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In this paper, we investigate by ab initio DFT how the O:H ratio influences the formation and lattice energy,
metastability, and optical properties of Y and La anion-disordered ROxH3−2x oxyhydrides. To achieve this, a set
of special quasirandom structures (SQS) is introduced to model anion-disorder along the whole RH3 − R2O3

composition line. A comparison with an extensive set of anion-ordered polymorphs of the same composition
shows the comparable energy of the anion-disordered phase, which, in particular, in the H-rich composition
interval showed the lowest relative energy. In turn, the metastability of the anion-disordered phase depends on
the cation size (Y versus La), which determines the maximum H content above which the CaF2-type structure
itself becomes unstable. To overcome the accuracy limitations of classical DFT, the modified Becke-Johnson
(mBJ) scheme is employed in the study of the electronic properties. We show that major differences occur
between H-rich and O-rich R oxyhydrides, as the octahedral H− present for x < 1 form electronic states at the
top of the valence band, which reduce the energy band gap and dominate the electronic transitions at lower
energies, thus increasing the refractive index of the material in the VIS-nIR spectral range. Comparing the DFT
results to experimental data on photochromic Y oxyhydride films reinforces the hypothesis of anion-disorder in
the H-rich films (x < 1), while it hints towards some degree of anion ordering in the O-rich ones (x > 1). Our
paper exemplifies a strategy to calculate ab initio the electronic/optical properties of a wide range of materials
with occupational disorder.

DOI: 10.1103/PhysRevB.105.054208

Rare-earth (R) oxyhydrides, ROxH3−2x, are gaining atten-
tion in view of their fast hydride ion conductivity [1] and
peculiar optoelectronic behavior (i.e., large reversible photo-
conductivity and photochromism) [2–4], properties that hold
promises for electrochemical devices, such as solid-state bat-
teries and fuel cells [5], as well as smart coatings for windows
and sensors.

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

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

The anion-disordered phase resembles the structure of
CaF2, with a face-centred cubic [3,12] or tetragonal [9] cation
lattice and distinct tetrahedral and additional (less stable) oc-
tahedral anion sites. As visualized in Fig. 1, the occupation of
the anion sites depends on the composition: For x � 1, there
are enough tetrahedral sites to host all anions, while for x < 1
the tetrahedral sites are completely occupied with O2− and
H− and the remaining fraction of H− sits in the octahedral
sites [13].

Notably, high hydride conductivities are observed in H-
rich (x < 1) LaOxH3−2x with anion-disordered structure [1],
an aspect clarified by the same authors in a second publi-
cation [9]. Similarly, Sc, Y, and Gd oxyhydride thin films
show stronger photochromism for R:O:H ratios far from the
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FIG. 1. Trend upon O:H ratio of the occupation of tetrahedral
(yellow polygon) and octahedral (green polygon) anion sites in
anion-disordered ROxH3−2x oxyhydrides with CaF2-type structure
[13]. Colour scheme: R, black; O, red; H, blue.

1:1:1 composition (x = 1) [4]. The anion-disordered phase
in the H-rich range of compositions is therefore of primary
importance for applications in electrochemical devices and
optics.

From the point of view of anion dynamics, the
link between functional properties and the underlying
composition/structure has been subject of speculation. It is
thought that the energy landscape for H− site hopping in-
fluences the kinetics of hydride conduction [12], as well as
the speed of the photochromic effect [4]. Direct information
concerning trajectories and rates of H− hopping are however
difficult to obtain; insight is scattered, and only based on 1:1:1
ROH. For this composition, Ubukata et al. [12] proposed that
H− migrates preferentially via the so-called indirect route
(i.e., from tetrahedral to octahedral site) passing through a
triangular bottleneck whose size defines the activation energy
of the hop. This barrier is typically found on the order of
1–1.3 eV for P4/nmm LaOH and NdOH anion-ordered oxy-
hydrides [1,12,14]. Conversely, anion-disorder was shown to
suppress H− mobility in ROH [12]. The apparent contradic-
tion with the high H− conductivity of anion-disordered H-rich
La oxyhydrides indicates that the properties of the 1:1:1 ROH
case do not necessarily reflect those of ROxH3−2x with varying
O:H composition. For example, one might expect different
migration pathways for H-rich oxyhydrides, such as the direct
octahedral to octahedral route.

