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Rare-earth (RE) oxyhydride thin films show a color-neutral, reversible photochromic effect at ambient con-
ditions. The origin of the photochromism is the topic of current investigations. Here, we investigated the lattice
defects, electronic structure, and crystal structure of photochromic YHxOy and GdHxOy thin films deposited
by magnetron sputtering using positron annihilation techniques and x-ray diffraction, in comparison with Y,
YH∼1.9, Y2O3, Gd, GdH∼1.8, and Gd2O3 films. Positron annihilation lifetime spectroscopy (PALS) reveals the
presence of cation monovacancies in the as-deposited Y and YH∼1.9 films at concentrations of ∼10−5 per cation.
In addition, vacancy clusters and nanopores are found in the as-prepared YHxOy and Y2O3 films. Doppler
broadening positron annihilation spectroscopy (DB-PAS) of the Y- and Gd-based films reflects the transition
from a metallic to an insulating nature of the RE metal, metal hydride, semiconducting oxyhydride and insulating
oxide films. In-situ illumination DB-PAS shows the irreversible formation predominantly of di-vacancies, as
PALS showed that cation mono-vacancies are already abundantly present in the as-prepared films. The formation
of di-vacancies supports conjectures that H– (and/or O2–) ions become mobile upon illumination, as these
will leave anion vacancies behind, some of which may subsequently cluster with cation vacancies present.
In addition, in RE oxyhydride films, partially reversible shifts in the Doppler parameters are observed that
correlate with the photochromic effect and point to the formation of metallic domains in the semiconducting
films. Two processes are discussed that may explain the formation of these metallic domains and the changes in
optical properties associated with the photochromic effect. The first process considers the reversible formation
of metallic nanodomains with reduced O : H composition by transport of light-induced mobile hydrogen and
local oxygen displacements. The second process considers metallic nanodomains resulting from the trapping of
photoexcited electrons in an eg orbital at the yttrium ions surrounding positively charged hydrogen vacancies
that are formed by light-induced removal of hydrogen atoms from octahedral sites. When a sufficiently large
concentration, on the order of ∼10%, is reached in a certain domain of the film, band formation of the eg

electrons may occur, leading to an Anderson-Mott insulator-metal transition like the case of yttrium trihydride
in these domains.

DOI: 10.1103/PhysRevMaterials.6.065201

I. INTRODUCTION

Inorganic photochromic materials have attracted extensive
interest because they possess a higher physicochemical stabil-
ity than organic photochromic materials. They are promising
for applications in the fields of energy-saving smart windows
[1], adaptive eyewear lenses [2], and sensors [3]. Traditional
inorganic photochromic materials include transition metal ox-
ides and doped metal halides, e.g., tungsten oxide [4] and
copper-doped silver halide [5]. The photochromism of yttrium

*Corresponding author: Z.Wu-2@tudelft.nl

oxyhydride thin films (YHxOy), where oxygen is incorporated
into YH2-x metal hydride films by ex-situ oxidation, was first
reported in 2011 [6]. Other rare-earth (RE) metal oxyhydride
films, based on Gd, Er, Dy, and Sc, also showed similar pho-
tochromic properties, characterized by a strong reduction in
the optical transmission below the bandgap energy in a broad
wavelength range in the visible and near-infrared (IR) upon
ultraviolet (UV) illumination [7,8]. These photochromic oxy-
hydride films were prepared by reactive magnetron sputtering
of metal dihydride films in an argon/hydrogen atmosphere
above a specific critical deposition pressure followed by ex-
posure to air. The incorporation of oxygen into the RE metal
hydride films during postoxidation does not induce a phase
transition, but the crystal lattice expands and maintains a

2475-9953/2022/6(6)/065201(16) 065201-1 ©2022 American Physical Society

https://orcid.org/0000-0002-6817-2525
https://orcid.org/0000-0003-4269-4330
https://orcid.org/0000-0001-6424-7684
https://orcid.org/0000-0002-2872-6415
https://orcid.org/0000-0003-0873-1329
https://orcid.org/0000-0002-0056-8953
https://orcid.org/0000-0002-5063-3338
https://orcid.org/0000-0002-8584-7336
https://orcid.org/0000-0002-7399-6043
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.6.065201&domain=pdf&date_stamp=2022-06-29
https://doi.org/10.1103/PhysRevMaterials.6.065201


ZIYING WU et al. PHYSICAL REVIEW MATERIALS 6, 065201 (2022)

face-centered cubic (fcc)-like structure similar to the dihy-
dride films [7]. The bandgap, optical properties, and electrical
properties of oxyhydride films can be modified by tailoring
the chemical composition (O2− and H− contents) by varying
the deposition pressure [8–12].

However, the mechanism of photochromism in RE oxyhy-
dride films is still unclarified. The photochromic mechanism
of the well-known inorganic photochromic material Cu-doped
AgCl is associated with the formation of metallic silver clus-
ters due to the light-induced electron generation and transport
that induces a change in the valence state of Ag ions ac-
cording to Ag+ + e− → Ag0 [13]. The Ag0 atoms move to
interstitial sites and cluster to form metallic regions, lead-
ing to pronounced photodarkening of the material. A similar
mechanism may be involved in RE oxyhydride films. Based
on spectroscopic ellipsometry, Montero et al. [14] proposed
that the photodarkening of YHxOy films is related to the
formation of metallic domains since the optical transmittance
of YHxOy under illumination could be modeled well by the
formation of a small fraction of up to 6 vol. % of metallic
domains. The domains were supposed to be YH2-like, but
it remained unclear how they formed. Based on solid-state
nuclear magnetic resonance (NMR), Chandran et al. [15]
showed that a rearrangement of mobile hydrogen species oc-
curs during illumination of YHxOy, which reverses during
bleaching, correlating with the photochromic changes. Our
previous positron annihilation studies [8,16] showed that UV
illumination induces the formation of vacancies, providing
additional (indirect) support for ion mobility during photo-
darkening. In that study, the formation of vacancies appeared
irreversible during the subsequent bleaching phase, suggest-
ing that the vacancies observed by positron annihilation are
not directly responsible for the photochromic effect.

In this paper, we further clarify the formation of va-
cancies during photodarkening. Moreover, we monitored
the changes in electronic structure during illumination and
subsequent bleaching and found that these are (at least
partially) reversible in character. Positron annihilation life-
time spectroscopy (PALS) was used to identify the sizes
of vacancy-like defects and concentrations of vacancies in
as-prepared Y/YH∼1.9/YHxOy/Y2O3 films. X-ray diffraction
(XRD) and Doppler broadening positron annihilation spec-
troscopy (DB-PAS) were employed to investigate the crystal
structure and electronic structure via detection of electronic
momentum distributions of as-deposited Gd- and Y-based
films. In addition, in-situ illumination DB-PAS was used to
probe the evolution of vacancies and electronic structure prop-
erties of the oxyhydride films during UV illumination and
subsequent bleaching in the dark. We describe and discuss
two different possible mechanisms for the photodarkening of
the RE metal oxyhydride films consistent with the reversible
changes observed in the in-situ illumination positron studies.
The first mechanism involves the formation of H-rich do-
mains that exhibit a metallic-like electronic structure, enabled
by photoinduced transport of hydrogen. Modeling based on
diffusion-limited positron trapping in such H-rich domains
suggests that the characteristic sizes of these domains are in
the range of ∼1–20 nm. The second mechanism involves the
formation of positively charged hydrogen vacancies at octahe-
dral sites with a localized charge-compensating electron in an

eg-state orbital at the surrounding yttrium ions. At sufficiently
high concentrations, overlap between the eg-state orbitals of
these localized electrons may occur, leading to band formation
and a local metallic behavior in the respective domains in the
YHxOy film, like what has been proposed for the Anderson-
Mott insulator-to-metal transition of yttrium trihydride at a
composition of YH∼2.7.

II. EXPERIMENT

A. Sample preparation

The RE metal dihydride and oxyhydride films were de-
posited on unheated UV-grade fused silica (f-SiO2) substrates
by reactive direct current (DC) magnetron sputtering of yt-
trium or gadolinium targets (with 99.9% purity) in an Ar/H2

gas mixture. The DC power supplied to the Y and Gd target
was 200 and 180 W, respectively. The sputtered metal dihy-
dride films were deposited under a pressure of 0.3 Pa, while
the oxyhydride films were obtained from the postoxidation
of metal dihydride films deposited above the critical pressure
of ∼0.4 Pa for YHxOy and 0.6 Pa for GdHxOy films [7],
at room temperature. A second type of RE metal dihydride
films was prepared by posthydrogenation of sputtered Y or
Gd films capped with a thin Pd layer. The Pd layer not
only protects the film from oxidation but also catalyzes the
hydrogenation process [17]. Some of the oxyhydride films
were capped by a thin aluminum (Al) layer after exposure of
the reactively sputtered dihydride films to air for ∼3 h. The
Al layer was used to prevent interaction of the oxyhydride
films with the ambient (or vacuum) environment during the
experiments. The Y and Gd metal films were deposited in
an argon atmosphere under a pressure of 0.3 Pa, while the
Y2O3 and Gd2O3 metal oxide films were made in an Ar/O2

atmosphere under a pressure of 0.3 Pa via pulsed DC re-
active magnetron sputtering. Detailed information about the
deposition method can be found in Ref. [8]. All the sam-
ples used are listed in Tables I and SI in the Supplemental
Material [18].

