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films examined by in situ μ+SR

D. Chaykina ,1,2,* T. de Krom ,2 G. Colombi ,1 H. Schreuders,1 A. Suter ,3 T. Prokscha ,3 B. Dam ,1 and S. Eijt 2

1Materials for Energy Conversion and Storage, Department of Chemical Engineering, Delft University of Technology,
Van der Maasweg 9, NL-2629 HZ Delft, Netherlands

2Fundamental Aspects of Materials and Energy, Department of Radiation Science and Technology, Faculty of Applied Sciences,
Delft University of Technology, Mekelweg 15, NL-2629 JB Delft, Netherlands

3Laboratory for Muon Spin Spectroscopy, Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland

(Received 10 December 2020; accepted 4 June 2021; published 25 June 2021)

Thin films of rare-earth metal oxyhydrides, such as yttrium oxyhydrides (YH3−2xOx), show a photochromic
effect where the transparency of the films decreases reversibly upon exposure to UV light. However, the exact
mechanism behind this effect is unknown. In this paper, we describe the behavior of YH3−2xOx thin films, with
different O2− : H− ratios, under dark and illuminated conditions using in situ muon spin relaxation (μ+SR),
and compare that to an oxygen-free reference compound, yttrium dihydride (YH2−δ). The muon acts as a
local magnetic probe in our compounds, giving information related to electronic, structural, and photochromic
properties. Although YH2−δ is the parent compound to YH3−2xOx , the muon behavior in these two materials is
different—the muon electrostatically interacts primarily with H− (dihydride) or O2− (oxyhydride)—leading to
the use of different theoretical models. For YH2−δ , we observed the formation of an entangled H-μ complex and
the onset of Mu+ diffusion and H− rearrangement above 150 K (EA,� = 67 ± 13 meV). For the oxyhydrides,
we adopted a transition state model, where Mu0 formation and gradual Mu+ recovery take place, accompanied
by the formation of a Mu+-O2− complex and a polaron at the Y cation. The activation energy (EA,dia) asso-
ciated with Mu+ recovery is dependent on lattice relaxation and is lower for thin films of higher H content
(EA,dia = 29–45 meV). In situ illumination further reduces this energy barrier for all measured oxyhydrides,
suggesting that the photochromic effect involves a reversible structural rearrangement during photodarkening.

DOI: 10.1103/PhysRevB.103.224106

I. INTRODUCTION

Multianion compounds are a relatively new and emerging
class of materials, containing two or more different anions
[1]. While cation substitutions are more common, here, the
variation of properties is achieved by anion substitution.
Specifically, this study focuses on oxyhydrides, consisting of
oxide (O2−) and hydride (H−) anions.

Rare-earth metal (RE) oxyhydrides undergo a pho-
tochromic effect, and exhibit ionic conductivity as well. In
particular, thin films of REH3−2xOx, where RE = Sc, Y, Gd,
Dy, Er [2–5], show the photochromic effect, while powdered
REH3−2xOx (RE = La, Nd) [6,7] are reported as H− conduc-
tors. Because of this overlap, we suspect that photochromism
and ionic mobility are related.

The photochromic effect is a phenomenon where the op-
tical transmittance of a material changes when it is exposed
to light with photon energy greater than its band gap. Thin
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films of REH3−2xOx, for example, are transparent materials
which become opaque under UV light [8]. The mechanism be-
hind this color change in REH3−2xOx is not well understood,
but may follow a similar mechanism to Cu-doped Ag halide
glasses. When these glasses are exposed to light, electron-hole
pairs are generated and atoms rearrange, creating metallic Ag0

clusters that account for the dark appearance [9,10].
Similarly, YH3−2xOx shows increased conductivity [8] and

disappearance of the most mobile H− fraction [11] under UV
light, suggesting an analogous mechanism. However, there is
an alternative explanation for photochromism which involves
the presence of optically active defects (known as color cen-
ters) spanning the wide absorption range of these materials
[9,12]. Further, although these materials may also be ion con-
ductors, according to Ubukata et al. [7], certain REH3−2xOx

compounds are predicted to form anion-disordered com-
pounds which would impede ionic mobility. Thus, any ion
diffusion may be very local and not long-range.

To understand the photochromic effect, we investigated
thin films of YH3−2xOx by low-energy muon spin rotation
(LE-μ+SR). These films are deposited by reactive magnetron
sputtering YHx at various deposition pressures (pdep), and
are then oxidized in ambient air [2]. If pdep < 0.4 Pa, the
resultant film is metallic YH2−δ . Transparent YH3−2xOx films
are achieved when pdep > 0.4 Pa, resulting in increasing
O2− : H− ratio on exposure to air as pdep increases. While
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YH2−δ films are nonphotochromic and metallic, the addition
of oxygen changes the films to transparent, photochromic,
and semiconducting YH3−2xOx. The semiconducting gap is
similar to that in the nonphotochromic YH3 phase. We showed
previously that several properties evolve with the change in
O2− : H− ratio, including the photochromic efficiency [5].

Here, we apply the muon spin rotation technique to
study the electronic and structural properties of YH2−δ and
YH3−2xOx thin films. The muon (μ+) is very sensitive to local
magnetic fields which, in these compounds, are primarily due
to the presence of H− ions which carry large nuclear magnetic
dipole moments. This technique has been used to study ionic
mobility in battery materials [13] and metal hydrides [14], as
well as the excited configurations of H− in an oxyhydride
(BaTiO3−xHx) [15]. To investigate the photochromic effect,
we use in situ μ+SR where the sample is illuminated to induce
the photochromic effect during data collection.

In this paper, we show that YH2−δ and YH3−2xOx are
distinctly different compounds. Local H− mobility and for-
mation of a H-μ spin-entangled complex was observed in
sub-stoichiometric YH∼1.9. In the oxyhydrides, we used a
transition state model [16] to explain the muon behavior.
This model involves a temperature-driven change in the muon
configuration from interstitial Mu0 (octahedral site) to bound
Mu+-O2−. The transition is characterized by a lattice defor-
mation and relaxation around Mu0, and the formation of a
polaron on the Y3+ cation. The associated lattice deformation
had a lower activation energy for H-rich oxyhydrides, and was
further lowered by illumination. This suggests that a reversible
change in the lattice occurs during photochromism, providing
an element for the understanding of the photochromic mecha-
nism in rare-earth metal oxyhydrides.

II. EXPERIMENTAL METHODS

Thin films of yttrium dihydride (YH2−δ) and yttrium oxy-
hydrides (YH3−2xOx) were deposited on 25 × 25 mm quartz
plates (Ted Pella, Inc.) by reactive magnetron sputtering as
described in a previous publication [2]. The deposition pres-
sure was kept constant by a flow of Ar and H2 gases at a ratio
of 7 : 1 Ar/H2. YH2−δ was deposited at a total pressure of
0.3 Pa, while the oxyhydrides were deposited at 0.5, 0.6, and
0.7 Pa. From this point on, they will be referred to as YHO-05,
YHO-06, and YHO-07, respectively. Briefly, the deposition
pressure influences the O2− : H− ratio in the resultant films
after exposure to air, where a higher pressure leads to more
oxidation and a higher O2− : H− ratio [5]. Deposition times
were chosen so that all the films were ∼150 nm thick. The
YH2−δ was capped with a thin layer of Pd (∼12 nm) directly
after deposition to prevent oxidation [17].