From a computational perspective, anion-disorder intro-
duces an additional level of complexity. A quantitative
evaluation of the energy landscape for H− hopping in anion-
disordered R oxyhydrides is still missing, as well as for the
formation energy of the vacancies that might assist its dif-
fusion. Additionally, it remains largely unclear how material
properties, such as energy, phase-stability, band structure, and
optical absorption/refraction, depend on the O:H ratio.

To address this knowledge gap, we introduce here a set
of special quasirandom structures (SQS) that, while main-
taining a computationally affordable size, are able to model

the disordered anion sublattice along the entire RH3 − R2O3

composition line. We assess the predictive ability of the SQS
approach, and discuss how the O:H ratio defines the total
energy, metastability, and optical properties of Y and La
anion-disordered oxyhydrides. We chose Y and La as case
studies because their (ionic) radii lie at different ends of the
Lanthanoid series, and their 1:1:1 oxyhydrides have been
reported as anion-disordered H− insulators (Y) and anion-
ordered H− conductors (La), respectively [8,12].

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

I. COMPUTATIONAL DETAILS

A. Structural models

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

The first set [Fig. 2(a)]includes anion-ordered structures
experimentally reported, such as the binary RH3 trihydrides
(P63/mmc, Fm3̄m) and R2O3 sesquioxides (P3̄m1, I 3̄a), and
the three space groups observed for 1:1:1 Y and La oxyhy-
drides (P4nmm [1], P21/m [9], Pnma [10]).

The second set (Fig. 2(b), and Fig. S1 in the Supplemental
Material, SM [17]), is a group of hypothetical structures that
we investigate to supplement the lack of information on anion
ordering outside the stoichiometric ROH compound and the
binary extremes of the ROxH3−2x line. For x �= 0, 1, 1.5 it
is unclear how the anions might order inside the tetrahedral
and octahedral interstitial sites available within the CaF2-type
cation lattice. Therefore we built all schemes of anion or-
dering that are possible within one fcc unit cell (4 R atoms,
8 tetrahedral anion sites, 4 octahedral anion site). Since we
showed in our previous paper that the tetrahedral sites are
energetically favoured compared to the octahedral ones, and
that the O2− anions occupy exclusively the tetrahedral sites
even in H-rich compositions [13], these constraints were taken
into account. The resulting anion-ordered structures are not
yet comprehensive, as they do not survey ordering schemes
extending beyond one fcc unit cell.

Finally, in the third set (Fig. 2(c), and Figs. S2 and S3
in the SM [17]) we model anion-disordered oxyhydrides as
special quasirandom structures (SQS), i.e., relatively small
supercells that mimic the most relevant radial correlations,
and thus properties, of oxyhydrides with a perfectly random
anion sublattice [18]. The mcsqs code [19], as implemented in
the Alloy Theoretic Automated Toolkit [20], was used to gen-
erate SQS for several O:H anion ratios (x = 0.25, 0.50, 0.75,
0.875, 1, 1.25, 1.375, and 1.5) covering the entire ROxH3−2x

composition line, from RH3 to R2O3. The same constraints as
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(a) Reported anion-ordered

(b) Anion-ordered 
based on fcc motif

(c) Anion-disordered (SQS)