B. Characterization

Grazing-incidence XRD measurements were performed on
a PANalytical X-pert Pro diffractometer with a Cu Kα source
(λ = 1.54 Å) at room temperature, and the angle of incidence
was fixed at ω = 2◦ for all measurements. The XRD patterns
were analyzed by the Rietveld refinement method using the
FULLPROF suite [19,20]. The crystal structures of the various
films deduced from the Rietveld refinement are in agreement
with previous findings [8,9], with a hexagonal close-packed
(hcp) structure and space group of P63/mmc for the Y and
Gd films, and a fcc structure and space group Fm-3̄m for the
RE metal dihydride and oxyhydride thin films. Yttrium oxide
(Y2O3) crystallizes in a body-centered-cubic structure with
space group I-a3̄ [21]. Detailed information on the Rietveld
refinement analysis of the films, including the crystal struc-
tures, lattice parameters, and volume per Y (or Gd) atom, is
given in the Supplemental Material [18].

PALS studies were performed using the pulsed low-energy
positron lifetime spectrometer (PLEPS) of the neutron-
induced positron source (NEPOMUC) facility at the Heinz
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TABLE I. List of main samples, deposition pressures, and experiments.

Samples Deposition pressure Measurements

Y 0.3 Pa PALS, DB-PAS, XRD
YH∼1.9//Pd 0.3 Pa (hydrogenation) PALS, DB-PAS, XRD
YHxOy-1 0.5 Pa PALS, DB-PAS, XRD, in-situ illumination DB-PAS
YHxOy-2 0.5 Pa PALS
YHxOy//Al 0.5 Pa DB-PAS, XRD, in-situ illumination DB-PAS
Y2O3 0.3 Pa PALS, DB-PAS
Gd 0.3 Pa DB-PAS
GdH∼1.8//Pd 0.3 Pa (hydrogenation) DB-PAS, XRD
GdH2 0.3 Pa DB-PAS, XRD
GdHxOy 0.8 Pa DB-PAS, XRD
GdHxOy//Al 0.8 Pa DB-PAS, XRD
GdHxOy 0.9 Pa DB-PAS, XRD, in-situ illumination DB-PAS
GdHxOy//Al 0.9 Pa DB-PAS, XRD, in-situ illumination DB-PAS
Gd2O3 0.3 Pa DB-PAS

Maier-Leibnitz Zentrum (MLZ) research reactor in Garching
[22–24]. For each lifetime spectrum, 4 × 106 counts were col-
lected. The instrument time resolution function, determined
by PALS measurements on a reference p-doped SiC sample
at each positron implantation energy, was considered when
decomposing the experimental PALS spectra. The extracted
time resolution was ∼180 ps. The lifetime spectra of eight
samples, collected at various positron implantation energies in
the range of 0.5–16 keV, were fitted by the POSWIN program
[25,26].

DB-PAS was employed to study the electronic structure
and vacancy-type defects in Y- and Gd-based thin films.
DB-PAS depth profiles of the films were measured at room
temperature with positron implantation energies ranging from
0.1 to 20 keV, using the variable energy positron beam facility
at the Reactor Institute Delft [27]. A high-purity Ge (HPGe)
detector cooled by liquid nitrogen with the energy resolution
of 1.2 keV was used to detect the energy distribution of the
∼511 keV γ rays produced by the annihilation of positrons
and electrons. The intensity of the low-energy positron beam
at the sample position is ∼104 e+/s, and the full width at
half maximum of the beam diameter is ∼8 mm. The depth
profiles of the extracted shape (S) and wing (W) parameters
were fitted by the VEPFIT program [28]. The S parameter
represents positron annihilation with valence electrons, which
provides sensitivity to the electronic structure and open vol-
ume defects such as vacancies or vacancy clusters, while the
W parameter reflects positron annihilation with (semi-)core
electrons, which provides information on the local chemical
environment of the positron trapping site. Momentum win-
dows of |p| < 3.0 × 10−3 m0c and 8.2 × 10−3 m0c < |p| <

23.4 × 10−3 m0c were used for determining the S and W
parameters, respectively.

Optical transmittance measurements were performed in
a custom-built setup equipped with a white source (DH-
2000BAL, Ocean Optics) and a silicon charge-coupled device
array spectrometer (HR4000, Ocean Optics). The light source
triggering the photochromic effect of oxyhydride films used
in the transmittance measurements was a narrow wavelength
LED (385 nm, I ∼ 75 mW/cm2). In the in-situ illumination

DB-PAS experiments, the same LED equipped with a Köhler
lens system is placed ∼45 cm behind the sample, with an
intensity of ∼33 mW/cm2 at the position of the sample.

III. RESULTS AND DISCUSSION

A. Open-volume defects in Y-based thin films
examined by PALS

To examine the nature of the positron annihilation sites and
presence of vacancy-related defects in the as-deposited films,
PALS experiments were performed on various yttrium-based
films. This PALS study enabled us to probe the sizes and
concentrations of vacancy-related defects in the films. Repre-
sentative spectra obtained for the YH∼1.9//Pd and YHxOy-1
films, collected at a positron implantation energy of 4 keV
are shown in Fig. 1, together with best fits obtained using
POSWIN analysis. To reliably extract the lifetime parameters
for each film, we considered the PALS spectra collected at
3 and 4 keV since, at these positron implantation energies,
the largest fraction of positrons (∼91–96% for YH∼1.9//Pd
and ∼94–98% for YHxOy-1) annihilate inside the film, ac-
cording to VEPFIT analysis [28], as presented in Fig. S3 in
the Supplemental Material [18]. The positron lifetime spec-
tra of all Y-based thin films at 3 and 4 keV are shown in
Fig. S4 in the Supplemental Material [18]. The spectra of
the metallic Y and YH2-x films decay according to a sum
of exponential decay components to close to the background
level beyond ∼6 ns. In contrast, a component with a long
exponential decay is observed in the PALS spectra of YHxOy

and Y2O3 films. This shows that orthopositronium (o-Ps)
pick-off annihilation is present in the YHxOy and Y2O3 films,
while it is absent in the metallic Y and YH2-x films. Positro-
nium (Ps) is a hydrogen-like bound state of a positron and
an electron. Orthopositronium (o-Ps) has spin S = 1 and a
long self-annihilation lifetime in vacuum of ∼142 ns due
to annihilation into 3 γ -ray photons and can be formed in
sufficient large open space, for instance, nanopores present
in a material. The self-annihilation lifetime of ∼142 ns can
be reduced substantially by so-called pick-off annihilation,
in which the positron of o-Ps annihilates with an electron of
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FIG. 1. PALS spectra collected at a positron implantation energy of 4 keV of (a) YH∼1.9//Pd with three-component best-fit analysis and
(b) YHxOy-1 with four-component best-fit analysis using the POSWIN program. The peaks in the rectangular region in the spectra are excluded
in the analysis since they correspond to backscattered positrons that annihilate at a different location in the sample chamber of the pulsed
low-energy positron lifetime spectrometer (PLEPS).

opposite spin of the surrounding material under emission of
2 γ quanta. The formation of o-Ps in the YHxOy and Y2O3

films therefore indicates the presence of nanopores. However,
o-Ps formation is likely inhibited in the metal and metal hy-
dride films due to their metallic character.