The band gap energies and photochromic properties of the
films were measured optically (see Fig. S1 of the Supple-
mental Material (SM) [18]) using a custom-built optical fiber
spectrometer where the light sources were a deuterium and
a quartz tungsten halogen lamp (DH2000-BAL, Ocean Op-
tics B.V.) with a Si array wavelength-dispersive spectrometer
(HR4000, Ocean Optics B.V.). The optical transmission of the
YH3−2xOx films was measured the day of deposition, 5 days
after, and 10 days after to ensure that the air-oxidation process
was complete (see SM [18], Fig. S2). Tauc plots were used

TABLE I. Summary of oxyhydride properties measured by opti-
cal methods. The indirect band gap (Eg) values for samples 10 days
after deposition are shown along with two parameters describing the
photochromic performance (contrast and bleaching rate constant, τB,
at 295 K).

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

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

to determine the indirect band gap energies of the YH3−2xOx

films (Table I and SM [18], Table SI).
The photochromic properties were probed by illuminating

the YH3−2xOx films with a narrow-wavelength LED (λ =
385 nm, I ∼ 75 mW/cm2) for 2 h and measuring the average
transmittance (λ = 450–1000 nm) with respect to time. After
2 h, the LED was turned off and the bleaching process was
measured for several hours. The resultant contrast and bleach-
ing rate constants are shown in Table I. The contrast is the
amount of color change which occurs during illumination, or
the change in transmittance after 2 h compared to the initial
value [2,5]. The return of original transparency after the LED
is turned off is characterized by a bleaching rate constant, τB,
based on first-order kinetics [3,5]. All optical measurements
were taken at room temperature (∼295 K).

Muon spin relaxation (μ+SR) experiments were done with
the low-energy μ+SR spectrometer (LE-μ+SR) at the μE4
beamline [19] of the Swiss Muon Source (Paul Scherrer In-
stitut, Switzerland). Transverse field (TF) and zero field (ZF)
configurations were used, where the applied magnetic field in
the TF had a magnitude of 10 mT. The temperature was varied
between 10–300 K for the TF and 10–260 K (YH3−2xOx) or
10–300 K (YH2−δ) for the ZF experiments. The implantation
profile of the muon beam was simulated for various implan-
tation energies using TrimSP [20,21], and the implantation
energy of 13.5 keV was chosen specifically to probe the center
of the film. For in situ experiments, a bluepoint LED (Hoen-
leGroup, λ = 365 nm) was mounted along the muon beam
direction. YH3−2xOx films were illuminated during the μ+SR
measurements for ∼2 h at T = 50 K and allowed to bleach
back to their original state for several hours.

III. RESULTS

A. Yttrium dihydride, YH2−δ

1. Transverse field

Transverse field (TF) measurements were performed for
the entire set of samples to characterize their electronic prop-
erties and the distribution widths of their local magnetic fields
(�Blocal). In particular, we use this information to characterize
the structure of metallic YH2−δ and the mobility of H−/Mu+

in its lattice. The YH2−δ data were fitted by a Gaussian
cosine [22]:

A(t ) = Adia,TF cos(2πνt + φ)e− 1
2 σ 2

TFt2
, (1)

where Adia,TF is the diamagnetic asymmetry (decay asymme-
try of the muons precessing at the Larmor frequency), ν is the
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FIG. 1. μ+SR spectra for YH2−δ under (a) TF of 10 mT and
(b) ZF conditions. Measurements taken at 10 K and 300 K appear
as blue and orange points, respectively. Solid curves correspond to
best-fit analysis (see text).

Larmor frequency (related to external applied field, Bext), and
σTF is the Gaussian relaxation rate (related to �Blocal). More
specifically, the relationship between ν and Bext is given by

ν = γμBext

2π
, (2)

where γμ is the muon gyromagnetic ratio (γμ/2π =
135.53 MHz/T) [23]. Figure 1(a) shows fitted spectra of the
time evolution of the muon spin polarization at the two ex-
tremes of temperature (10 and 300 K). The frequency of the
oscillations is related to the precession of the muon spin in
the Bext, described by the aforementioned Larmor frequency.
The Adia,TF is obtained from the amplitude of the oscillations,
while the σTF comes from the rate of decay of the cosine.

The electronic properties of our films are deduced from
the asymmetry (Adia,TF) [Fig. 2(a)]. The asymmetry is close
to the maximum values of the LE-μ+SR spectrometer and in-
dependent of temperature, consistent with the fact that YH2−δ

is metallic. In general, implanted muons (Mu+) can interact
with electrons during thermalization to form paramagnetic
muonium (Mu0) [24–26]. This Mu0 is normally considered

FIG. 2. Temperature dependence of the fitted (a) asymmetry and
(b) relaxation rate from TF (B = 10 mT) data of YH2−δ (green,
dashed), YHO-05 (navy), YHO-06 (red), and YHO-07 (yellow).
These were obtained from Eq. (1) for the YH2−δ and Eq. (8) for
all the oxyhydrides. In (a), the asymmetry is converted to the Mu0

fraction based on Adia,max (0.2361 ± 0.0012) by fMu0 = [Adia,max −
Adia,TF(T )]/Adia,max. Dashed and solid curves are guides to the eye.

a “missing fraction” of the asymmetry because its fast preces-
sion and depolarization make it difficult to observe in most
μ+SR experiments [27]; thus, formation of Mu0 results in
a reduced diamagnetic asymmetry. However, in metals, Mu0

formation is prevented due to electron shielding of the positive
muon [23]. In YH2−δ , we determine the maximum asymme-
try attainable in our experiments, Adia,max = 0.2361 ± 0.0012.
This is similar to other studies carried out at the same instru-
ment [20] and acts as a reference point to characterize the
oxyhydrides, discussed later.

The magnitude of σTF (∼0.22 μs−1) at low temperatures
(T < 150 K), shown in Fig. 2(b), is a clear indication that
the local field distribution experienced by the Mu+ is related
to the nuclear dipolar fields of the surrounding nuclei, and
similar values were found in other metal hydrides [14,28]. The
nuclear dipolar fields are primarily the result of neighboring
H− anions with a minor contribution from Y2+ cations. This is
due to the large magnetic moment of hydrogen and negligible
magnetic moment of yttrium in their most abundant isotopes
(1H = 2.79 μN , 89Y = 0.14 μN ). The hydrogen nuclei sur-
rounding the muon have random spin directions, generating
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FIG. 3. The points indicate the hopping rate, �, obtained from
fitting YH2−δ TF data by the Abragam function, Eq. (3). These were
further fitted by an Arrhenius equation (dashed line). The activation
energy derived from this plot reflects the energy barrier for Mu+/H−

hopping in YH2−δ thin films.

a distribution of local magnetic fields with a Gaussian shape.
Each muon sees a slightly different set of randomly oriented
nuclear spins, resulting in the total muon depolarization ob-
served in the experiment. Thus, σTF can be used to study the
behavior of H− in YH2−δ .

At low temperatures (T = 10–150 K), σTF is constant
[Fig. 2(b)], suggesting that the distribution of local magnetic
fields, �Blocal, is static (d�Blocal/dt = 0) with respect to the
muon lifetime (2.2 μs). Above 150 K, σTF decreases with
increasing temperature, a clear sign of the onset of dynamic
behavior known as “motional narrowing.” If the Mu+ or the
nuclear magnetic moments around it start to move, the Blocal

distribution will appear effectively narrower and the relax-
ation rate will decrease as a result. Potentially, both the Mu+

and the surrounding H− ions begin diffusing above 150 K.
Because it is not possible to differentiate between Mu+ and
H− diffusion by μ+SR [29], we assume at this point that both
are mobile.