P63/mmc

Fm3m

x=1.25, P42mx=0.25, R3m

x=1, F43m

x=0.25 x=1.25

RH3 ROH

P4/nmm

Pnma P21/m

R2O3

Ia3P3m1

FIG. 2. Selected examples of the structures considered in this paper. Colour scheme: R, black; O, red; H, blue. (a) Previously reported
anion-ordered compounds. This includes the binary RH3 trihydride (P63/mmc, Fm3̄m) and R2O3 sesquioxide (P3̄m1, I 3̄a), and the 1:1:1 ROH
oxyhydride (P4/nmm, Pnma, and P21/m). The structural difference between Pnma and P21m is minimal, and in the figure it appears as a
minor translation of the anions relative to each other. (b) Examples of anion-ordered oxyhydrides based on the CaF2 motif. Here, the anions
preferentially occupy the tetrahedral sites (yellow polygons), while the octahedral ones (green polygons) only host the excess hydrogen for
x < 1. In this paper we considered all schemes of anion ordering that are possible within one fcc unit cell. The three structures here reported
are the only ones that resulted in an energy stabilization compared to the anion-disordered lattice, in view of their particular symmetry that
mitigates Coulomb repulsion between neighboring O2− anions. In R3m-RO0.25H2.5 the only octahedral empty site is adjacent to the only oxygen
atom; in F 4̄3m-ROH the anions alternate throughout the tetrahedral sites; and in P4̄2m-RO1.25H0.5 all the next-nearest neighbours of the empty
tetrahedral site are oxygen anions. (c) Examples of special-quasirandom-structures to model anion-disordered ROxH3−2x oxyhydrides.

mentioned above were forced during the generation of SQS.
Quantitatively, one estimates the goodness of an SQS via the
so-called objective function (Table S1 in the SM [17]), which
measures how well the radial correlations of the SQS match
those of the ideal disordered structure. However, different
physical properties converge at a different speed against the
goodness of the SQS, and a qualitative discussion is better
done in hindsight. In this paper, we considered 3 different
SQS for each O:H ratio (2 in case of x = 0.75, 1, 1.375) so
to quantify the uncertainty ((max − min)/2) of each of the
physical quantities here reported. Hereafter, we refer to the
SQS as disordered structures.

B. Structural optimization and energy

First-principle density functional theory (DFT) calcula-
tions are carried out with the Vienna ab initio simulation
package (VASP) [21,22]. Within the scheme of the projector
augmented wave (PAW) method [23,24], a plane-wave basis

set is used and periodic boundary conditions are applied.
Standard frozen core PAW potentials are used, and the H 1s,
O 2s2p, Y 4s4p4d5s, and La 5p5d6s are treated as valence
shells. For self consistent electronic calculations, as well as
ionic relaxation runs, we employ the PBE generalized gra-
dient approximation for the exchange-correlation functional
[25,26]. Integrations over the Brillouin zone are performed on
a �-centred K mesh (8 × 8 × 8 for smaller cells and 3 × 3 × 3
for SQS supercells) using a Gaussian smearing of 0.05 eV.
For each structure, all cell parameters and atomic positions
are simultaneously optimized, reaching convergence (δE <

0.1 meV) with a kinetic energy cut-off of 850 eV.
To avoid ill-defined values of absolute energy, only en-

ergy differences are considered in this paper. According to
Hess’s law, the formation energy (�Hf ) is quantified by sub-
tracting the energy of the isolated elements in their standard
state (P63/mmc-R, O2, H2), and the binding energy (�Hb)
is quantified by subtracting the energy of the isolated atoms.
Exploiting the Born-Haber cycle, the lattice energy (�HL) is
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finally estimated as the sum of binding energy, experimental
R ionization energies [27], and experimental O and H electron
affinities [28] (details in the SM [17]).

The lattice energy extracted by DFT is then compared to
the one predicted by the Born-Landé equation [Eq. (2), see
text]. The first term of this equation, the Madelung energy,
is calculated using MADEL, an application implemented in
VESTA [29]. The code employs an Ewald summation [30]
in the Fourier space, for which the radius of the ionic sphere
was chosen to be slightly smaller than the shortest interatomic
distance, and the reciprocal space range was set to 6 Å−1. The
convergence of the Madelung energy upon variation of both
parameters was verified.