The PALS spectra of the Y and YH2-x films were satisfac-
torily fitted by a three-lifetime-component analysis, while the
spectra of YHxOy and Y2O3 films were satisfactorily fitted by
a four-lifetime-component analysis using the POSWIN analysis
program [25,26]. For all Y-based films, the lifetime of the
first component extracted in the analysis (Tables II and SIII
in the Supplemental Material [18]) is significantly shorter
than typical values for the positron bulk lifetime characteristic
for annihilation in defect-free materials [29]. We attribute
this first component to positron annihilation in a defect-free
local environment in our vacancy-containing films, which
only occurs at short timescales before these positrons had
the chance to find and trap into vacancy-related point defects
in the films. The lifetime of the first component is reduced
with respect to the positron bulk lifetime by the competitive
process of positron trapping in vacancy-related open volume
defects, which provides additional decay channels that add
to the decay rate of the first component [29]. The other two
lifetime components, which are linked to positron annihilation
in open volume defects, have lifetimes that are characteristic
for the size of the vacancy-related defect, vacancy cluster, or
nanopore involved, while their intensity is associated with the

concentration of the respective open volume defect. As we
will discuss further on, the second component with observed
positron lifetimes in the range of 260–295 ps is related to
positron trapping in monovacancies, while the third com-
ponent with a lifetime τ3 in the range of 500–700 ps may
originate from larger vacancy clusters. The fourth component
seen for YHxOy and Y2O3 films with long lifetimes in the
range of 1.5–3.2 ns corresponds to pick-off annihilation of
o-Ps formed in nanopores in the films. The best-fit parameters
of lifetimes (τi), intensities (Ii), and average lifetimes (τav) of
all Y-based films at 4 and 3 keV are presented in Tables II and
SIII in the Supplemental Material [18], respectively.

1. Two-defect positron trapping model

To elucidate the size and concentration of the vacancy-
related defects, a two-defect positron trapping model [29]
was applied to extract the bulk lifetime (τb), positron trap-
ping rate (ki), and defect concentrations (Ci) of all samples.
In the two-defect positron trapping model, we consider that
positrons may be trapped and annihilate in two different types
of vacancy-related defects independently. We neglect detrap-
ping of positrons from either of the vacancy-related traps.
Additionally, positrons may annihilate in defect-free regions
of the material (bulk annihilation) if they do not get trapped
in either type of defect before annihilation. According to this
model, the lifetime of the first component τ1 corresponds the
reduced bulk lifetime, which satisfies 1

τ1
= 1

τb
+ k1 + k2, with

TABLE II. Positron lifetimes (τi), intensities (Ii), and average lifetimes (τav) for the PALS spectra of Y-based thin films collected at 4 keV
as deduced from POSWIN best-fit analysis.

Samples τ1 (ps) τ2 (ps) τ3 (ps) τ4 (ns) I1 (%) I2 (%) I3 (%) I4 (%) τav (ps)

Y 65 ± 3 279 ± 1 683 ± 22 – 6 ± 0.2 92 ± 0.2 1.5 ± 0.2 – 272 ± 1
YH∼1.9//Pd 73 ± 5 294 ± 1 624 ± 17 – 5 ± 0.2 92 ± 0.2 3 ± 0.3 – 293 ± 3
YHxOy-1 47 ± 5 266 ± 4 500 ± 20 1.63 ± 0.03 3.8 ± 0.2 71 ± 2 22 ± 2 4.2 ± 0.2 365 ± 17
YHxOy-2 60 ± 4 281 ± 3 638 ± 29 2.16 ± 0.05 5.2 ± 0.3 78 ± 1 13 ± 1 4.2 ± 0.2 395 ± 9
Y2O3 58 ± 5 276 ± 4 539 ± 16 3.03 ± 0.06 5.1 ± 0.3 71 ± 2 21 ± 2 3.4 ± 0.1 412 ± 13
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TABLE III. Positron bulk lifetime τb, positron trapping rates ki (i = 1, 2), and defect concentrations Ci (i = 1, 2) for Y-based thin films
obtained from the average of the respective values extracted from PALS spectra collected at 3 and 4 keV. The error ranges correspond to the
standard deviations.

Samples τb (ps) k1(1010 s−1) k2(1010 s−1) C1 (10−6) C2 (10−6)

Y 235 ± 4 1.0 ± 0.1 0.02 ± 0.001 10 ± 1 <0.1
YH∼1.9//Pd 260 ± 6 0.8 ± 0.1 0.03 ± 0.003 8 ± 1 <0.1
YHxOy-1 238 ± 6 1.5 ± 0.3 0.5 ± 0.1 15 ± 3 1 ± 0.5
YHxOy-2 242 ± 4 1.2 ± 0.2 0.33 ± 0.05 12 ± 2 0.4 ± 0.2
Y2O3 256 ± 4 0.9 ± 0.1 0.27 ± 0.03 9 ± 1 0.3 ± 0.1

k1 and k2 being the trapping rates in the two types of defects.
As will be explained further on, the second component τ2

for the series of films studied here is a signature of cation
monovacancies, and τ3 is a signature of vacancy clusters. The
minor contributions from the long lifetime o-Ps components
(<5%) in the lifetime spectra of YHxOy and Y2O3 were
ignored when using this two-defect positron trapping model.
The intensities of the other three components were rescaled
accordingly to ensure

∑3
i=1 Ii= 1, as required for application

of the two-defect positron trapping model. The main equations
of this model:

k1 = μC1 = I2

(
1

τ1
− 1

τ2

)
, (1)

k2 = μC2 = I3

(
1

τ1
− 1

τ3

)
, (2)

τb =
( I1

τ1
+ I2

τ2
+ I3

τ3

)−1

, (3)

are used to derive the positron trapping rates k1 and k2 in the
two types of defects and the positron bulk lifetime τb from
the lifetimes τi and intensities Ii (i = 1, 2, 3) extracted from
the positron lifetime spectra. The trapping coefficient μ for
single vacancies in solids is generally on the order of 1015 s−1

[29,30]. Since empirical or theoretical values for the trapping
coefficients for defects in the Y-based films are not available,
we set μ = 1015 s−1 for monovacancies in our analysis. The
trapping coefficient will be approximately proportional to the
number of vacancies n for small vacancy clusters Vn (n � 5),
according to the equation μn = nμ, while it will saturate at
a high value for larger vacancy clusters since the trapping
coefficient will be limited by the positron mobility [29]. Cor-
respondingly, we included a multiplication factor of 5 in the
estimation of the trapping coefficient for V5 clusters and a
factor of 7–8 for V10 clusters [29]. The τb, ki, and Ci for Y-
based thin films determined from the average of the respective
values as extracted at 3 and 4 keV are shown in Table III.
The expressions used to derive the standard deviations in these
parameters are given in the Supplemental Material [18].

The extracted bulk lifetime for the hcp Y thin film of
235 ± 4 ps is comparable with previous studies that report an
experimental bulk lifetime of 249 ps and a calculated bulk life-
time of 215 ps for hcp Y [31], indicating that the two-defect
trapping model is valid for the Y thin film. The dominant
second component, with an intensity ∼92%, has a lifetime of
279 ps which is ∼19% larger than the positron bulk lifetime
in hcp Y. Such an increase in lifetime is comparable with the

case of VMg monovacancies in Mg, where Mg crystallizes in
an hcp structure with the same space group (P63/mmc) as Y.
The positron lifetime related to the Mg monovacancies was
∼13% larger than the positron bulk lifetime in defect-free Mg
[32,33]. This suggests that the second component for the Y
film can be attributed to yttrium monovacancies (VY). Since
the increase of ∼19% is, on the other hand, significantly lower
than for Mg divacancies in hcp Mg (with a positron lifetime
that is 39% larger than the positron bulk lifetime) [32,33], Y
divacancies are not present in the film at detectable concen-
trations. The concentration of cation monovacancies extracted
from the two-defect trapping model is ∼10 × 10−6 (Table III),
which means that 1 out of ∼105 Y sites is vacant in the
as-deposited Y film. The observed third lifetime component
with a lifetime τ3 ∼ 680 ps is a signature of vacancy clusters
that are present at a very small amount, while o-Ps formation
in the yttrium film is not seen, as can be understood in view of
the high density of conduction electrons in the metallic phase
that will effectively screen the positron charge, prohibiting Ps
formation.