The Abragam function can help to further characterize the
“motional narrowing” effect in YH2−δ [22,30]:

A(t ) = ATF,dia exp

[
−σ 2

abg

�2
[exp(−�t ) − 1 + �t]

]

× cos(2πνt + φ). (3)

This is a general function describing dynamics which con-
siders a Gaussian relaxation (σabg) with the addition of a
hopping rate (�). When fitting the data, σabg was fixed to the
low-temperature value of σTF from Fig. 2(b) [31,32]. As seen
in Fig. 3, � is nearly zero between 10–150 K, confirming that
no dynamic behavior occurs in this temperature range. Above
150 K, � is nonzero and constantly increasing, indicating the
onset of diffusion since the hopping rates, particularly above
200 K, are larger than σabg ∼ 0.2 MHz [22,30].

The temperature dependency of the hopping rate is fitted
by an Arrhenius equation (dashed line, Fig. 3):

� = �o exp
(
−EA,�

kBT

)
, (4)

where �o is the pre-exponential factor or attempt fre-
quency, EA,� is the activation energy, and kB is the
Boltzmann constant. The EA,� for Mu+/H− diffusion here
is 770 ± 150 K (67 ± 13 meV) with a �o of 5.6 ±
3.0 MHz. The interpretation of this is discussed in
Sec. III A 3.

2. Zero field

The interaction between the muon spin and the sample
environment under zero field (ZF) conditions is different from
what was observed under TF. In the latter case, the applied
Bext is often larger than the strength of the interactions with
the surroundings, so the muon spin simply precesses as Mu+

with a depolarization rate determined by the field distribution
of the surrounding nuclear magnetic dipoles. In the absence
of Bext, the Mu+ can, for example, form a spin-entangled
complex with neighboring nuclei. This is particularly relevant
for systems containing atoms with large nuclear magnetic
moments (such as H− and F−), and has been used to de-
scribe muons in metal hydrides [14] and oxyhydrides [15].
We use the ZF depolarization signal of the complex to fur-
ther analyze the structure of YH2−δ and the mobility of
H−/Mu+.

The static and dynamic Gaussian Kubo-Toyabe (KT)
functions were also considered for analyzing the ZF data,
detailed in the Supplemental Material (see SM [18], Tables
SII–SV). The static-KT analysis was disregarded due to a
lower fit quality. The dynamic-KT analysis leads to a fit
quality comparable to that of the H-μ complex, but with
significantly higher relaxation rates compared to the TF re-
sults, suggesting that this model is not compatible with the
data.

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

A(t ) = FHμ(AHμ, σZF, fHμ) + ANR, (5)

where ANR represents the fraction of nonrelaxing muons
which do not form the H-μ state, and FHμ is an equation
describing a spin-entangled H-μ complex [15,33]:

FHμ = AHμ

[
1
6 + 1

6 cos(2π fHμt ) + 1
3 cos(π fHμt )

+ 1
3 cos(3π fHμt )

]
e− 1

2 σ 2
ZFt2

. (6)

In this equation, AHμ is the asymmetry related to the H-μ com-
plex, σZF is the Gaussian relaxation rate due to surrounding
nuclei, and fHμ is a frequency which depends on the distance
between H− and Mu+ as [15,34]

fHμ = μ0 h̄γμγH

8π2d3
. (7)

Here, γμ and γH are the gyromagnetic ratios of a muon and a
hydrogen atom, and d is the H-μ distance. An H-μ-H complex
is also possible and has been used in highly concentrated
systems [33–35]. However, we dismiss it here because it did
not match the oscillations in our data [Fig. 1(b)], likely due to
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FIG. 4. Summary of parameters fitted from the H-μ equation. The gray separation denotes the static-to-dynamic transition found from TF,
with mobility beginning above 150 K. (a) The ZF asymmetry contributions are compared to the asymmetry found from TF. The sum of the two
ZF contributions (AHμ + ANR) is equivalent to ATF,dia. (b) The fitted frequency (black) and calculated H-μ distance (purple). (c) Comparison
of the Gaussian relaxation rates from TF (green) and ZF (black). (d) Image of the proposed muon stopping site in YH2−δ based on the H-μ
equation fitting (see text).

the structural properties of YH2−δ involving the presence of
anion vacancies, as discussed below.

The asymmetry contributions are plotted in Fig. 4(a). AHμ

accounts for the majority of the total asymmetry and is in-
dependent of temperature. Since we observe this even above
the static-to-dynamic transition temperature of ∼150 K, we
infer that the majority of Mu+ are in the H-μ complex for
the entire temperature range (10–300 K). It is important to
note that the total asymmetry (AHμ + ANR) is equivalent to the
asymmetry found in the TF experiments (ATF), validating the
use of Eq. (5).

The frequency, fHμ, and the corresponding H-μ distance
are plotted in Fig. 4(b). Up to 150 K, the H-μ distance is
constant with a value of 1.71 ± 0.01 Å. From this value, we
propose a muon stopping site [Fig. 4(d)] where Mu+ (the
option Mu− is unlikely for the H-μ complex in YH1.9, as
explained in [36]) is placed next to a H− ion, and adjacent
to an anion vacancy. We choose this site for several reasons.
First, the distance between two anion sites is much larger than
the H-μ distance, so the Mu+ cannot be in a nearest-neighbor
anion position (tetrahedral to tetrahedral ∼2.75 Å, to octahe-

dral ∼2.38 Å). Second, the equation for an entangled H-μ-H
(see, e.g., Ref. [33]) complex did not fit the data, suggesting
that the Mu+ is not surrounded by multiple equidistant H−
ions. Lastly, an anion vacancy in this compound should be
positively charged, slightly repelling the Mu+ and pushing it
toward the neighboring H− ion electrostatically.

Elongation of this H-μ “bond” is observed for
T > 150 K; however, the error bars are very large as the
frequency becomes poorly defined at high temperatures,
visible also in the spectrum in Fig. 1(b). This elongation can
be the result of thermal vibrations [33] or Mu+/H− hopping
[14]. For T ∼ 200 K, thermal vibrations are likely dominant
since the hopping rate from TF was also low. However, for
temperatures above 260 K, the frequency becomes ill defined
due to the gradual “breaking” of the H-μ bond as the two
species move away from each other in favor of mobility.

The Gaussian relaxation rate, σZF, is compared to σTF

in Fig. 4(c), with σZF coming from Eq. (6) and σTF from
Eq. (1). Both relaxation rates are temperature-independent in
the range of 10–150 K, indicating static behavior. The value
of σZF is larger than σTF because in the TF, only the magnetic
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field distribution along the direction of Bext is measured, while
in the ZF case, the muon is sensitive to the field distribution in
all directions [22]. This results in σZF > σTF.

Above 150 K, σTF decreases while σZF increases, both
of which are indicators of Mu+/H− diffusion. The different
temperature trends are a result of the different muon-sample
spin interactions. Under TF conditions, the spin entanglement
between Mu+ and H− is quenched, and the muon is sensitive
to the field distribution of the nuclear magnetic dipoles only.
When the Mu+ or H− begins to move, this field distribution
is “motionally narrowed,” as mentioned before, and the re-
laxation rate decreases. In the ZF, however, the situation is
different because the muon is spin-entangled to a neighboring
H−. Mobility of the Mu+ and H− leads to faster relaxation
of the muon spin in this complex, thus a higher relaxation
rate [33]. This finding confirms that Mu+ and possibly H−, as
discussed below, are mobile above 150–200 K in our YH2−δ

films.

3. Implications for the structure and H− dynamics of YH2−δ

A YH2−δ thin film is used here as a reference to study
the behavior of YH3−2xOx thin films, which are made by air-
oxidation of YH2−δ . Based on the temperature-independent
asymmetries in both TF and ZF, we conclude that no Mu0

formation occurred in the YH2−δ film, in accordance with its
metallic behavior. Although Y-metal hydrides (YHx) span a
wide range of hydrogen concentration (0 � x � 3), only com-
positions where x approaches 3 are insulating, while the rest
are metallic [17,37]. To obtain the x ∼ 3 semiconducting state
would require H2 (g) partial deposition pressures much higher
(pH2 � 10 Pa) than what is used in our deposition procedure
[2,38]. The formation of the dihydride phase requires only
pH2 > 10−29 Pa [38].