C. Optical properties

To overcome the limits of classical GGA-DFT, modified
Becke-Johnson (mBJ) exchange potentials in combination
with L(S)DA-correlation have been used to compute the elec-
tronic properties of the structures previously relaxed using
PBE [31,32]. The mBJ approach has been chosen because
it yields a description of the electronic states of comparable
accuracy [32] to GW methods [33–36], while being compu-
tationally far less expensive and, thus, employable also for
the larger SQS structures. A validation of mBJ results against
G0W0 was carried for several anion-ordered Y oxyhydrides,
confirming a good agreement along the whole YH3-Y2O3

composition line (see Fig. S4 in the SM [17]). To extract the
partial electron density-of-states (pDOS) and direct/indirect
band gaps, the same kinetic energy cut-off (850 eV) and
integration parameters used for PBE-DFT were maintained
during the mBJ runs.

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

ε2(ω, q̂) = 8πe2

V
lim

|q|→0

1

|q|2
∑
vck

|〈ψc,k+q|ψv,k〉|2

× δ(Ec,k+q − Ev,k − h̄ω) (1)

where V is the volume of the unit cell, q̂ the direction of
the momentum transfer, (v, k) and (c, k + q) indicate occu-
pied (valence) and unoccupied (conduction) single-particle
states, E their energy, and ψ the cell-periodic part of their
wave functions. The real part of the dielectric function
is found by Kramers-Kronig transformation of the imagi-
nary part. To maintain analogy with the experimental data
based on polycrystalline samples, in this paper we report
directionally-averaged (i.e., over q̂) dielectric functions ε(ω).
The convergence of ε(ω) was checked with respect to energy
cut-off, K mesh, and number of computed unoccupied states.
We find an optimum trade off between accuracy (i.e., invis-
ible differences in the scale of the figures of this paper) and
computational expense for a kinetic energy cut-off of 400 eV
and a total of 2000 bands. K mesh and Gaussian smearing are
maintained equal to the structural optimization runs.

FIG. 3. Energy difference along the ROxH3−2x (R = Y, La)
composition line between the anion-disordered and the most stable
anion-ordered structure among those considered in this paper. For
each composition, the space group of the most stable anion-ordered
structure is indicated next to the point.

II. RESULTS

A. Energy

In this section we discuss the energy [38], after relaxation,
of all structures considered in this paper. First, we show that
anion-disorder does not lead to a large energy penalty com-
pared to the anion-ordered polymorphs, but, in fact, within
the group of structures considered in this paper, is even
favourable for 0.25 < x < 1. Second, we discuss the progres-
sive stabilization (i.e., decrease of energy) upon increasing
O:H content, rationalizing this trend in terms of lattice energy.
Finally, we discuss the energy of all 1:1:1 ROH structures, and
compare the computational results of this study to the many
YOH and LaOH polymorphs reported in the literature.

Fukui et al. [9] have proposed that R oxyhydrides are stable
in an anion-ordered structure only within a limited composi-
tional interval around the 1:1:1 ROH composition. The results
in Fig. 3 support this proposition, showing the energy dif-
ference between the anion-disordered structures and the most
stable anion-ordered ones of same composition. At the 1:1:1
composition, we find an energy penalty for disorder of 0.16
eV/f.u. for YOH and 0.14 eV/f.u. for LaOH. In the H-rich re-
gion the trend inverts, and—among the structures considered
in this paper—the anion-disordered ones present the lowest
energy for compositions x = 0.5 and x = 0.75. For Y oxyhy-
drides, that is the case also in the O-rich region, at x = 1.25.

Figure 4(a) sketches the Born-Haber cycle of the oxyhy-
dride, showing all contributions to its formation energy. The
dependency of the formation energy upon the O:H ratio is
shown for all structures in Figs. 4(b) (Y) and 4(c) (La). Here,
the (negative) formation energy increases in magnitude upon
increasing oxygen content, and—reflecting the ionic character
of the oxyhydrides—it follows a trend that is almost identical
for the two cations.