The two-defect trapping model is applied to the YH∼1.9

and YHxOy films as well. The extracted positron bulk lifetime
τb for the palladium capped YH∼1.9 (YH∼1.9//Pd) thin film
is ∼260 ps, which is ∼10% larger than that for the hcp
Y film. No positron lifetime experiments or calculations on
yttrium dihydride nor YHxOy are reported in the literature,
meaning that no reference values for the positron lifetime
in defect-free regions (bulk annihilation) are available. Nev-
ertheless, the observed increase of ∼10% in the extracted
positron bulk lifetime for YH∼1.9 compared with Y can be
understood, as it can be attributed to the increase in the lattice
volume per Y atom of ∼6% in YH∼1.9 compared with Y
(as extracted from our XRD results presented in Table SII
in the Supplemental Material [18]), leading to larger intersti-
tial space, while the concentration of delocalized conduction
electrons is also smaller in YH∼1.9 than Y. Furthermore, the
extracted bulk positron lifetime τb for YH∼1.9 is also compat-
ible with the estimated value for the positron bulk lifetime of
∼256 ps based on an empirical equation for the dependence
of τb on lattice volume for similar metal dihydrides, derived
from ab initio calculations for defect-free TiH2 and MgH2
[33]. The dominant second component with a lifetime τ2 of
∼294 ps is ∼14% larger than the bulk positron lifetime
and can therefore be assigned to VY monovacancies with an
extracted concentration of ∼8 × 10−6 (Table III). The low-
intensity third lifetime component arises from a very small
amount of larger open volume defects such as vacancy clus-
ters, like the case of Y.
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Two YHxOy thin films, YHxOy-1 and YHxOy-2, were ex-
amined in the positron lifetime measurements. The average
extracted bulk lifetime for these films is ∼240 ps. The lifetime
of the dominant second component τ2 for YHxOy-1 is ∼11%
larger than the bulk positron lifetime τb, which again can be
attributed to VY monovacancies. The concentration of cation
vacancies in the as-prepared YHxOy films is like those in the
Y and YH2 films. The lifetime of the third component of τ3 ∼
500 ps is characteristic for vacancy clusters. These vacancy
clusters are much more abundant than in the Y and YH∼1.9

films. The lifetime of τ3 ∼ 500 ps suggests that the number of
vacancies in the cluster is >5. Namely, we may compare this
value to the positron lifetime ∼450 ps observed for semicon-
ducting GeSn and phosphorus-doped Ge (with bulk lifetimes
of ∼225 ps) which is associated with vacancy clusters formed
by >5 vacancies [34,35]. Finally, the long lifetime of ∼1.6
ns of the fourth component for YHxOy-1 indicates that o-
Ps is formed in the oxyhydride films, which may occur in
nanopores. The estimated average radius of these nanopores
is ∼0.25 nm according to the Tao-Eldrup (TE) model [36,37]
which relates the o-Ps pick-off annihilation lifetime to the
size of nanopores, assuming that they are spherical in shape.
This pore size corresponds to ∼7 atoms missing in 1 u.c. of
YHxOy (∼V7 vacancy cluster). We notice that such vacancy
clusters with an average size of V7 could (in principle) also be
responsible for the third lifetime component if both positron
annihilation as well as Ps formation and annihilation occur in
the same type of vacancy clusters. The YHxOy-2 film shows
similar lifetimes and intensities as YHxOy-1, indicating that
the dominant second lifetime component of YHxOy-2 can
also be assigned to VY monovacancies, while the fourth life-
time component with τ4 of ∼2.2 ns indicates the presence of
nanopores with an average radius of ∼0.29 nm, corresponding
to ∼V10 clusters, i.e., somewhat larger than in the YHxOy-1
film.

The bulk lifetime of the Y2O3 thin film extracted from the
two-defect positron trapping model is ∼256 ps, which is a bit
larger than the lifetime of 239 ps observed in Y2O3 powders
[38]. On the other hand, an experimental lifetime of ∼200 ps
for sintered Y2O3 has also been reported [39], while first-
principles calculations using the parameter-free generalized
gradient approximation indicate a theoretical bulk lifetime of
∼174 ps [40]. Assuming, nevertheless, that the two-defect
positron trapping model is applicable, in this paper, we sug-
gest that VY monovacancies are present in the Y2O3 film,
together with vacancy clusters. The concentrations of these
two types of open-volume defects are of the same order as for
the YHxOy films. Moreover, the presence of a long lifetime
component with τ4 ≈ 3.0 ns indicates that o-Ps is formed in
nanopores, with an average radius of ∼0.37 nm according to
the TE model, assuming a spherical shape. This suggests that
∼14 atoms are locally missing in the lattice (∼V14 cluster),
showing that the Y2O3 film contains larger nanopores than
the YHxOy films.

Summarizing the results of our PALS spectra study, VY

cation monovacancies are present in all sputtered films at
similar concentrations of the order of 10−5, leading to near-
saturation trapping of positrons and a dominant second
lifetime component in the PALS spectra. In addition, vacancy
clusters are observed in the yttrium oxyhydride and oxide

films at a concentration that is ∼15 to 30 times lower than
the concentration of the monovacancies. Furthermore, o-Ps
pick-off annihilation in the yttrium oxyhydride and oxide
films is seen, indicating the presence of nanopores with an
average diameter in the range of ∼0.5–0.7 nm. The extracted
bulk positron lifetimes for Y, YH2, and Y2O3 are in line
with the results of previous studies, supporting the validity
of the two-defect positron trapping model used to analyze the
PALS results obtained for the magnetron sputtered Y-based
thin films. Furthermore, the information extracted by PALS on
the vacancies present in the as-prepared yttrium oxyhydride
films aids in elucidating the relationship between the changes
in DB-PAS parameters observed during illumination and the
microstructural changes that cause the photochromic effect
(see Sec. III C).

B. Evolution of the electronic structure of Y- and Gd-based
thin films observed by DB-PAS

In this section, we describe our investigation of the vari-
ation in electronic structure of the Y- and Gd-based thin
films, which ranges from metal and semiconductor to insu-
lator behavior, via detection of key aspects of their electron
momentum distributions (EMDs) as seen by positrons in DB-
PAS. The S and W parameters extracted from VEPFIT analysis
of the depth profiles for the Y- and Gd-based metal, metal
hydride, oxyhydride, and oxide thin films are presented in the
S-W diagrams shown in Fig. 2. A systematic decrease of the
S parameter and increase of the W parameter occurs going
from the Y or Gd metal to the metal hydride and metal oxide
films, which follows the same trend as previously reported
for these types of Y-based films in Refs. [8,16] and induced
by the variation in their electronic structure [16]. Both Gd
and Y metal thin films possess the highest values for the S
parameter due to their relatively narrow EMDs, reflecting the
contributions of electrons in a free-electron-like conduction
band. The incorporation of H into the lattice of Y or Gd
leads to a reduction in the S parameter and increase in the
W parameter, indicating a broader positron-EMD (PEMD)
of the RE dihydride films than the RE films [16]. This is in
line with previous positron angular correction of annihilation
radiation (ACAR) studies and theoretical models for Y and
YH2 [41,42]. The broadening in part stems from localization
of some of the conduction electron states in orbitals associated
with H, involving the formation of covalent-ionic Y-H bonds.
Detailed insights into the shape of the PEMD and its evolu-
tion upon hydrogenation of Y could be obtained by ACAR
experiments [43] and/or by ab initio calculations [44], which
are beyond the scope of this paper. The low S and high W
parameters observed for the insulating RE metal oxide films
can also be understood, as this is induced by the strongly
localized valence electron orbitals centered around the elec-
tronegative oxygen atoms, leading to a correspondingly broad
PEMD [45,46].

If we now compare the S and W parameters for the Gd,
GdH2, and Gd2O3 films with those of the corresponding Y-
based films in Fig. 2, very similar trends are observed, while a
clear systematic shift toward higher W and lower S parameters
is apparent. The higher W parameters of the Gd-based films
than the corresponding Y-based films can be attributed to
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FIG. 2. S-W diagrams of Y- and Gd-based thin films. The Al-capped oxyhydride films are marked with blue color.

electrons in the confined 4 f orbital of Gd, leading to a broader
momentum distribution.

Figure 2 shows that the semiconducting YHxOy and
GdHxOy metal oxyhydride films have S and W parameters
that lie in between those of the respective RE metals and RE
oxide, reflecting their intermediate composition and ionicity.
The S-W points of YHxOy films are almost on the line in the
S-W diagram connecting Y2O3 and YH∼1.9. Clearly, the S-W
points of GdHxOy films are shifted to higher S values than
the line from Gd2O3 to GdH2, suggesting that as-prepared
GdHxOy films have more and/or larger vacancies that trap
positrons than YHxOy films. This could be related to a more
porous structure of the GdHxOy films, as these are deposited
at higher pressures (0.8 and 0.9 Pa) than the YHxOy films
(0.5 Pa).

The S-W points for the uncapped and capped YHxOy films
(0.5 Pa) are close together and consistent with our previous
results [8,16]. The S-W points of the uncapped GdHxOy films,
on the other hand, are shifted compared with the S-W points of
the Al-capped GdHxOy films, in the direction toward the S-W
point of the Gd2O3 film. This suggests that these uncapped
GdHxOy films have a higher O : H ratio than the Al-capped
films, which could be the result of continued incorporation
of O into the lattice of the films for prolonged exposure to
ambient air. Apparently, in the films investigated in this paper,
the air exposure time seems to have a noticeable effect on
the oxygen content in GdHxOy, while the effect in YHxOy is
negligible, again pointing to a more porous structure of the
GdHxOy films.