Previous work has shown that the solubility of hydrogen in
the dihydride phase ranges between sub-stoichiometric YH1.9

and super-stoichiometric YH2.1 [39]. These extremes can be
distinguished based on their optical properties, where YH1.9

shows an optical transmission window, while YH2.1 is opaque.
Optical measurements show a transmission window (see SM
[18], Fig. S1), suggesting that our film has a composition of
YH∼1.9. In such a compound there will be many anion vacan-
cies due to the partial occupation of tetrahedral interstitial sites
by H−. These structural characteristics lead to the assignment
of the muon site in Fig. 4(d), explained in Sec. III A 2. DFT
calculations could be helpful in order to examine in detail
the muon site and energetics of muon binding in the H-μ
complex in the sub-stoichiometric YH1.9 phase, but are also
challenging in view of disorder that may be present in the H−
anion sublattice.

We observe dynamic behavior in YH∼1.9 above 150 K,
which we attribute to Mu+ and H− mobility. The activation
energy EA,� we derived for this mobility (67 ± 13 meV)
is much lower than the values obtained in other metal hy-
drides (e.g., TiH2±δ and YH2±δ) for long-range H− motion
(∼400–500 meV) [28,40–43]. It can instead be related to local
anion reorganization. Particularly, Kossler et al. [28] found
two “motional narrowing” steps in YH2.00, with the first re-
lating to anion reorganization (H− moving from tetrahedral
to octahedral sites) and the second relating to long-range

H− diffusion. Additionally, a similar onset temperature was
reported in YH2.1 where, at 155 K, the resistivity changed
due to the reorganization of H− anions in the octahedral sites,
many of which are vacant [44]. Therefore, it is likely that in
this YH∼1.9 thin film there is also a local rearrangement of H−
and vacancies above ∼150 K.

The activation energy EA,� obtained here is likely influ-
enced by the simultaneous diffusion of Mu+ throughout the
material. Mu+ diffusion was reported in several other fcc
metals with comparable activation energies [31]. Not only is
it impossible to distinguish between Mu+ and H− by μ+SR
[14,29], but the Mu+ is lighter in mass than H−, so it expect-
edly will move faster than the H− which may result in a lower
EA,� . Initial μ−SR measurements have been performed for
MgH2 to decouple Mu+/H− motion and to understand how
they contribute to the overall mobility observed in μ±SR ex-
periments [29,45]. Therefore, we conclude that above 150 K,
Mu+ diffusion and H− anion reorganization contribute to the
overall mobility in YH∼1.9 thin films.

B. Yttrium oxyhydride, YH3−2xOx

1. Transverse field

Yttrium oxyhydrides require a different analysis of the
μ+SR data. This is due to the presence of both H− and O2−
in the compound, where both ions can influence the muon
behavior. In addition to various μ+-H− interactions, the muon
can bond to O2− as μ+-O2−, seen in many oxides [16,46,47].
Further, we must consider that the addition of oxygen leads
to the appearance of semiconducting properties. Thus, we
follow a different type of analysis for YH3−2xOx (compared
to YH2−δ), acknowledging these aspects.

Unlike YH2−δ [Eq. (1)], the TF data for the YH3−2xOx thin
films (see SM [18], Fig. S3) were fitted by an exponentially
damped cosine:

A(t ) = Adia,TF cos(2πνt + φ)e−λTFt , (8)

where Adia,TF is the diamagnetic asymmetry, ν is the Larmor
frequency, and λTF is the exponential relaxation rate. In gen-
eral, a Lorentzian Blocal distribution is used to describe a dilute
distribution of magnetic moments [22,48] or rapidly fluctuat-
ing magnetic fields, either due to fast muon diffusion or due
to fast fluctuating magnetic moments [32,49]. In our case, the
Lorentzian Blocal distribution is likely due to the presence of
quickly fluctuating magnetic moments near the muon because
the H− content in YH3−2xOx is too high (O2− : H− ∼ 0.5) to
be considered a dilute magnetic system [4].

The Adia,TF values of the YH3−2xOx films follow a very
different trend compared to YH2−δ [Fig. 2(a)]. While the
asymmetry in YH2−δ is high and temperature-independent,
the asymmetries of the YH3−2xOx films are reduced and con-
stantly increasing with temperature. In general, we find values
smaller than Adia,max due to Mu0 formation, which is very
common in semiconductors and insulators [23–26]. As stated
previously, Mu0 is difficult to measure under our experimental
conditions and appears rather as a “missing fraction” of the
diamagnetic asymmetry. We observe that for more insulat-
ing thin films (higher pdep), the amount of Mu0 increases,
indicating a relationship between the O2− : H− ratio and the
electronic properties of the material. For example, YHO-07

224106-6



STRUCTURAL PROPERTIES AND ANION DYNAMICS OF … PHYSICAL REVIEW B 103, 224106 (2021)

TABLE II. Summary of the Eg energies (from optical measurements), Mu0 fractions ( fMu0 ), and activation energies (EA) (from μ+SR)
for YH2−δ and YH3−2xOx . Mu0 fractions are from TF measurements and based on Adia,max. The EA,� is related to Mu+/H− diffusion, found
only in metallic YH2−δ . The other activation energies are related to the muon transition state model used to describe the muon behavior in the
semiconducting oxyhydrides (see text).

Name pdep (Pa) Eg (eV) fMu0 (10 K) (%) fMu0 (300 K) (%) EA,� (meV) EA,dia (meV) EA,λ (meV)

YH2−δ 0.4 0 0 67 ± 13
YHO-05 0.5 2.50 ± 0.05 28 17 29 ± 2 17 ± 1
YHO-06 0.6 2.55 ± 0.04 27 20 39 ± 1 12 ± 1
YHO-07 0.7 2.58 ± 0.03 30 23 45 ± 2 16 ± 1

(which has the largest band gap of 2.58 ± 0.04 eV and highest
O2− content [4,5]) showed the largest Mu0 fraction (Table II).

Interestingly, the YH3−2xOx asymmetries show a tempera-
ture dependence, increasing over a broad temperature range.
We conclude that this is due to a gradual recovery of the
diamagnetic muon state (Mu+ or Mu−). Such recovery may
occur due to Mu0 ionization or charge carrier capture. First,
thermally driven Mu0 ionization typically occurs in a narrow
temperature range [24,50–52], which is not the case here.
Next, Mu0 formation and capture of thermally excited charge
carriers has also been observed in lowly doped semiconduc-
tors where Mu0 forms a defect level close to the valence
or conduction band [52,53]. However, although our samples
likely have low carrier densities (based on their high resistivity
[6–8,54]), this process should again occur in a narrow tem-
perature range (related to the defect level) and not gradually
between 10–300 K. Instead, we propose that Mu0 is not the
lowest energy configuration of the muon, and that it undergoes
a site change through a transition state, eventually forming
Mu+ [16,55].

Such a transition state model has been proposed for several
different oxides (TiO2 [56], ZrO2 [57], Nb:SnO2 [58], and
Lu2O3 [55]), and a schematic representation of this model
is shown in Fig. 5. A detailed explanation can be found in
Ref. [16]. During thermalization, implanted muons may form
Mu0 and come to rest at an interstitial site. However, the
presence of this Mu0 may cause a lattice distortion. As the
lattice relaxes, Mu0 may move to a bound state with a nearby
O2− anion, via a “transition state”. The relaxation of the lattice
and coupled movement of Mu0 are related to an activation
energy, referred to here as EA,dia.