In an ionic compound, the lattice energy is in fact domi-
nated by the crystal structure and by the oxidation state of the
constituting ions, while their identity has a marginal influence.
This is formalized in the Born-Landé equation [28]:

�HL = e2

4πε0

∑
i �= j

ziz j

|ri − r j |
(

1 − 1

n

)
(2)
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FIG. 4. (a) Born-Haber cycle of R oxyhydride. The arrows are at scale for the 1:1:1 composition and indicate: Atomization energy (�Hat.),
R ionization energies, O and H electron affinities, oxyhydride lattice energy (�HL), binding energy (�Hb), and formation energy (�Hf ).
[(b), (c)] Influence of O:H ratio on the formation energy of Y and La oxyhydrides, respectively. The insets focus on the stoichiometric 1:1:1
composition. [(d), (e)] Influence of O:H ratio on the lattice energy of Y and La anion-disordered oxyhydrides, respectively. For x � 1, the
(negative) lattice energy increases mainly due to a shift of charge from the less-stable octahedral to the more-stable tetrahedral anion sites.
For x > 1, further stabilization results from a larger freedom for structural distortion related to the presence of empty tetrahedral sites. For
comparison, the lattice energy evaluated with the Born-Landé equation is also reported for three different structural models of increasing
resemblance to the real material: (i) idealized anion-disordered model based on Fm3̄m symmetry (dotted lines), (ii) nonrelaxed SQS structures
(solid lines), and (iii) relaxed SQS structures (dashed lines).

where the i, j ions of oxidation state z are initially treated
as point charges, and the resulting electrostatic energy (i.e.,
the Madelung energy) is subsequently corrected to account
for an additional repulsion due to the finite atomic size.
The identity of the ions therefore only enters in the mean
Born-Landé exponent (n), which for the oxyhydrides we
estimate as the weighted average of generalized Pauling’s val-
ues (nY ∼ nKr = 10, nLa ∼ nXe = 10, nO ∼ nNe = 7, nH ∼
nHe = 5) [28]:

n = nR + xnO + (3 − 2x)nH

1 + x + (3 − 2x)
. (3)

The lattice energy extracted from DFT of the anion-
disordered Y and La oxyhydrides is reported as solid points
in Figs. 4(d) and 4(e), respectively. This energy decreases
upon increasing O:H ratio, with a slope that is very simi-
lar for both Y and La oxyhydrides due to the dominance
of the Madelung term over the Born-Landé correction (see
Fig. S5 in the SM [17]). The absolute values, instead, dif-
fer because of the different lattice parameters of Y and La
oxyhydrides. Indeed, along the whole ROxH3−2x composition

line, we find a constant ratio �HY /�HLa ∼ 1.07(1) from
DFT, in excellent agreement with the inverse ratio between
lattice constants aLa/aY ∼ 1.07(1), and therefore in line with
the �HL ∝ 1/r dependency expected from the Born-Landé
equation.

To understand the origin of the progressive energy de-
crease upon increasing O:H ratio, an analysis of the Madelung
energy is needed. A simplified discussion on the trend of
Madelung energy along the ROxH3−2x oxyhydride line can be
found in our previous paper [13]. There, two compositional
intervals of different behavior are identified under the approx-
imation of an invariant fcc cation lattice and the assumption
of idealized anion sites of average valence (e.g., in ROH, all
tetrahedral anion sites are equivalently occupied by a point
charge of –1.5 e). In the first interval (x � 1), the Madelung
energy decreases monotonously due to an effective displace-
ment of charge from the octahedral anion sites towards the
more stable tetrahedral sites, leading on average to a shorter
distance between positive and negative charges. In the sec-
ond interval (x > 1), no charge displacement occurs and the
Madelung energy levels off. This model, after correction with

