drown only once.
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Figure 6.A.4: Consistency checks on the Hall effect measurements for the temperature-dependent carrier density
and mobility of Fig. 6.5. Each panel reports 12 measures on the x-axis, which corresponding to the 6 studied
temperatures, each of them repeated twice for statistics. Error bars reflect the propagation of the (over)estimated
uncertainty for each current and voltage readout (δI = 20%I ,δ∆V = 3 mV). a) Ratio between the Hall voltages
measured upon current reversal. At least for the first two measures (done at T = 300 K) the value of Hall voltage
e remains equal within 10% error, verifying Ohmic behaviour. b)Ratio between the Hall voltage measured
upon reversal of the direction of both current and magnetic field, implying that the current trajectory remains
unchanged. In the first two measures (done at T = 300 K) the value of Hall voltage is equal within 10% error, but
a progressive decline of quality is observed later on. c)Ratio between the Hall voltage measured upon reversal of
the magnetic field, implying that the current trajectory bends in the opposite direction. All measures show that
the Hall voltage remains within 10% of error. d)Ratio between the Hall voltage measured upon reversal of the
source polarity, implying that the current trajectory bends in the opposite direction. In the first two measures
(done at T = 300 K) the value of Hall voltage is equal within 10% error, but a progressive decline of quality is
observed later on.
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Finally, we take a closer look at what happens if the approximation of having carriers
with only one polarity (i.e., only holes or only electrons) is used outside of its limits of
validity in an ambipolar semiconductor. We do so because the rather low carrier density
could indicate that the degree of doping is limited. The scope of this assessment is
essentially to understand if the exceptionally high mobility that was found can be an
artefact of the use of an improper theory.

In an ambipolar semiconductor, the equations that describe conductivity and Hall
coefficient can be easily shown as:

σ= e0(µhnh +µe ne ) (6.12)

RH = 1

e0

nhµ
2
h −neµ

2
e

(nhµh +neµe )2 . (6.13)

clearly, with two experimentally accessible quantities (σ,RH ) and four unknown variables
in the form of mobility and density for both electrons and holes (µe ,µh ,ne ,nh)/, the two
eqautions above do not offer a unique solution for the quantities of interest.

A qualitative comparison of the general theory to the special case of one carrier type
only can be done substituting the mass action law (n2

i = nhne ) in eq. 6.13, and rewriting
the Hall coefficient in the variable x = ne /ni , i.e., the normalized electron concentration:

e0ne RH =
1

x
−x

(
µe

µh

)2

(
1

x
+x

µe

µh

)2 . (6.14)

Fig. 6.A.5 shows how the general theory for ambipolar semiconductor compares to the
approximation of only one carrier type. As expected, the models overlap in the limits
neµe /nhµh >> 10 and neµe /nhµh << 0.1. In the intermediate region, instead, the single
carrier approximation always over-estimates the absolute value of the Hall coefficient.
This implies that when the single carrier approximation is used outside of its limits of
validity, eq. and eq. will respectively lead to an over-estimation of the carrier density, and
an under-estimation of the carrier mobility. An immediate example is given by the special
case RH = 0 (e.g., for an ideal intrinsic semiconductor with µe =µh). The two equation
give diverging carrier density and null carrier mobility.

We thus conclude that the exceptionally high carrier mobility that we have measured
cannot be an artefact due to the single-carrier approximation.
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Figure 6.A.5: Hall coefficient as modelled with the general theory for an ambipolar semiconductor (eq. 6.14) and
according to the approximation of a single carrier type. In the limits of high doping the two models overlap,
while in the ambipolar region the single carrier approximation always over-estimates the magnitude of the Hall
coefficient
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6.B. PHOTOCHROMISM AND PHOTO-CONDUCTIVITY
Fig. 6.B.1a shows that the parameter B in eq. 6.1, namely the slope between l n(σ) and ∆α,
is largely uninfluenced by the temperature and by the illumination history of the sample.
An example of three successive cycles of illumination and bleaching is given in Fig. 6.B.1b
for T = 323 K.

a)

b)

Figure 6.B.1: a) Relation between conductivity and the increase of optical absorption (−ln(T /T0) ∼∆αd) for all
the temperatures considered in this work. Repeated illumination cycles are also shown. b) Three successive
cycles of illumination and bleaching showing the photo-induced effects on relative optical transmittance (top)
and material conductivity (bottom) of Gd oxyhydride measured at 323 K. In all panels, the background colors are
used to highlight the regimes in which optical absorption and conductivity are dominated by the photo-induced
effects (blue), in contrast to the material properties of the Gd oxyhydride as largely recovered at the end of the
bleaching (yellow).
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REFLECTION & FUTURE OUTLOOK