In the bound state, the electron density of the Mu0 shifts
to a neighboring cation to form a polaron at the metal cation.
The formation of this polaron is associated with an additional
activation energy (EA,λ), sometimes called the muon-electron
binding energy [16,57]. In general, EA,λ is lower than EA,dia

[16,57]. In this way, although the muon initially forms in-

FIG. 5. Schematic image showing the transition state model and
the associated activation energies where the muon makes a site
change and forms a polaron on the nearest cation. Inspired by
Ref. [16].

terstitial Mu0, as the temperature increases, more muons can
surmount these energy barriers in favor of the final Mu+-O2−
state.

The activation energy EA,dia can be determined based on
the fitting of the increasing Mu+ fraction [Fig. 6(a)] by a

FIG. 6. Boltzmann fitting results of (a) the Mu+ fraction and
(b) the λTF for three YH3−2xOx thin films [YHO-05 (navy), YHO-06
(red), YHO-07 (yellow)]. The Mu+ fraction is calculated from the
TF asymmetry in Fig. 2 by fMu+ = 100 − fMu0 . The relaxation rate,
λTF, is normalized to the value at 10 K. Equations (9) and (10) are
used to obtain the energy barriers (a) EA,dia and (b) EA,λ, respectively.
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FIG. 7. Schematic representation of yttrium dihydride (YH2),
two oxyhydrides (YH3−2xOx), and yttrium oxide (Y2O3), highlight-
ing their structural differences. In this anion-disordered model,
partial occupancy of interstitial sites is denoted by multicolored
circles: Y+2/+3 (black), H− (blue), O2− (red), and vacancies (white).
As the pdep increases, more oxidized compounds are formed, where
YHO-05, YHO-06, and YHO-07 likely fall in the photochromic
range between YH2O0.5 and YHO. More detailed explanations can
be found in Refs. [4,5,60].

Boltzmann-like equation [59]:

fMu+ (T ) = f0 + (100 − f0)Ne−EA,dia/kBT

1 + Ne−EA,dia/kBT
, (9)

where f0 is the initial Mu+ fraction at 10 K, N is a density of
states parameter (fixed at 1.7), kB is the Boltzmann constant,
and EA,dia is the activation energy for converting interstitial
Mu0 to the bound state (Table II).

In general, the values for EA,dia are lower than what has
been reported previously in oxides (∼120–260 meV) [16,57].
However, our samples are different from previous work be-
cause they are not pure oxides, but contain a significant
amount of H− and anion vacancies [4,5]. Values outside this
range have also been reported, for example, for CIGS and
CZTS thin films which had EA,dia barriers of 50–70 meV and
100–160 meV, respectively [59]. This could be the result of
the nature of the anions (Se or S, respectively), the amount of
defects, or other aspects. Differences may also be attributed
to structural properties; the EA,dia values obtained for some
monoclinic oxides were consistently larger than those for
cubic oxides [57]. Hence, we conclude that EA,dia depends on
the local lattice structure of the material.

Indeed, our values for EA,dia depend on the O2− : H− ra-
tio, being higher as the films become more O-rich (higher
pdep), which is likely due to structural differences between the
oxyhydrides. For example, the O2− : H− ratio determines the
quantity and distribution of vacancies in the interstitial sublat-
tice (Fig. 7). Cornelius et al. [4] proposed an anion-disordered
model to describe the anion occupancy in REH3−2xOx thin
films, where tetrahedral sites (T) are occupied preferentially
by O2− [60]. Since addition of O2− leads to removal of two
H−, one from an octahedral (Oc) and one from a T site, more
O-rich thin films have more Oc (and eventually T) vacancies.
Interstitial Mu0 likely stops in an Oc vacancy, since this may
be the only available site in the films measured here [5]. Thus,
the availability of vacancies and their quantity may affect the
stability of the interstitial Mu0 state.

In some RE oxides (Y2O3 [61] and Lu2O3 [55,62]), the
Mu0 state was described as the lowest energy configuration,
opposite from our finding. These oxides are typically char-
acterized by anion vacancies. This suggests that not only the
quantity, but the type of available vacancy is important for
the muon behavior. Vacant T and Oc sites differ, with Oc
sites being larger and 6-fold coordinated [60]. Thus, the Mu0

state may be stabilized in compounds with many Oc vacancies
such as YHO-07, and further stabilized in the presence of
additional T vacancies, as in Y2O3.

Another reason for the instability of the Mu0 state in oxy-
hydrides may be the “flexibility” or deformability of their
lattices. While our compounds have a face-centered cubic
crystal structure, Y2O3 has a bixbyite structure, which is a
distorted fcc lattice [4]. This distorted lattice may be resistant
to relaxation around a foreign species like Mu0. Note also
that H− is a very polarizable ion [1] which can be mobile in
hydrides (see above) and oxyhydrides [6]. Thus, more H-rich
oxyhydrides may need less energy for lattice relaxation since
this process is related to local atom displacements [16], and
O2− can be considered a hard-shell ion while H− is polariz-
able.

From the temperature dependence of λTF [Fig. 2(b)],
an activation energy can be determined based on another
Boltzmann-like equation [Fig. 6(b)]:

λTF(T ) = 1

1 + Ne−EA,λ/kBT
, (10)

where the empirical parameter N relates to the shape of the
binding potential (fixed to 1.7), kB is the Boltzmann constant,
and EA,λ is the muon-electron binding energy (Table II). The
magnitude of EA,λ is similar to what has been found for other
compounds (5–15 meV) [57] and appears to be independent
of the O2− : H− ratio.

EA,λ describes the shift of the Mu0 electron density toward
the nearest metal cation, reducing its oxidation state (Y3+ →
Y2+) and forming a polaron [16,57]. At low temperatures,
the electron is close to the Mu+ in the bound state, resulting
in a larger relaxation rate. But as the temperature increases,
the electron gradually moves closer to the cation, reducing
the hyperfine interactions between Mu+ and the polaronic
electron, and leading to a lower relaxation rate. The Mu0

electron density in Y2O3, for example, was described as being
centered on the cation by DFT [61]. As well, yttrium can be
stable in a divalent oxidation state (able to form compounds
such as YH2−δ) and has a relatively small reduction potential
[E0(Y3+/Y2+) = −2.81 V] [63]. Such cation reduction has
also been seen in ZrO2 [57] and TiO2 [56] where the oxidation
state of Ti, for example, was reduced from 4+ to 3+ upon
formation of a polaron and transition to the bound Mu+-O2−
configuration. In this way, the transition state model explains
the temperature-dependent trends of both the Mu+ fraction
(Adia,TF) and λTF.

2. Zero field

As we showed in previous sections on YH2−δ , ZF mea-
surements can be used to both probe different muon-sample
interactions compared to the TF, and to give further evidence
for ideas derived from TF results. Similarly, for the oxyhy-
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drides, we use the ZF results to comment on the behavior of
H− (to which the TF was insensitive), and to support the tran-
sition state model we proposed based on the TF temperature
trends.

In the YH2−δ sample, the ZF data were considered in terms
of H-μ complex formation and local mobility of H− ions.
A similar H-μ complex was found in a metallic oxyhydride
(BaTiO3−xHx) [15], showing that such a complex can form
despite the presence of O2− and regardless of the (large)
O2− : H− ratio. However, in our YH3−2xOx films, this is not
the case. The muon behavior more closely resembles the tran-
sition state model and the H-μ equation did not fit the data
well (see SM [18], Fig. S3), possibly due to the amount of
defects and anion disorder present in our samples, as well as
Mu0 formation. Though a small fraction of muons may have
formed this complex, other interactions between the muon
and sample environment are more relevant. Thus, a different
treatment of the data follows for the YH3−2xOx films.