054208-5



GIORGIO COLOMBI et al. PHYSICAL REVIEW B 105, 054208 (2022)

the Born-Landé factor [purple-dotted lines in Figs. 4(d) and
4(e)], matches well the lattice energies extracted from DFT
in the interval x � 1. It does not account, however, for the
further decrease in lattice energy that occurs in the second
interval (x > 1). We exclude that the plateau at x > 1 is an
artefact due to the assumption of an average valency of the
anion sites, because a comparable plateau is found evaluating
the lattice energy of ideal (i.e., nonrelaxed) SQS structures
with the Born-Landé equation (purple-solid lines). In contrast,
when the Born-Landé equation is used for the relaxed SQS
structures, we find an excellent agreement with the slope of
the lattice energy as obtained by DFT. This again verifies the
ionic character of the oxyhydrides, and shows that the further
energy decrease that occurs for x > 1 is the result of structural
distortions—prominent in the O-rich interval—that lead to
more stable atomic configurations.

Clearly, the freedom for structural distortions correlates
with the presence of empty tetrahedral sites, which are fully
occupied for x � 1, but progressively deplete for x > 1. It is
therefore not surprising that the Y2O3 oxide crystallizes in the
I 3̄a-bixbyite structure, as this is a cubic superstructure where
the tetrahedral empty sites order to maximize (minimize) dis-
tortion (repulsion) [39]. We find the bixbyite structure to be
in fact ∼0.3 eV/f.u. lower in energy compared to the disor-
dered counterpart. In analogy, it is expected that at 0 K other
anion-ordered oxyhydride structures of lower energy could
be found considering ordering schemes that extend beyond
the first coordination shell. However, with increasing tem-
perature, the additional effect of configurational entropy will
further stabilize the disordered limit. At the time of writing,
it remains unclear if it is configurational entropy, rather than
kinetic limitations during the material synthesis, the reason
why no anion-ordered polymorphs have been experimentally
reported outside the 1:1:1 ROH composition and the binary
RH3 and R2O3 extremes.

In terms of relative stability of crystal structures, clear
differences between Y and La compounds are found at the
binary extremes, which are well known to form different
thermodynamically stable phases (namely, P63/mmc-YH3 vs
Fm3̄m-LaH3, and I 3̄a-Y2O3 vs P3̄m1-La2O3) [39], and at
the 1:1:1 composition [Figs. 4(b) and 4(c), insets]. In the
case of the 1:1:1 composition, the energy difference between
the three known anion-ordered structures (P4/nmm, Pnma,
and P21/m) is relatively small, explaining why different
polymorphs have been reported on different occasions. This
includes Pnma [10] and P21/m [9] for YOH, and P4/nmm
[1,12,40] and P21/m [9] for LaOH. Notably, the F 4̄3m phase
has never been reported for YOH, which is particularly sur-
prising as we predict it to be the energetically most favourable
structure. This result is in agreement with a previous paper,
where, in addition to an identical theoretical conclusion for
Y, it was experimentally shown that other small Rs (Dy,
Ho, Er) do form F 4̄3m-ROH [42]. Since the anions alternate
within its lattice, the F 4̄3m phase is the one that effectively
maximizes the distance between O2− ions, and consequently
minimizes the overall electrostatic repulsion in the anion sub-
lattice; therefore, one intuitively expects it to be particularly
favourable for the smaller Rs.

Despite the higher energy, anion-disordered ROH have
been reported in a multitude of cases for the smaller R cations

[8,9,12,40], as well as for LaOH synthesized at high pres-
sure [9]. Since the synthesis of oxyhydride powders relies
on a high-temperature solid state reaction between RH3 and
R2O3, we suppose that kinetic limitations, together with con-
figurational entropy, lead to the resulting anion-disordered
phase. We stress, however, that XRD alone is not sufficient
to discriminate between the anion-disordered phase and the
anion-ordered F 4̄3m polymorph, and care should be taken
in the absence of neutron diffraction data (e.g., in case of
Refs. [9,40]).