The uncommon photochromism, photo-conductivity, and H-mobility of RE oxyhydride
materials make them promising candidates for application in optics, opto-electronics and
electrochemical devices alike. Additionally, their extreme compositional flexibility and the
connected variety of possible (meta)stable phases make them an excellent case study to
advance our understanding of the link between composition, structure, and properties in
mixed-anion materials. Further, the possibility of producing RE oxyhydride not only under
thermodynamic control (e.g., high temperature/pressure solid state reaction) but also
under kinetic control (e.g., topochemical anion-exchange, or post-oxidation of reactively
sputtered polycristalline/epitaxial REHx thin films) largely expands the possibility of
tuning their properties influencing other aspects such as concentration of defect, material
morphology, film texture, film stress, etc..

While this thesis started with the ambition of unrevealing the photochromic mecha-
nism in RE oxyhydride thin films, science rarely - if ever - goes from A to B. In particular,
at that time little other than the occurrence of the photochromism itself was known about
these air-oxidized reactively sputtered thin films, and it became clear that investigating
the solid-state photo-induced reaction, structural rearrangement, and atomic mobility
could not prescind from a sound understanding of basic material properties. Having
established the composition and a structural model for these thin films, as well as their
correlation with the material properties and the photochromism, my hope is that this
work might contribute to the transition from an exploratory, phenomenological, and
inductive phase towards a more deductive approach in the study of the RE oxhydrides
properties.

Approaching the topic from bottom-up, we have surveyed the structure-properties
relation and shown that controlling the deposition condition and thus the O:H anion-
ratio allows to tune the photochromism at a large extent. However, we suppose that
other aspects might play a role as well. We think that going beyond an idealized picture
should be topic of further research, in particular on those aspects that might condition
the metastability of the RE oxyhydride film (such as any residual stress) and/or facilitate
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the separation of the electron-hole pair and any possible structural rearrangement (such
as micro-structure, local inhomogeneity, and concentration of defects).

Approaching the topic from top-down, we have shown that the photochromism and
the photo-conductivity do originate from a single process. However, the reported photo-
conductivity does not find a simple explanation in the framework of the mechanisms
proposed for the photochromism, if not under rather stringent conditions that are at
odds with previous works. A better understanding of the transport property of the RE
oxyhydrides, before and under illumination, seems therefore a promising direction to
gain insight into the photochromism mechanism as well. Particularly, we think that the
hypotheses of metallic phase segregation (explaining the optical absorption) and defect
formation in the RE oxyhydride matrix (explaining the increase of negative charge carriers)
should be considered – together and simultaneously – in the framework of a single process
initiated by the electron-hole formation. Finally, we find that understanding the root/type
of electronic transport in the RE oxyhydrides is an essential milestone to further research
a strategy of suppression and achieve pure H – conduction in RE oxyhydride materials.

Whatever RE oxyhydride films will ever be used as a smart coating on windows and
sensors remains to be seen. Particularly, their memory effect remains a reason of major
concern for applications with a long lifetime. We hope that a deeper understanding of the
photochromic mechanism will shed some light on the origin of the memory effect and on
possible prevention strategies. Once again, we think that the answer might lie beyond the
idealized structure-properties relation.

In my eyes, the work covered by this thesis was dramatically necessary to the field of
RE oxyhydride thin films, and, at the same time, dramatically unsatisfactory in its ability
to provide a compelling understanding for phenomena that are likely assisted by defects.
Such is the joy and sorrow of the structure-property relation.



SUMMARY

The uncommon photochromism, photo-conductivity, and H-mobility of RE oxyhydride
materials make them promising candidates for application in optics, opto-electronics and
electrochemical devices alike. Additionally, their extreme compositional flexibility and
the connected variety of possible (meta)stable phases make them an excellent case study
to advance our understanding of the link between composition, structure, and properties
in mixed-anion materials. Further, the possibility of producing RE oxyhydride not only
under thermodynamic control (e.g., high temperature/pressure solid state reaction)
but also under kinetic control (e.g., topochemical anion-exchange, or post-oxidation
of reactively sputtered polycrystalline/epitaxial REHx thin films) largely expands the
possibility of tuning their properties, influencing other aspects such as concentration of
defect, material morphology, film texture, film stress, etc.

At time when this thesis started, in 2018, none of the above was clearly understood and
this work was prompted by the technological interest in photochromic oxygen containing
REH2 thin films.