The ZF data for the YH3−2xOx films was fitted by a
phenomenological description of the static Gaussian Kubo-
Toyabe (KT) equation:

A(t ) = AKT
(

1
3 + 2

3 [1 − (�ZFt )2]e− 1
2 (�ZFt )2)

e−λZFt + ANR,

(11)

where AKT is the asymmetry related to the Kubo-Toyabe
function, �ZF is the Gaussian relaxation rate, λZF is the ex-
ponential relaxation rate, and ANR is related to the fraction
of nonrelaxing muons. Without the exp(−λZFt ) term, the
static Gaussian KT function describes a muon surrounded by
static nuclear spins which generate an isotropic Blocal distri-
bution with a Gaussian shape [22]. However, if there are also
rapidly fluctuating interactions of the muon with surrounding
electrons, adding the exponential term significantly improves
the fits by including the different contributions to the muon
spin depolarization [13,45,48]. This is especially important
when dealing with the combined contributions of nuclei and
electrons which normally result in relaxation rates of very
different magnitudes [13,32,45]. We note that longitudinal
field (LF) measurements are also useful for discriminating
between different phenomena, and are open for future study.

Figure 8(a) shows the asymmetry contributions from
Eq. (11) compared to the TF asymmetry from Eq. (8). The
sum of the ZF asymmetry components (AKT + ANR) is equiv-
alent to ATF. Further, the phenomenological KT equation
represents the majority of the data, with a small contribution
from the nonrelaxing muon fraction. Overall, the asymmetry
values support the use of the chosen fitting equation. How-
ever, AKT accounts for the asymmetry of both Gaussian and
exponential contributions simultaneously and cannot be used
to distinguish them.

More detailed information about the muon environment
can be obtained from the relaxation rates shown in Fig. 8(b).
The Gaussian relaxation rate can be related to nearby nuclei
(mainly H−). The magnitude of �ZF (∼0.2 μs−1) is almost
equivalent to the σZF found in YH2−δ [Fig. 4(c)] for static
H−, in line with the fact that the films we measured are
oxyhydrides (or oxygenated YHx) with a significant quan-
tity of H− rather than the oxide (Y2O3). Further, the largely
temperature-independent trend of �ZF suggests that H− is

FIG. 8. A summary of the fitting parameters obtained from the
analysis of the ZF YH3−2xOx data with Eq. (11). (a) The asymmetry
contributions from the ZF (AKT + ANR) are compared to the TF
values. The sum of the two ZF components is equivalent to the TF
value. (b) The two relaxation rates contributing to the total muon
depolarization, where λZF is related to quickly fluctuating electron
moments, while �ZF is related to nuclear moments, mostly H−. Lines
are guides to the eye.

static within the muon lifetime (2.2 μs) for all three mea-
sured oxyhydrides. It is possible that H− mobility in these
compounds is hindered by the presence of O2− ions, anion
disorder, and other effects. Thus, the onset temperature for
diffusion may be above 300 K. In general, H− conductivity in
oxyhydrides has been reported for temperatures in the range of
400–600 K [6,64]. Further, some rare-earth metal oxyhydrides
are predicted to form anion-disordered compounds, reducing
the ionic mobility [7].

The exponential relaxation rate, on the other hand, can be
related to electron moments and serves as further evidence
in favor of the transition state model. We showed that in
YH2−δ , relaxation rates related to nuclei with large magnetic
moments (specifically H−) are in the range of ∼0.22 μs−1.
Thus, the magnitude of λZF (∼0.5 μs−1) cannot be explained
by considering nuclei in proximity to Mu+. Rather, λZF has
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to be the result of electrons near Mu+, since only such in-
teractions between Mu+ and electronic moments can lead
to larger depolarization rates compared to interaction with
nuclear moments [13,32,45]. This is relevant to the transition
state model where in the final configuration, Mu+ is sensitive
to the magnetic moment of the neighboring polaronic electron
and the Mu+-polaron distance increases with temperature,
leading to a gradual reduction of the exponential relaxation
rate, λZF.

C. In situ illumination

Rare-earth metal oxyhydride thin films exhibit a pho-
tochromic effect [8], the origin of which is not yet clear. We
performed in situ μ+SR experiments to see if the muon be-
havior is affected by optical illumination. This muon behavior
is discussed in terms of the transition state model proposed in
Sec. III B 1, where samples measured “in the dark” exhibit a
gradual, thermally driven Mu+ recovery.

Oxyhydride samples were illuminated and their pho-
tochromic response is shown in Fig. 9(a). A transmission
spectrum is collected every 15 s from which the average
transmittance (λ = 450–1000 nm) is calculated with respect
to time. The relative contrast is plotted to normalize for the
initial transmittance of the samples which differ slightly. The
samples were illuminated for 2 h by a 385 nm LED (gray area
in figure), during which the samples became opaque. After il-
lumination, the original transparent state was recovered within
2 h. The amount of color change which occurred is called the
contrast and the time with which the samples return to their
transparent state is called the bleaching time, τB (Table I). The
calculations for these quantities are discussed in Refs. [2,3,5].
Higher pdep samples had the lowest photochromic contrast but
the fastest τB, observed also in our detailed studies of the pdep

dependence of the photochromic effect in various REH3−2xOx

[5].
Twin samples (deposited alongside those described above)

were measured by μ+SR using in situ illumination from a
365 nm LED. Only TF measurements were performed and
were fitted by Eq. (8), where two parameters are considered
for this discussion: λTF and ATF,dia. While λTF was con-
stant during the measurement (see SM [18], Fig. S4), ATF,dia

showed a clear difference upon illumination [Fig. 9(b)]. As
well, it shows a pdep dependence, with the largest change
in the asymmetry for YHO-05, which also had the greatest
photochromic contrast.

After many hours of bleaching (and a heating program
described in the Supplemental Material), the samples returned
to their initial value of ATF,dia (Fig. 9(b) and see SM [18],
Fig. S5). The difference in kinetics is likely due to the lower
experimental temperature, which generally results in slower
bleaching rates [10,65,66]. Nevertheless, these observations
clearly establish a relation between the optical and muon
behavior under illumination, showing both reversible and
pdep-dependent changes.

An increased asymmetry during illumination suggests a
larger diamagnetic (Mu+ or Mu−) and a smaller paramag-
netic (Mu0) fraction. This can happen for several reasons
[Fig. 10(a)]. In general, we consider three muon populations
in the oxyhydrides [16]: (1) diamagnetic Mu+ which form the

FIG. 9. (a) The relative optical contrast with time for the
YH3−2xOx films under illumination of a 385 nm LED for 2 h at
room temperature. The gray area indicates when the LED was on
and inducing photodarkening. (b) TF asymmetry (ATF,dia) from in situ
illumination by a 365 nm LED for ∼2 h at 50 K. Between the last
two points in every line, the temperature was increased incrementally
to 300 K and then back down to 50 K to promote complete thermal
bleaching (see SM [18], Fig. S5).

bound state promptly, (2) muons which start as Mu0, but form
the bound state (Mu+) via a transition state (delayed by lattice
relaxation), and (3) interstitial Mu0 which account for the
“missing fraction” of the asymmetry. The latter two may be
converted to a diamagnetic state by photoinduced ionization
[67,68]. The incident light energy was larger than the band
gap, Eg, thus, sufficient to ionize in-gap states created by Mu0

[61]. However, this is an unlikely mechanism because we
expect the recovery of the Mu0 state after light is ceased to be
faster than what is shown in our results. Here the asymmetry
remained elevated for several hours. So, this process cannot
be treated as the main reason for the ATF,dia increase upon
illumination.