B. Compositional limits of the anion-disordered phase

Relaxing the generated SQS gives an indication of their
metastability;[41] if the atoms change site or restructure
beyond small distortions, it indicates that the hypothesised
structure was not metastable. We exploit this fact to compu-
tationally verify the results of Fukui et al. [9], who recently
proposed that the compositional interval in which the anion-
disordered phase is stable depends on the size of the cation,
with La and Y being two extremes. It is worth mentioning
that structural relaxation does not sample the whole space of
parameters, but rather finds a local minimum not too far from
the starting positions. This approach is, thus, incapable of
predicting long-range anion reordering or phase segregations,
but is nevertheless suitable to discuss the maximum range of
O:H ratios in which the anion-disordered CaF2-type phase is
metastable.

The radial pair distribution function (PDF) and its cumula-
tive value (CPDF) are the most transparent indicators to assess
the type and the extent of the structural rearrangement that the
disordered structures undergo during relaxation. Irrespective
of the composition, we find that the R3+ and O2− ions do
not move significantly from their original site (see Fig. S6 in
the SM [17]). For the H sublattice the case is different, and
a change in symmetry occurs depending on the cation and
on the O:H ratio (Fig. 5 and Fig. S7 in the SM [17]). In the
following, we first discuss the O-rich compositional interval,
and then the H-rich one.

In the O-rich interval (x > 1), both O2− and H− anions
occupy exclusively the tetrahedral sites of the cation lattice,
which are the energetically most stable in this compositional
range [13]. As such, there is no driving force to induce local
rearrangements beyond small distortions. In Fig. 5 one ob-
serves one broad peak corresponding to the tetrahedral H−,
whose spread is due to small distortions and whose overlaying
features are the result of the finite number of possible local
environments.

In the H-rich compositional range (x < 1), where all tetra-
hedral sites and part of the octahedral ones are occupied, the
electrostatic repulsion between neighboring anions becomes
more determining [9]. The associated electrostatic energy
scales as 1/r, and is thus stronger for smaller lattice constants.
The H sublattice of the most H-rich Y oxyhydrides (x � 0.5)
appears in fact destabilized, as indicated in Fig. 5 by the
appearance of two new coordination shells at ∼3.2 Å and
∼3.7 Å. These features do not match the initial symmetry,
but rather correspond to the second and third coordination
shells that result from a single highly distorted octahedral
H− site. Conversely, the bigger La oxyhydrides maintain the
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FIG. 5. R−H radial pair distribution functions (top panels) and their cumulative values (bottom panels) for the relaxed SQS of Y and
La anion-disordered oxyhydrides. The dashed-vertical lines refer to the thermodynamically stable P63/mmc-YH3 and Fm3̄m-LaH3 hydrides.
Yellow and green vertical lines mark the position of tetrahedral and octahedral interstitial sites for an ideal fcc structure with lattice constant
tuned to match the RO0.25H2.5 composition. The pink region highlights peaks that do not match the CaF2-type structure. To help visualization,
lines in the top panels are shifted downward by a constant value of −0.2.

CaF2-type structure throughout the whole compositional in-
terval, although with a significant degree of distortion. The
anion repulsion close by an O2− ion, in particular, leads to the
displacement of the neighboring octahedral H− and therefore
to the broadening of the corresponding peak (step) in the
PDF (CPDF). The different behavior between Y and La oxy-
hydrides aligns with the different thermodynamically stable
phases of the Y and La trihydrides, which is hexagonal for
YH3 and cubic for LaH3.

Figure 6 gives a visual impression of the structural rear-
rangements that occur upon relaxation of an anion-disordered
H-rich (x = 0.25) oxyhydride. In the case of Y, the proximity
of a tetrahedral H− to several octahedral H− is energetically
unfavourable, therefore it is advantageous for the tetrahedral
H− to shift towards an empty octahedral position. After that,
all the octahedral H− relax towards the empty tetrahedral
site. An approximated description in terms of tetrahedral and
octahedral anion sites is no longer valid as all H− ions now
sit in comparable intermediate positions. This reorganization
reflects the propensity to deform towards a hexagonal YH3-
like structure, a tendency likely present also for higher oxygen
contents but that becomes evident in the PDF (CPDF) only for
x � 0.5. In the case of La, no major reorganization happens
and the ions only relax within the space of their initial site.