C. In-situ illumination positron Doppler study of the
nanostructural evolution of photochromic YHxOy and GdHxOy

films during photodarkening and bleaching

1. Optical properties

The optical transmittance of YHxOy and GdHxOy films
was measured to extract their optical indirect bandgap by
Tauc analysis [47], as shown in Fig. S5 in the Supplemental
Material [18]. The bandgaps of the three YHxOy (0.5 Pa) thin
films are similar, with an average bandgap of 2.53 ± 0.08 eV,
while the bandgaps for the GdHxOy (0.8 Pa) and GdHxOy

(0.9 Pa) films of 2.36 ± 0.05 eV and 2.51 ± 0.06 eV, re-

spectively, are slightly lower than that for the YHxOy films.
The increase in bandgap for the GdHxOy film deposited at
higher pressure is presumably related to the larger degree of
oxidation that increases the ionicity of the film, as found in
our previous studies [8,9].

The YHxOy and GdHxOy films show a high transmittance
window in the visible and near-IR range (see Fig. S5 in the
Supplemental Material [18]). The change of the average op-
tical transmittance in the wavelength range of 450–1000 nm
between the virgin and photodarkened states is used to define
the photochromic contrast. Figure 3 shows the time depen-
dence of the average transmittance of YHxOy and GdHxOy

films before illumination, during photodarkening and during
bleaching, normalized to the transmittance of the as-prepared
films. Both YHxOy and GdHxOy films show a clear reduction
in subbandgap transmittance upon UV illumination at 385 nm,
i.e., with a photon energy of 3.22 eV, larger than the bandgap.
The transmittance of the films nearly fully recovers after
stopping illumination and subsequent bleaching for several
hours. The change in transmittance nearly saturates after ∼1 h
illumination for the YHxOy (0.5 Pa) and ∼0.5 h illumination
for the GdHxOy (0.8 Pa) sample. The photochromic contrast
is ∼40% for the YHxOy film and ∼55% (0.8 Pa) and >35%
(0.9 Pa) for the GdHxOy films.

2. In-situ positron Doppler experiments during UV illumination

In-situ illumination DB-PAS measurements were per-
formed on four oxyhydride film samples, namely, Al-capped
YHxOy (0.5 Pa), uncapped YHxOy (0.5 Pa), Al-capped
GdHxOy (0.9 Pa), and uncapped GdHxOy (0.9 Pa), to inves-
tigate the evolution of open-volume defects and electronic
structure of the oxyhydride films during photodarkening and
subsequent bleaching. To ensure saturation of photodarken-
ing, an illumination time of 2.5 h was used for all oxyhydride
films, while the bleaching phase was monitored for ∼38 h,
i.e., well beyond the time required to achieve full bleaching.

Figure 4 shows the S- and W-parameter depth profiles ex-
tracted from the DB-PAS measurements for the four samples
before illumination and after full bleaching of the darkened
state, respectively. The clear increase in the S parameter
and modest reduction in the W parameter indicate that
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FIG. 3. Normalized transmittance (averaged over the wavelength range of 450–1000 nm) for representative YHxOy and GdHxOy films
during ultraviolet (UV) illumination (yellow regions) at 385 nm, followed by bleaching in the dark.

some of the nanostructural modifications of the oxyhydride
films induced by the illumination do not fully recover af-
ter bleaching. The changes in the S- and W-depth profiles
are qualitatively like those observed in our previous study
on Al-capped YHxOy films [8], where they were attributed
to the formation of VY cation vacancies or small vacancy
clusters such as VY-VH or VY-VO divacancies, suggesting
that some of the H− and/or O2− ions are removed from
their lattice positions during the illumination. More insights
are gained by including the results of our current PALS
study, which shows that as-prepared YHxOy films already
contain a large concentration of cation vacancies of ∼12 ×
10−6 to 15 × 10−6 [48] (I2 ∼ 71–78%) and vacancy clus-
ters of ∼0.4 × 10−6 to 1 × 10−6 (I3 ∼ 13–22%), leading to
near-saturation trapping of positrons in these vacancy-related

defects (I2 + I3 ∼ 91–95%) [29,49]. Therefore, we can ex-
clude that the formation of more cation monovacancies plays
a dominant role in the observed significant changes in the
positron DB S parameter after illumination and bleaching.
However, the observed changes may originate from light-
induced formation of anion vacancies (VH, VO) that are
created by H− or O2− released from their lattice positions.
The formed anion vacancies may subsequently cluster with
cation monovacancies to form VY-VH or VY-VO divacancies
or small vacancy clusters [16], leading to positron trapping
and annihilation in these larger vacancy defects. Since the
changes in the S and W parameters systematically occur in
all films, we infer that, in general, the optical excitation of
electron-hole pairs induces the release of H− or O2− ions from
their lattice positions. Such a (possibly local) displacement of

FIG. 4. S- and W-parameter positron Doppler broadening (DB) depth profiles of YHxOy//Al (0.5 Pa), YHxOy (0.5 Pa), GdHxOy//Al (0.9
Pa), and GdHxOy (0.9 Pa) thin films before illumination (black symbols and lines) and after 2.5 h illumination and bleaching for ∼38 h (red
circles and lines). The dashed lines indicate the positron implantation energy for the in-situ illumination DB positron annihilation spectroscopy
(DB-PAS) measurements shown in Fig. 5. The vertical solid lines indicate the boundaries between adjacent layers based on the VEPFIT analyses.

065201-8



FORMATION OF VACANCIES AND METALLIC-LIKE … PHYSICAL REVIEW MATERIALS 6, 065201 (2022)

FIG. 5. Time dependence of the S and W Doppler broadening (DB) parameters collected in in-situ DB positron annihilation spectroscopy
(DB-PAS) measurements on YHxOy//Al, uncapped YHxOy, GdHxOy//Al, and uncapped GdHxOy films before ultraviolet (UV) illumination
(black symbols), under 2.5 h illumination (photodarkening, red triangles) and during ∼38 h of bleaching (blue circles) collected at positron
implantation energies of 6.4, 5, 6.4, and 7.2 keV, respectively.

anions may play a role in the mechanism of the photochromic
effect for both RE oxyhydride systems, as suggested previ-
ously in Refs. [8,50].

More insights into the evolution of the nanostructure of
the oxyhydride layers were gained from the time dependence
of the S and W parameters of the YHxOy//Al, uncapped
YHxOy, GdHxOy//Al, and uncapped GdHxOy films before
illumination, during UV photodarkening and during sub-
sequent bleaching, collected at fixed positron implantation
energies of 6.4, 5, 6.4, and 7.2 keV, respectively, as shown in
Fig. 5. These positron implantation energies were selected to
ensure that most of the positrons annihilate in the oxyhydride
layer. For all samples, the S parameter shows a substantial
increase during illumination, while the W parameter decreases
strongly. In the case of the Al-capped YHxOy film, the S and
W parameters do not change further during bleaching, demon-
strating that irreversible changes take place that persist on a
time scale of at least 38 h, i.e., long after optical transparency
of the film has returned, in line with the corresponding depth
profiles and as reported in Ref. [8]. In contrast, the S and
W parameters of the other three samples show a partially
reversed behavior once the illumination is stopped, as the S
and W values are seen to move back into the direction of their
initial values, suggesting that the nanostructural properties
of the films partially return toward the initial state. Never-
theless, permanent changes are also seen for these samples,
with shifted S and W parameters that remain stable during
bleaching for ∼38 h, consistent with the depth profiles in
Fig. 4. As discussed, these permanent changes are related to
the formation of stable divacancies (or small vacancy clusters)
during illumination. It is remarkable that the DB parameters,
particularly the W parameter, show large changes during illu-
mination which partially shift back to the original state upon
bleaching in the uncapped YHxOy, Al-capped GdHxOy//Al,
and uncapped GdHxOy films. This strongly suggests that a

second type of nanostructural change occurs during illumina-
tion, which recovers during bleaching.