Generally, we assume that light exposure results in charge
carrier generation. Since the energy of the photodarkening
LED must be larger than Eg to induce photochromism, the first
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FIG. 10. (a) Reactions showing the possible routes Mu0 may take
to form a diamagnetic species (Mu+ or Mu−) under illumination.
Reverse arrows indicate the return to the original Mu0 state once
illumination is stopped. (b) Schematic representation of EA,dia, an
energy barrier involved in the transition state model. EA,dia decreased
for more H-rich samples, and further decreased by in situ illumina-
tion. λTF, and thus EA,λ, was unaffected by illumination (see SM [18],
Fig. S4). Image inspired by Ref. [16].

step in the mechanism is the formation of electron-hole pairs.
Carrier generation can lead to a decrease of the initial Mu0

population after thermalization and a lower Mu0 formation
probability due to electron shielding. However, this would
typically require a very high carrier density (>1018 cm−3)
[24,69] which is likely not attained here under illumination
[6–8,54].

Photogenerated carriers can also be captured by Mu0 to
form diamagnetic Mu+ or Mu− [Fig. 10(a)]. However, there
must again be a sufficient number of charge carriers available
(>1017 cm−3) [24,69] such that Mu0 formation and charge
carrier capture occur very rapidly (within nanoseconds) and
result in a larger diamagnetic fraction. Further, the relaxation
of ATF,dia back to its original value is slower than expected for
charge carrier recombination [70], suggesting that this is not
the reason for the observed reversible increase in ATF,dia.

In fact, the photochromic mechanism likely consists
of many more reaction steps following photogeneration
of carriers. For example, in Cu-doped Ag-halide glasses,
electron-hole pair generation is followed by trapping, with

h+ oxidizing copper (Cu+ → Cu2+) and e− reducing silver
(Ag+ → Ag0), eventually forming light-absorbing Ag0 clus-
ters [9,10]. Trapping of the carriers leads to a prolonged
darkened state and a bleaching process which is not instan-
taneous. Therefore, the aforementioned processes [shown in
Fig. 10(a)] are not the main contributors to the increased
ATF,dia. Rather, the photogenerated carriers may be trapped at
a defect, ion, or atom and the formation of a light-absorbing
species affects the muon behavior.

Similarly to the case of Cu-doped Ag-halide glasses,
a number of papers attribute the photochromic effect in
REH3−2xOx thin films to the formation of metallic clusters
(discussed more in Sec. IV A) due to the increased electronic
conductivity and decreased optical transparency of the dark-
ened state [8]. If metallic (n > 1021 cm−3) clusters are formed
and are large enough (�1 nm) to create sufficient static shield-
ing of the implanted muon (Mu+), this can prevent some Mu0

formation, resulting in a higher diamagnetic fraction upon
illumination. The increases we see in ATF,dia [Fig. 9(b)] from
the transparent (t = 0 h) to the photodarkened state (t ∼ 2 h)
(YHO-05: ∼8%, YHO-06: ∼5%, YHO-07: ∼3%) would im-
ply that the volume fraction of a metallic phase decreases with
increasing O2− content, consistent with the observed decrease
in photochromic contrast [Fig. 9(a)].

However, a volume fraction of ∼6% of formed metallic
clusters (from Ref. [71]) is hard to reconcile with the large
reduction in the Mu0 fraction observed between the trans-
parent and photodarkened states. This volume fraction would
only account for ∼30%–40% of the observed reduction in
Mu0 fraction. Further, the temperature-dependent recovery of
ATF,dia (see SM [18], Fig. S5) is difficult to explain simply
by metallic phase formation as we expect similar recovery
temperatures for all three films, which did not happen. The
most notable difference is between YHO-05 and YHO-07
which return to their original ATF,dia at ∼260 K and ∼100 K,
respectively [see SM [18], Figs. S5(a)–S5(c)], showing that
the light-induced changes in asymmetry are not a pure vol-
ume fraction effect. Instead, it appears that each YH3−2xOx

follows a different energy barrier height for bleaching to the
transparent state.

Thus, although metallic cluster formation may be partially
responsible for the increased ATF,dia, we propose that the main
phenomenon driving this reversible behavior is related to the
transition state model (Sec. III B 1). Within this model, ATF,dia

depends on the energy barrier EA,dia, which is associated with
the local lattice structure and the activation energy of lattice
relaxation. An increase in ATF,dia suggests a decrease in EA,dia

during illumination, leading to a higher formation probability
of the bound Mu+-O2− state as more muons can surmount
this lower energy barrier [Fig. 10(b)]. This can happen as a
result of a local lattice change which facilitates the Mu0 site
change or causes the interstitial Mu0 state to become less
stable. Interestingly, the reversible increase in ATF,dia shows
the same trend as a function of pdep as the photochromic
contrast and EA,dia, supporting the connection between the
transition state model, photochromism, and the importance of
structural properties in the photochromic effect.

Along these lines, we conclude that a reversible change
in the interstitial sublattice occurs during illumination, after
which, some light-absorbing species is formed (e.g., metal-
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lic clusters). The lattice change depends on factors such as
the O2− : H− ratio, amount and distribution of anion vacan-
cies, ease of lattice distortion, and other structural properties.
Eventually, oxyhydrides with lower H− content (and lower
photochromic contrast) may have smaller volume fractions of
these metallic phases. Although this conclusion is possible,
other theories are discussed below to suggest alternative steps
after the light-induced local lattice changes (e.g., local lattice
relaxations, octahedral site occupancy changes).

IV. DISCUSSION: IMPLICATIONS FOR THE
PHOTOCHROMIC EFFECT

When exposed to UV light, photochromic YH3−2xOx thin
films exhibit a reversible and pdep-dependent optical response.
Remarkably, we observe a correlated (reversible) increase in
the diamagnetic asymmetry of the muon during illumination.
This suggests that the energy barrier for lattice relaxation,
EA,dia, is lowered by exposure to UV light, shown schemati-
cally in Fig. 10(b). To understand this change in EA,dia in terms
of the structural properties of YH3−2xOx, we will discuss the
various mechanisms proposed for the photochromic effect.

The first step of the photochromic mechanism in
REH3−2xOx is the formation of electron-hole pairs since the
energy of the incident light must be larger than the Eg to
induce photodarkening. The subsequent steps and the identity
of the light-absorbing species are debated. Several ideas have
been proposed and are summarized below, discussed in the
context of our μ+SR results.

A. Formation of metallic centers by O2− or H− diffusion

In analogy to Cu-doped Ag-halide glasses [9,10,12,65],
several reports have suggested that the photochromic effect in
REH3−2xOx is due to metallic cluster formation. Ellipsometry
studies on YH3−2xOx thin films, for example, suggested the
formation of metallic clusters (volume fraction ∼6%) in a
semiconducting matrix, stating that even 2% of such clusters
would result in a decrease in transparency of ∼30% [71,72].
We explained also in Sec. III C that metallic cluster formation
(which follows from changes in the interstitial sublattice) may
explain up to ∼30% of our observed changes in ATF,dia.

However, Baba et al. [73] proposed that such metallic
phases are formed due to O2− diffusion, causing a reversible
lattice contraction and formation of a highly oxidized thin-
film surface. Such O2− diffusion is hard to reconcile with the
results of our study. We observed photochromism at temper-
atures as low as 50 K, where O2− ions are usually immobile,
even in O2− conducting oxides [74]. Also, mobility in oxyhy-
drides is generally seen to involve only H−, with O2− being
regarded as stationary [6,7,64,75,76]. Likewise, we find that
O2− behaves as a hard-shell atom, compared to the polarizable
H− ion, making O2− diffusion difficult.