We clarify the nature of these films by RBS and ERD analysis, establishing a RE−O−H
composition diagram which identifies the photochromic compounds as oxyhydrides with
chemical formula REOxH3-2x (0.5 ≤ x < 1.5). Due to the high degree of anion sublattice
disorder expected in these reactively-sputtered thin films, the structure models proposed
for the related bulk oxyhydrides are, however, not directly applicable. Instead, we use
a combination of XRD, EXAFS analysis, and lattice energy calculations to establish an
anion-disordered CaF2-type structure which links the oxyhydrides to the related binary
compounds. The oxide anions are found to occupy predominantly the tetrahedral sites in
the fcc structure which is attributed to electrostatic lattice energy minimization.

The hypothetical anion-disordered oxyhydride phase is further investigated by ab-
initio DFT, showing that the O:H ratio influences the formation and lattice energy, metasta-
bility, and optical properties. We do so by: (i) introducing a set of special quasirandom
structures (SQS) to model anion-disorder along the whole REH3−RE2O3 composition
line, and (ii) by comparing the two limit cases of Y and La oxyhydrides, which greatly
differ in lattice parameter and H – ionic conductivity. A comparison with anion-ordered
polymorphs of the same composition shows the similar energy of the anion-disordered
phase, although its metastability rather depends on the cation size, which determines the
maximum H content above which the CaF2-type structure itself becomes unstable. To
overcome the accuracy limitations of classical DFT, the modified Becke-Johnson (mBJ)
scheme is employed in the study of the electronic properties. Major differences occur
between H-rich and O-rich RE oxyhydrides, as the octahedral H – present for x < 1 form
electronic states at the top of the valence band, which reduce the energy bandgap and
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dominate the electronic transitions at lower energies, thus increasing the refractive index
of the material in the VIS-nIR spectral range. Comparing the DFT results to experimental
data on photochromic Y oxyhydride films reinforces the hypothesis of anion-disorder
in the H-rich films (x < 1), while it hints towards some degree of anion-ordering in the
O-rich ones (x > 1).

We survey the relation between RE oxyhydride composition and photochromism,
demonstrating that the O:H anion ratio, as well as the choice of the cation, allow to largely
tune the extent of the optical change and its speed. The bleaching time in particular can
be reduced by an order of magnitude by increasing the O:H ratio, indirectly defined by the
deposition pressure of the parent REH2. The influence of the cation (RE=Sc, Y, Gd) under
comparable deposition conditions is discussed. These facts suggest that REs of larger
ionic radius form oxyhydrides with larger optical contrast and faster bleaching speed,
hinting to a dependency of the photochromic mechanism on the anion site-hopping.

Finally, we show that photochromism and photo-conductivity originate from a single
process, as indicated by a comparable time and temperature dependence, and by a unique
exponential relation linking material conductivity and optical absorption. This relation
rules out that purely electronic processes occur under illumination, and further narrows
the hypothesis for the photochromic mechanism to (i) the formation of an ensemble of
in-gap defects capable of trapping electrons and holes alike, or (ii) to the segregation of
a percolating network of metallic domains. Individually, each of these hypotheses is at
odds with previous works, and thus we think that metallic phase segregation (explaining
the optical absorption) and defect formation in the RE oxyhydride matrix (explaining the
increase of negative charge carriers) should be considered together and simultaneously
in the framework of a single process initiated by the electron-hole formation.



SAMENVATTING

De ongebruikelijke fotochromische, foto-conductieve en H-mobiliteit eigenschappen van
zeldzame aardmetaal (RE) oxyhydrides zorgt ervoor dat deze materialen veelbelovend
zijn voor het gebruik in optische, opto-elektronische en elektrochemische toepassingen.
De extreme flexibiliteit in compositie en de daarmee verbonden variëteit van mogelijke
(meta)stabiele fases zorgt ervoor dat deze materialen perfect kunnen worden gebruikt in
een case study om de link tussen de compositie, structuur en eigenschappen van gemixte-
anion materialen beter te begrijpen. Verder maakt RE oxyhydriden produceren onder niet
alleen thermodynamische controle (zoals hoge temperatuur en druk van de vaste fase
reactie), maar ook onder kinetische controle (zoals topochemische anion-uitwisseling
of post-oxidatie van reactief gesputterde polykristallijne/epitaxiale RE hydride (REHx)
thin films) het mogelijk een grote variatie aan eigenschappen te stemmen, waaronder de
concentratie aan materiaal defecten, morfologie, thin film textuur, thin film spanning,
etc.

Toen deze thesis was begonnen, in 2018, was er weinig bekend over de bovenge-
noemde onderwerpen en dit werk was begonnen vanuit de technologische interesse in
fotochromische zuurstof bevattende REH2 thin films.