To gain more insights into the origin of the changes in
S and W during illumination, we compare the evolution of
the S and W parameters in an S-W diagram with those of
the as-deposited metal, metal hydride, and metal oxide films,
Y, YH∼1.9, Y2O3, Gd, GdH∼2, and Gd2O3, respectively. In
Fig. 6, the S-W points are presented for YHxOy//Al, un-
capped YHxOy, GdHxOy//Al, and uncapped GdHxOy films
(1) before illumination, (2) upon 1.5 to 2.5 h of illumination,
and (3) after illumination in the bleached state extracted from
the time-dependence measurements at fixed positron implan-
tation energy (Fig. 5), together with those of the as-deposited
metal, metal hydride, and oxide films. The values of the S
and W parameters are also given in Table SIV in the Supple-
mental Material [18]. The shifts in the (S,W) points of the
YHxOy, GdHxOy//Al, and GdHxOy films during illumination
(process 1 → 2) clearly are parallel to the line connecting
the (S,W) points of the metal oxide RE2O3 and metal hy-
dride REH2 phases. The corresponding quantitative values
of the parameter R = �S

�W , with �S and �W the change in
respectively the S and W parameters induced by the illumina-
tion, for the oxyhydride films of R = − 2.0 ± 0.5 (YHxOy),
−2.5 ± 0.5 (GdHxOy//Al), and −2.2 ± 0.7 (GdHxOy) are
close to R = − 2.5 ± 0.1 for the line that connects the Y or
Gd metal oxide and metal hydride. After the illumination is
stopped and bleaching sets in, the shifts in the S-W diagram
are partially reversed (process 2 → 3), suggesting that part
of the illumination-induced nanostructural transformations is
reversible, possibly related to formation and disappearance of
metallic domains. In contrast, the illumination-induced shift
in S-W for the Al-capped YHxOy film, with R = − 4 ± 1,
is not exactly parallel to the line connecting the S-W points
of Y2O3 and YH∼1.9. Furthermore, in the bleaching phase, no
sign of reversibility is observed for this sample, in line with
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FIG. 6. S and W values for YHxOy//Al, uncapped YHxOy, GdHxOy//Al, and uncapped GdHxOy films before illumination (1, black
symbols), upon illumination for 1.5–2.5 h (2, red triangles), and after illumination in the bleaching state (3, blue circles) according to the
in-situ illumination Doppler broadening positron annihilation spectroscopy (DB-PAS) measurements compared with the (S,W) points of the
as-deposited Y, Gd metal, YH∼1.9, GdH∼2 metal hydride, and YH2O3, Gd2O3 metal oxide films.

Ref. [8]. This could be due to a larger concentration of diva-
cancies induced in this sample by the illumination, leading to a
relatively large increase in S compared with the other samples.
During bleaching, the metallic domains disappear, causing
even more positrons to trap in divacancies during bleaching
than the photodarkening state. In this case, the irreversible
formation of divacancies (or small vacancy clusters) that act as
positron trapping centers appears to be the dominant process.
The increase in the S parameter indicates that the S parameter
for divacancies is higher than for the metallic domains.

We note that the irreversible formation of divacancies
occurs for all samples, as the R values obtained from a com-
parison of the as-prepared state with the state of the films after
bleaching (1 → 3) of R = − 7 ± 1 (YHxOy//Al), R = −
6.9 ± 2.5 (YHxOy), R = − 3.1 ± 0.9 (GdHxOy//Al), and
R = − 4.0 ± 0.8 (GdHxOy) are larger than for the shifts in
(S,W) observed during photodarkening. In view of the pho-
tochromism, the partially reversible behavior observed during
bleaching for the latter three samples is significant and points
to a second, reversible nanostructural process induced by the
illumination in addition to the formation of vacancies and
irreversible formation of divacancies. Below, we will discuss
two proposed mechanisms that may contribute to the photo-
darkening and, at the same time, could explain the observed
reversible part of the changes in the positron DB S and W pa-
rameters. These two proposed mechanisms are schematically
illustrated in Fig. 7.

3. Proposed mechanism 1: The formation of hydrogen-rich
metallic-like nanodomains

The observed shift of the S-W points for the oxyhydride
films during UV illumination into the direction of the S-W
point of the metal hydride suggests that the illumination leads
to the formation of domains with lower O : H ratios (lower
ionicity). Indeed, in our previous study [8], we found that
YHxOy films synthesized at lower deposition pressure contain
more hydrogen (lower O : H ratio) and exhibit systematically
higher S and lower W parameters [8]. If we assume that the

difference in the (S,W) point for YHxOy with respect to the
(S,W) point of the metal oxide Y2O3 phase is proportional to
its hydrogen fraction and that YHxOy deposited at 0.4 Pa (near
the boundary pressure beyond which the films gain full optical
transparency) corresponds to a composition close to YH2O0.5,
the composition of the film deposited at 0.5 Pa would approx-
imately correspond to YH∼1.7O∼0.65. Upon illumination, the
(S,W) point of the 0.5 Pa sample approaches that of the as-
prepared 0.4 Pa sample, suggesting that the domains probed
by the positrons contain a hydrogen-enriched composition
that is, on the average, close to that of YH2O0.5. The picture,
thus, emerges that, during UV illumination, some hydrogen
ions are released from their lattice positions, possibly from
the energetically less favorable octahedral sites [51,52], due

FIG. 7. Schematic illustration of the proposed mechanisms 1
and 2.
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to the light-induced formation of mobile neutral hydrogen
by the excitation of electron-hole pairs with H− + h+ → H0.
Subsequently, the mobile neutral hydrogen ions move toward
a local environment with lower oxygen content and form
hydrogen-enriched domains. If the local composition reaches
an O : H ratio below that of YH2O0.5, particularly YH2Ox with
x < 0.5, a mixed valence character of the Y cations sets in,
with part of the Y3+ replaced by Y2+, and the electronic
structure becomes metallic-like for a sufficiently high local
concentration of Y2+. Alternatively, the mentioned removal
of hydrogen atoms in combination with a local displace-
ment of an oxygen ion to the site of 1 out of 2 removed
hydrogen atoms can lead to local phase segregation into a
hydrogen-poor area and a metallic hydrogen-rich area with a
local composition of YH2Ox (x < 0.5), for example, accord-
ing to 2Y4H8O2 → Y4H8O2 + Y4H6O2 + 2H0 → Y4H8O +
Y4H6O3 + 2H0, with the resulting YH2O0.25 in a mixed
Y2+/Y3+ valence state, while the hydrogen-poor YH1.5O0.75

fully retains the Y3+ valence state. Both mentioned options
suggest that phase-segregated domains with a metallic-like
character are formed during illumination, enabled by mobil-
ity of light-induced interstitial hydrogen (supported also by
the observation of release of a small amount of hydrogen
molecules from YHxOy films during UV illumination [53])
and local displacements of oxygen ions. Indeed, molecular
dynamics simulations suggest hopping mobility primarily of
hydrogen located at octahedral sites, but a small hopping mo-
bility of oxygen is also seen [52]. The occurrence of the phase
segregation process is supported by previous spectroscopic
ellipsometry studies that suggested that metallic domains at
a volume fraction of up to ∼6 vol. % are formed during
the illumination [14], leading to pronounced changes in the
dielectric function in the near-IR and visible range. NMR
studies on YHxOy films suggest relocation of the hydrogen
in the lattice during the illumination, reporting the disap-
pearance of a ∼3% mobile hydrogen fraction seen in 1H
magic angle spinning, which recovers after bleaching in the
dark [15]. The formation of such metallic-like domains in an
otherwise semiconducting (transparent) matrix may explain
the reduction in optical transmission over a large subbandgap
wavelength range [14], characteristic for the photochromic
effect in this class of RE oxyhydrides. Remarkably, such
changes in the optical properties also occur by modifica-
tion of the composition to Y1-zZrzHxOy by cosputtering of
Y and Zr [54]. For these mixed cation oxyhydride films,
the addition of Zr leads to a strong reduction in the optical
transmission in the subbandgap wavelength range (T ∼ 86%
for z = 0 to T ∼ 62% for z = 0.5), while the reflectivity R
stays relatively small (R ∼ 12% for z = 0 to R ∼ 15% for
z = 0.5; with R ∼ 12% for YOxHy films mainly related to the
index of refraction in the range of n ∼ 1.9–2.2 [14,55]), and
the subbandgap optical absorption is increased, attributed to
the presence of not fully oxidized metallic ZrH2 clusters in the
otherwise semiconducting Y1-zZrzHxOy films (with bandgaps
in the range of 2.2–2.8 eV) [54].