Alternatively, metallic centers can be formed by H−, rather
than O2−, mobility. H− has been reported as mobile in metals
[77], hydrides (see above), and oxyhydrides [6,64]. As well,
an NMR study showed that a fraction of mobile H− disappear
or become stationary upon illumination [11].

We note that, prior to illumination, we did not observe
H− mobility in the oxyhydrides [Fig. 2(b), trend of λTF(T )],

contrary to this room temperature NMR study [11]. However,
this apparent discrepancy may be due to the timescale of a
μ+SR experiment, since mobility should occur within the
muon lifetime (2.2 μs), while NMR is sensitive to slower
dynamics. So, H− mobility in these materials may be slow
with respect to the muon lifetime, making μ+SR insensitive
to this under our experimental conditions. Slow H− dynamics
could potentially explain the prolonged darkened state and
bleaching kinetics [2,3,5], where H− diffusion may act as
the rate-limiting step for the formation/dissolution of metallic
domains.

Alternatively, a DFT study predicted a mobility bottle-
neck for REH3−2xOx containing certain cations [7], with our
photochromic materials falling in the ion-insulating regime
[2,3,5]. This implies that long-range H− diffusion could be
hampered in our photochromic materials, and may be un-
related to the underlying mechanism. Short-range mobility,
though, may still play a role.

B. Hydroxide formation

Another possibility is the formation of hydroxides
(H+-O2−) upon illumination, as observed in mayenite
(12CaO3 · 7Al2O3) [78–81]. In this oxide, UV light exposure
causes a reaction where H− ions are converted into hydroxides
and release electrons, improving the conductivity and the opti-
cal absorption of the originally insulating oxide. This reaction
is reversible and influenced by temperature.

As it appears to match some of our observations, the for-
mation of a hydroxide species in our materials seems worthy
of future investigation (e.g., IR spectroscopy). The proposed
hydroxide may be analogous to the bound Mu+-O2− configu-
ration, where Mu+ mimics H+. This suggests that hydroxide
formation may be possible in our materials, assuming the
muon behaves similarly to hydrogen which is not always the
case [57].

However, a recent DFT study reported that, at room tem-
perature, the hydroxide is unstable in YHxOy and tends to
dissociate quickly, prompting the authors to exclude this
mechanism [82]. More detailed studies of this reaction could
be useful for determining the stability of the hydroxide species
and its role in photochromism. In particular, the initial charge
state of hydrogen can be important since, in our transition state
model, Mu0 is an analog of atomic hydrogen, H0, not H−. It
is possible that during illumination H0 is formed at the Oc
(octahedral) sites of YH3−2xOx and acts as a mobile fraction,
able to form a hydroxide. Such details may be investigated by
NMR.

C. Color centers

The most important structural characteristics of our oxy-
hydrides are the vacancy concentration, vacancy type, and
possibly the deformability of the lattice. In general, we expect
that the presence of fewer Oc vacancies (as occurs in more
H-rich YH3−2xOx) and a more deformable lattice lead to the
lowering of EA,dia by either lowering the stability of the inter-
stitial Mu0 state or allowing for easier lattice relaxation. Since
this energy barrier decreases further during illumination, some
of these structural properties changed, such as the number
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of available Oc vacancies. This raises the question, what is
occupying these vacancies during illumination?

One explanation is that color centers have formed. These
were reported in other photochromic materials [9,83] and
rare-earth compounds are known to form color centers in
some situations [66,84]. The most basic types are known as
F centers, where one electron is captured in a cation vacancy
(F+) or two electrons are trapped in an anion vacancy (F−)
[9,84].

The presence of a paramagnetic electron (F+) could lead to
very fast depolarization of a nearby muon due to its hyperfine
coupling with the muon. This would result in a higher λdia,TF

upon illumination, contrary to our observations. Therefore,
it is unlikely that an F+-type center is responsible for the
photochromic effect here.

However, the capture of two electrons by an Oc vacancy
(F−) might not impact the muon depolarization rate because
these electrons would be paired. Also, there would be fewer
Oc vacancies available, which seems to promote the Mu+-O2−
configuration by lowering EA,dia and increasing Adia,TF. Al-
though this appears to agree with our in situ μ+SR results, a
Y3+(F−) center absorbs specific wavelengths [84], and may
not necessarily lead to the broad absorption range seen in
REH3−2xOx.

It should be noted that many other types of color centers
are possible, and future electron paramagnetic resonance mea-
surements may help to elucidate this.

D. Dihydrogen formation

A recent computational paper suggested that the pho-
tochromic mechanism involves formation and dissolution of
a “dihydrogen species,” similar to a hydrogen molecule, H2

[82]. This molecule forms between two adjacent H− ions
in an octahedral vacancy and creates a shallow donor level
close to the conduction band edge. The activation energy for
formation, and especially for dissolution, appears to be related
to the O2− : H− ratio. The authors [82] show that dissocia-
tion of the molecule has the lowest energy barrier in O-rich
compounds, which may explain the faster bleaching kinetics
which they also observe. This theory is interesting because
it does not require long-range structural rearrangements, with
“dihydrogen” formation on a very local scale.

The formation of a “dihydrogen species” in the Oc sites
of the lattice could potentially impact the muon behavior. The
stability of interstitial Mu0 in an Oc site could change due
to the formation of a new molecule in the same octahedron,
although the concentration of this dihydrogen species needs
to be very large to have a noticeable optical effect. We note
that the formation of a hydrogen muonium molecule (as an
analog of H2) by binding of the interstitial Mu0 to hydrogen
is not expected, in view of its large thermodynamic instability
compared to the formation of a H2 molecule [85].

However, it is important to note that Chai et al. [82] con-
sider a defect concentration of O2− in what is essentially a
YH3 lattice. In their DFT calculations, the highest O : Y ratio
is 0.25. This is significantly lower than the lower boundary
we expect for our photochromic thin films (O : Y = 0.5–1.0)
[4,5,60]. We believe that the formation of H2 upon illumi-
nation requires a more in-depth experimental analysis (e.g.,
Raman spectroscopy).

V. CONCLUSION

Photochromic rare-earth metal oxyhydrides darken re-
versibly over a broad range of wavelengths when exposed
to UV light. Based on μ+SR data, and the electronic and
structural properties of our materials, we proposed models
to describe the muon behavior in YH3−2xOx thin films with
different O2− : H− ratio, compared to metallic YH2−δ , which
serves as a reference compound.

Briefly, YH2−δ shows a H-μ complex, which competes
with the onset of Mu+/H− mobility above 150 K. The oxy-
hydrides, though, are better described by a transition state
model, where a transition between interstitial Mu0 and bound
Mu+-O2− occurs, dependent on the activation energy for lat-
tice relaxation, EA,dia. This barrier decreases with reduced
O2− : H− ratio, and is influenced by structural factors such
as the concentration and types of available anion vacancies,
and the deformability of the lattice. We also observed polaron
formation at the Y cation together with the formation of the
bound state.

Upon illumination of the YH3−2xOx thin films, we observe
reversible changes in the diamagnetic asymmetry of the muon
related to the transition state model and correlated to the
photodarkening. Assuming the muon mimics hydrogen, one
option to explain these changes is the formation of a hydroxide
during photodarkening, possibly from H0, although a previous
DFT study suggested that the hydroxide is unstable at room
temperature. Another option is that changes occur in the inter-
stitial sublattice during illumination which lower the energy
barrier for muon site changes, thereby increasing the diamag-
netic muon fraction. Particularly, there may be fewer available
octahedral vacancies in the darkened state which could be
populated by electrons (color centers), a dihydrogen species,
or H− ions slowly moving between sites. Additional measure-
ments are needed to understand the full reaction scheme for
the photochromic effect in these materials.
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