We lichten het karakter van deze films nader toe met behulp van RBS en ERD analyse,
en maken op basis hiervan een RE−O−H compositiediagram. Hiermee is geïdentifi-
ceerd dat de oxyhydriden verbindingen met fotochroom karakter zich houden aan de
chemische formule REOxH3-2x (0.5 ≤ x < 1.5)). Vanwege de hoge graad aan wanorde in
het anion subrooster die verwacht zijn in deze reactief gesputterde thin films, zijn de
modellen die voorgesteld zijn voor gerelateerde bulk oxyhydriden niet direct toepasbaar.
In plaats daarvan hebben wij een combinatie van XRD, EXAFS analyse en roosterenergie
berekeningen gebruikt om een anion-verstoorde CaF2-type structuur tot stand te brengen
die de oxyhydriden linkt aan de vergelijkbare binaire stoffen. Hieruit is gebleken dat de
oxide anionen voornamelijk de tetraëdrische posities in de fcc-structuur bezetten, wat
toegeschreven wordt aan de minimalisering van elektrostatische rooster energie.

De hypothetische anion-verstoorde oxyhydride fase is verder onderzocht door mid-
del van ab-initio DFT, waaruit is gebleken dat de O:H ratio invloed heeft op zowel de
formatie- en roosterenergie als op de metastabiliteit en optische eigenschappen van het
materiaal. Dit is gedaan door middel van (i) het introduceren van een set aan speciale
quasi-willekeurige structuren (SQS) om anion-wanorde te modelleren voor composities
langs de REH3−RE2O3 lijn en (ii) het vergelijken van de twee limiet casussen van Yttrium
(Y) en Lanthanium (La) oxyhydriden, die beide erg verschillen in rooster parameters en
ionische H – conductiviteit. Een vergelijking tussen anion-georderde polymorphen met
dezelfde samenstelling tonen vergelijkbare energieën voor de anion-verstoorde fase, ech-
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ter is gevonden dat de metastabiliteit afhangt van de grootte van het kation, waarmee de
maximale H concentratie is bepaald. Boven deze H concentratie is gevonden dat de CaF2-
type structuur zelf onstabiel wordt. Om de gelimiteerde accuratie van klassieke DFT te
omzeilen is er hier gebruik gemaakt van het gemodificeerde Becke-Johnson (mBJ) schema
om de elektronische eigenschappen te bestuderen. Met deze methode worden er grote
verschillen tussen de H-rijke en O-rijke oxyhydriden gevonden, omdat de octahedrische
H – ) die aanwezig zijn in x < 1 composities elektronische niveaus boven de valentieband
vormen. Deze niveaus verkleinen de energie van de bandgap en domineren elektronische
transities bij lagere energieën en hiermee zorgen voor een vergrootte refractie index van
het materiaal in het VIS-nIR spectrum. Wanneer we de DFT resultaten vergelijken met
experimentele data voor fotochromische Y oxyhydride films, wat de hypothese versterkt
dat H-rijke films (x < 1) anion-verstoord zijn, terwijl O-rijke films (x > 1) juist een sterkere
graad van anion-coördinatie vertonen.

We bestuderen de relatie tussen RE oxyhydride composities en fotochromisme, waar-
mee we zien dat zowel de ratio van O:H anionen als de keuze van kation kunnen worden
gebruikt om voor een groot deel de extensie van optische verandering en de snelheid
van verkleuring kunnen worden aangepast. Voor de verblekingstijd specifiek geldt dat
het verhogen van de O:H ratio kan leiden tot een orde-grootte verschil. Deze ratio kan
indirect worden gecontroleerd door middel van de depositiedruk van het ouder REH2.
De invloed van het kation (RE = Sc, Y, Gd) onder vergelijkbare depositiecondities. De
data toont dat REs met grotere ionische radii leiden tot oxyhydriden met sterker optisch
contrast en een snellere verbleking, wat hint naar dat het fotochromisch mechanisme
afhankelijk is van anion site-hopping.

Ten slotte laten we zien dat het fotochromisch effect en de foto-conductiviteit ontstaan
vanuit één proces, zoals kan worden afgeleid van de vergelijkbare tijd- en temperatuuraf-
hankelijkheden en van de unieke exponentiele relatie tussen de conductiviteit en optische
absorptie. Deze relatie sluit uit dat een puur elektronisch proces plaatsvindt onder be-
lichting, en beperkt de hypothese voor fotochromisme verder tot (i) de formatie van een
ensemble van in-gap defecten die elektronen en gaten beide kunnen opvangen, of (ii)
de segregatie van een percolerend netwerk van metallische domeinen. Individueel zijn
beide hypotheses tegenstrijdig met voorgaande werken, en daarom denken wij dat een
metallische fase segregatie (wat de optische absorptie verklaart) en defectformatie in
de RE oxyhydride matrix (wat de verhoogde concentratie van charge carriers verklaart)
samen en tegelijk moeten worden bekeken als gevolg van een enkel proces dat geïnitieerd
is door de elektron-gat formatie.
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