We note that the observed remarkably large change in the
positron DB W parameter (∼12%) and the corresponding
clear shift in the S parameter in these films upon illumination
can be attributed within this proposed mechanism to either
a high concentration of H-rich domains or a high fraction

of positrons annihilating in H-rich domains. Since the for-
mation of H-rich domains is necessarily accompanied by the
formation of H-poor domains (as we assume no H enters or
diffuses out of the film), one could expect that the values for
S and W averaged over the volume of the oxyhydride film do
not change much. Therefore, the large reversible part of the
changes in S and W observed during illumination requires a
high fraction of positrons after diffusion in the film traps and
annihilates in the H-rich domains. Such preferential trapping
of positrons can be caused by a larger positron affinity for H-
rich regions than H-poor regions and can have a pronounced
effect on the positron signal even when only a relatively
small amount of nanosized H-rich domains is present. For in-
stance, in previous positron DB and two-dimensional ACAR
studies of metallic Li nanoclusters embedded in crystalline
MgO [56], a positron trapping fraction in the Li nanoclus-
ters as high as ∼92% was observed with only ∼3 vol. %
of Li nanoclusters present in the MgO matrix [56]. In that
study, the preferred positron trapping in the Li nanodomains
was caused by the large difference in the positron affinity
for Li compared with MgO (∼1.8–2.8 eV) deduced from
ab initio calculations [46,56]. We should note that, in the
present case, during illumination, not only H-rich domains
are formed but also cation-anion divacancies such as VY-VH

in the H-poor oxyhydride matrix. Thus, during illumination,
preferential trapping of positrons not only occurs at H-rich
metallic domains but also at VY-VH in the H-poor regions
(Fig. 7). Both processes contribute to the observed changes
in S and W during illumination. For simplicity, we did not
include the process of divacancy formation in the oxyhydride
matrix, which might reduce the positron diffusion length, in
our simulations.

A similar amplifying effect of the positron signal from
embedded metallic nanodomains could also take place for
the photodarkened oxyhydrides, provided that (1) the average
distance between H-enriched domains that appear during il-
lumination are of the same order of magnitude or less than
the diffusion length of positrons in the surrounding H-poor
oxyhydride matrix, and (2) the difference in positron affinity is
sufficiently large, i.e., at least several tenths of an electronvolt
to prevent significant thermal detrapping.

To assess the implications of preferred positron trapping
quantitatively, we present simulations on the fraction of
positrons that annihilate in such H-enriched domains follow-
ing the diffusion-limited trapping model used in Refs. [56,57].
This model assumes that the domains are spherical in shape
and homogeneously distributed in the matrix. We assume that
all positrons that reach H-rich domains are trapped and that
detrapping of positrons from the domains can be neglected.
The fraction of positrons that are initially stopped in the ma-
trix and subsequently trap in H-rich domains fdomains is then
given by Eqs. (4) and (5) [56,57]:

fdomains= κ

κ + λmatrix
= 4πrD+c

4πrD+c + λmatrix
= 4πrL2

+c

4πrL2+c + 1
,

(4)

L+=
√

D+/λmatrix, (5)
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where κ is the positron trapping rate in the hydrogen-rich
metallic-like domains (s−1), λmatrix is the effective annihila-
tion rate in the oxyhydride matrix surrounding the domains
(s−1), r is the radius of the domains (m), c is the concentra-
tion of the domains (m−3), D+ and L+ are, respectively, the
positron diffusion coefficient (m2 s−1) and positron diffusion
length in the oxyhydride matrix (m). Equation (4) can be
rewritten in terms of the volume fraction of metallic domains
fV, the radius of a metallic domain r, and the positron diffu-

sion length L+, according to fdomains(r) = fV3L2
+

fV3L2+ + r2 .
While the size of the H-rich domains formed in the oxy-

hydride films is not known, their size must be larger than
∼0.5 nm since the positrons cannot trap if the domain
size is too small, as the difference in positron affinity
with the surrounding matrix will disappear due to the in-
crease in the energy of the quantum confined positron state
with reduced domain size [56]. On the other hand, if the
size of the H-rich domains is large at a low (constant)
volume fraction of H-rich domains, the concentration of
domains will be small. The probability of positron trap-
ping in the domains will be low in that case due to the
large average distance between the H-rich domains. This
distance then becomes much larger than the positron dif-
fusion length in the H-poor oxyhydride matrix, and only
a small fraction of positrons will be able to reach the H-
rich domains and annihilate there instead of the surrounding
matrix.

As an example of our simulations, we first consider the
case of H-rich domains with a radius of 1 nm occupying a vol-
ume fraction of 6 vol. % of the oxyhydride. The concentration
of the domains will then be ∼1.4 × 1025 m−3, corresponding
to an average interdomain distance of ∼4 nm. We assume that
the diffusion length L+ in oxyhydride films is 20 nm since
the experimental diffusion length extracted from the VEPFIT

analysis of the oxyhydride films ranges from ∼10 to ∼40
nm (Table SV in Supplemental Material [18]), i.e., reduced
with respect to the estimated diffusion length of ∼150 nm for
defect-free yttrium oxyhydride by positron trapping in vacan-
cies with a concentration of ∼10−4 [48] (see Supplemental
Material [18]). These parameters yield a very high fraction
of ∼99% of positrons that trap and annihilate in domains
with a radius of 1 nm. This illustrates that, despite a low
volume fraction, the positron signal can be dominated by
annihilation in H-rich domains. We note that, in this model,
the fraction of positrons trapping in the H-rich domains is
significantly affected by the average distance between the
domains (that scales proportional to the size of the domains
for a given volume fraction) and by the positron diffusion
length in the H-poor matrix. If we consider that a fraction of
the implanted positrons will be stopped inside of the metal-
lic domains instead of the matrix, the full expression for
the fraction of positrons annihilating in the metallic domains

is fdomains(r) = (1 − fV) fV3L2
+

fV3L2+ + r2 + fV, assuming that the
mass density of the domains and the matrix are comparable.

In Fig. 8, we therefore show the simulated dependence
of the fraction of positrons that annihilate in the H-rich do-
mains fdomains on the average distance between (and size
of) these domains, for three different positron diffusion
lengths of 10, 20, and 40 nm, respectively, for a vol-

FIG. 8. Simulated positron annihilation fractions in H-rich do-
mains as a function of average distance between the domains at
positron diffusion lengths of 10, 20, and 40 nm, respectively. A vol-
ume fraction of 6 vol. % of spherically shaped domains was assumed.

ume fraction fV = 0.06 (6 vol. %) of H-rich domains with
radius r.

The positron annihilation fractions in the H-rich domains
are much higher in most areas of Fig. 8 than what would be ex-
pected solely based on a volume fraction of ∼6 vol. % of these
domains. This shows that H-rich domains at a small volume
fraction can dominate the positron signal in certain parameter
regions. Our simulations suggest that the average size of the
H-rich domains (at a volume fraction of 6 vol. %) should be
in the range of ∼0.5 to ∼20 nm in case the observed shifts
in (S,W) parameters (Fig. 6 ) are caused by the formation of
H-rich domains in a H-reduced YOxHy matrix.

4. Proposed mechanism 2: Anderson-Mott insulator-to-metal
transition in domains related to electron states localized near

formed hydrogen vacancies

A second possible mechanism that we discuss here is in-
spired by the insulator-to-metal transition in yttrium trihydride
and lanthanum trihydride, which exhibit large changes in the
optical properties and conductivity upon release of hydrogen
when a composition of respectively YH∼2.7 and LaH∼2.8 is
reached. According to Ng et al. [58], the insulator-to-metal
transition is induced by the formation of hydrogen vacancies
at octahedral sites (V+

H), where charge-compensating elec-
trons are localized in an eg-state Y(4d) electron orbital at the
surrounding Y ions. When the concentration of these localized
electrons is sufficient high, their orbitals overlap, leading to
the formation of a delocalized electron band and the occur-
rence of the insulator-to-metal transition.

We assume that a similar scenario may play a role in
the photochromism of the RE oxyhydride films. When such
oxyhydride films are exposed to UV light with photon energy
above the bandgap, electron-hole (e−-h+) pairs are generated.
The positively charged holes may be trapped by H− anions
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and form neutral hydrogen (H0) according to H−+h+ → H0.
The neutral hydrogen will subsequently be released from its
lattice position. Since hydrogen atoms are less strongly bound
at the octahedral sites [51,52], this process will occur predom-
inantly for octahedral site hydrogen, and hydrogen vacancies
are formed at octahedral sites, like the case of YH3 and LaH3,
carrying a positive charge V+

H.
The released H0 might stay at interstitial positions or

get trapped at the vacancy clusters or nanopores inside the
films, or like what occurs in YH3 and LaH3, even effuse
out of the films. Simultaneously, the photoexcited electrons
present in the conduction band of the REHxOy will sense
the Coulomb force of the positively charged V+

H centers and
may get trapped in a localized eg-Y(4d) orbital of the Y
ions surrounding a hydrogen vacancy, as this will constitute
a strongly bonded state with binding energies of the order
of several electronvolts [58]. Progressive illumination will
lead to continuous creation of e−-h+ pairs. Consequently,
the concentration of V+

H vacancies will gradually increase in
time. When the concentration of octahedral V+

H in a certain
domain of the YHxOy film is sufficient large, say, of the
order of ∼10% of the hydrogen present in the domains (as
required for yttrium trihydride, YH3), one can expect the
orbitals of the trapped charge-compensating localized eg-state
Y(4d) electrons to overlap. This will lead to the formation
of an electron band and a metallic-like electronic structure
of the respective domains in the YHxOy film, inducing the
Anderson-Mott insulator-to-metal transition in these domains
in the RE oxyhydride films under illumination. We note in
addition, that such a high concentration of delocalized elec-
trons is observable in positron DB, which would lead to a
shift in (S,W) to higher S and lower W parameters approxi-
mately toward the direction of the (S,W) point of the metallic
dihydride.

It is interesting to discuss the implications of this proposed
mechanism for the time scale of the photodarkening process
in a semiquantitative manner. If we assume that, to induce
photodarkening, a significant fraction of neutral charge H
atoms need to be removed from octahedral sites of, for ex-
ample, YH2O0.5, according to Y4H8O0.5 → Y4H7O0.5 + H0

(∼12.5% of the hydrogen removed), ∼1 hydrogen vacancy
will be formed on the average in a cubic unit cell with
lattice parameter of ∼0.54 nm. Following this, a required
hydrogen vacancy density of ∼6.4 × 1021 cm−3 can be esti-
mated. On the other hand, the photon flux of the LED used
in the present in-situ illumination DB-PAS studies is ∼6.6 ×
1016 photons cm−2 s−1. Assuming that all incident photons are
absorbed in the ∼300-nm-thick YHxOy film, one can esti-
mate an average density of absorbed photons per second of
∼2.2 × 1021 photons cm−3 s−1. If each photon is converted
into an electron-hole pair and leads to the generation of a
hydrogen vacancy-localized electron pair at 100% conversion
efficiency, one can estimate that a time on the order of a few
seconds would be required to induce the insulator-to-metal
transition. This estimated time scale needed for photodark-
ening of the films is clearly much longer than typical for
photoexcited carrier processes in opto-electric materials such
as solar cells (on the order of nanoseconds to microseconds)
[59]. The initial stages of the photodarkening in the RE oxyhy-

dride films indeed take place at a seconds timescale but slow
down in the process toward saturation. For instance, ∼ 1

3 of
the total change in transmittance upon UV illumination of
both YHxOy and GdHxOy films (Fig. 3) occurs within the
first 30 s. Clearly, therefore, the observed time scales for
photodarkening in these RE oxyhydride films, which in the
initial phase are an order of magnitude larger than the theo-
retical estimate, can be understood well within this proposed
mechanism since most of the abovementioned processes will
likely not be highly efficient.

The abovementioned parameters can also be used to give
a qualitative insight into the optical properties associated
with the photodarkening phenomenon in oxyhydride films, in
which a substantial reduction in the transmittance in a broad
subbandgap wavelength range (above ∼400 nm) is observed
after illumination, related to a strong increase in absorption.
In simple free-electron metals, strong increase in reflectance
is primarily caused by prohibition of propagation of light
waves within the metal at frequencies around and below
plasma frequency ωp since the index of refraction becomes
predominantly imaginary, and collision losses of conduction
electrons may lead to strong absorption [60,61]. The plasma

frequency ωp is given by ωp=
√

ne2

ε0m∗ , where n is density of
electrons, e the electron charge, ε0 the dielectric permittivity
of the vacuum, and m∗ is the effective electron mass, respec-
tively. Accordingly, the plasma wavelength λp is given by
λp= 2πc

ωp
, where c is the velocity of light in the vacuum. We

assume, in this simple free-electron (Drude-like) picture, that
the effective electron mass is equal to its rest mass. Based on
the assumption that a delocalized electron band is formed in
domains of the YHxOy film when the local electron density
reaches ∼6.4 × 1021 cm−3 (i.e., for the case of 12.5% hy-
drogen vacancies in YH2O0.5), a plasma frequency ωp and a
plasma wavelength λp of ∼4.5 × 1015 s−1 and ∼420 nm, re-
spectively, can be estimated. For a macroscopic, free-electron
metal, this plasma resonance results in a high reflectivity R∼1
for wavelengths longer than the plasma wavelength. However,
in the case of a metallic domain of size smaller or comparable
with the incident wavelength, the confinement in space of
the free-electron gas leads to a more complex situation better
described by the Mie theory [62,63]. Here, as the oscillating
electromagnetic field drives the electron gas against the sur-
faces of the metallic domain, an oscillating dipole/multipole
is induced, and a fraction of the incoming radiation energy is
absorbed in the polarization of the metal/dielectric interface.
A further fraction of the incoming energy is scattered as ra-
diation from the oscillating dipole/multipole. The presence of
domains with a metallic-like character in the illuminated RE
oxyhydride films may explain their largely changed optical
properties in the photodarkened state, e.g., the large reduc-
tion in optical transmission in a wide subbandgap wavelength
range (above ∼400 nm). Future studies are required to sim-
ulate the optical properties of metallic domains embedded in
a semiconducting YHxOy medium, which may include plas-
monic resonances that depend on the size and shape of the
domains as well as on their electron concentration. Also, ab
initio calculations of the electronic structure of the formed
electron band are a promising future research direction to
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gain advanced insights into the mechanism proposed in this
section.

Finally, we note that this proposed mechanism is also in
line with the observed gradual reduction in the photochromic
contrast with increased O : H ratio, for compositions of
x∼0.5–1 for magnetron-sputtered YH3-2xOx films [8]. In this
composition range, a systematic decrease occurs in the num-
ber of hydrogen atoms located at octahedral sites. This leads
to a reduction in the (maximum) concentration of octahe-
dral vacancies that can be generated by the illumination.
Consequently, this reduces the probability that, in a certain
nanoscale area, the threshold concentration of electrons is
reached required for the formation of the (free-)electron band
that, within this proposed mechanism, underlies the (local)
insulator-to-metal transition and corresponding changes in the
optical properties of the film under illumination.

IV. CONCLUSIONS

The sizes and concentrations of open volume defects in as-
prepared magnetron sputtered YHxOy, Y, YH∼1.9, and Y2O3

thin films were studied by PALS. It was found that yttrium
cation monovacancies dominate the positron annihilation sig-
nal in Y and Y dihydride thin films at concentrations on
the order of 10−5 per Y atom. The concentration of mono-
vacancies extracted by DB-PAS is on the order of 10−4.
Thus, we conclude that the concentration of monovacancies
is in the range of 10−5 to 10−4. Furthermore, larger va-
cancy clusters are also present at lower concentrations. In
addition, the formation of positronium (Ps) in the YHxOy

and Y2O3 thin films is observed, revealing the presence of
nanopores. The systematic changes of electronic structure of
RE metal, metal dihydride, semiconducting metal oxyhydride,
and insulating metal oxide films upon varying the O and H
contents of the films were seen in the S-W diagrams extracted
from positron DB experiments. The nanostructural evolution
in photochromic Al-capped and uncapped Y/Gd oxyhydride
films upon illumination is studied by in-situ DB-PAS. For the
YOxHy//Al film, a pronounced increase in the S parameter
and decrease in the W parameter result from the 2.5 h il-
lumination and remain stable during ∼38 h bleaching. This
indicates that UV illumination induces the formation of anion

vacancies by releasing anions from their lattice positions. Part
of the anion vacancies cluster subsequently with VY monova-
cancies in an irreversible manner, resulting in the formation
of stable divacancies. For the YOxHy, GdOxHy//Al, and
GdOxHy films, partially reversible shifts of their S-W points
in the direction of the S-W point of the RE metal hydride were
observed during photodarkening, indicating the formation of
metallic domains. Two proposed mechanisms for the forma-
tion of metallic domains in these RE oxyhydride films during
illumination are discussed. The first proposed mechanism
suggests the formation of phase-segregated H-rich domains,
enabled by hydrogen liberated from their lattice positions
during illumination and possibly local oxygen displacement.
The strong shifts in the S and W parameters can be explained
by preferred trapping of positrons in the phase-segregated
nanosized H-rich metallic-like domains, as supported by our
simulations using a diffusion-limited trapping model. This
supports proposed mechanisms for the photochromic effect
in these RE oxyhydrides based on the formation of metallic-
like nanosized domains. The second proposed mechanism
is based on the formation of positively charged hydrogen
vacancies at octahedral sites enabled by hydrogen liberated
during illumination, with charge-compensating Y(4d) eg-state
electrons localized at the surrounding Y ions. When the con-
centration of these eg-state electrons in certain domains in
the REHxOy film is sufficiently high, their orbitals overlap
and a (free-)electron band is formed, causing metallicity of
these domains, resulting in photodarkening of the film. This
mechanism can qualitatively explain the timescale of photo-
darkening, the reduction in optical transmission over a large
subbandgap wavelength interval, and the systematic reduc-
tion in photochromic contrast for compositions with increased
O : H ratios.
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