In view of the symmetry change of the H sublattice, we
conclude that the interval of metastability of anion-disordered

Y oxyhydrides based on the CaF2-type structure is limited
to x > 0.5. On the contrary, anion-disordered La oxyhydrides

FIG. 6. Example of the effect of structural relaxation on the
anion-disordered structure of YO0.25H2.5 and LaO0.25H2.5 oxyhy-
drides. The yellow polygons indicate the tetrahedral anion sites.
Irrespective of the composition, the displacement of R3+ and O2−

is minimal. However, a shift of the tetrahedral H− to the empty
octahedral sites is observable in the case of Y (see text). The pink
arrows indicate the interatomic distances that correspond to the two
additional peaks in the PDF (Fig. 5). In the case of La, no major
reorganization happens and the ions only relax within the space of
their initial site.
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FIG. 7. (a) Projected mBJ density of states around the Fermi level for Y and La anion-disordered ROxH3−2x oxyhydrides. The valence band
has hybrid character, with the extend of the hybridization depending on the lattice dimension and on the rearrangements of the H sublattice
involving tetrahedral and octahedral sites (see text). A Gaussian smearing of 0.2 eV has been used in the figure to aid visualization. (b)
Dependency of the direct and indirect energy band gaps upon the O:H ratio in Y and La anion-disordered ROxH3−2x oxyhydrides. The energy
band gap widens upon increasing O:H content, with a bigger jump at x � 1, where the octahedral anion sites are all empty. Lines are a guide
for the eyes. (c) Direct/Indirect band gaps (filled/open points) of the Y and La anion-ordered oxyhydrides of lower energy compared to
the anion-disordered phase. Reference values for the optical gap of R2O3 oxides (corresponding to x = 1.5) are also reported, showing the
excellent predictive ability of the mBJ scheme (δEg < 10%).

appear metastable along the whole RH3 − R2O3 composition
line.

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

C. Optical properties

Following from the valence implied by the oxyhydride
composition (R3+O2−

x H−
3−2x), and the large difference in Paul-

ing electronegativity between cations (Y = 1.22, La = 1.1)
and anions (O = 3.44, H = 2.20), all compounds simulated
in this paper show a sizable energy band gap (Eg) between
the valence band (VB), dominated by occupied anion states,

and the conduction band (CB), largely made of empty cation
states.

Figure 7(a) reports the pDOS of Y and La anion-disordered
oxyhydrides around the Fermi level. The pDOS from –25 eV
to +25 eV is reported in Fig. S8 in the SM [17]. Most in-
terestingly, across the whole ROxH3−2x composition line, the
valence band retains a hybrid character, which originates from
the overlap of Y (La) 5s4d (6s5d), O 2p, and H 1s atomic
orbitals. In the H-rich range (x < 1), however, the extent of
the hybridization between O 2p and H 1s orbitals is different
among Y and La compounds: In Y oxyhydrides, O and H
states overlap thoroughly, while for La oxyhydrides the top
of the valence band is largely dominated by H states. Likely,
the rearrangement of the H sublattice that occurs in Y oxy-
hydrides for x � 0.5 contributes to the strong hybridization
observed here, since there is no more distinction between
tetrahedral and octahedral H. Conversely, in La oxyhydrides,
the distinct tetrahedral and octahedral hydride ions contribute
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FIG. 8. Imaginary and real mBJ dielectric functions of Y and La anion-ordered ROxH3−2x oxyhydrides upon increasing O:H content. The
electronic transitions responsible for the main features are indicated in the insets, which report the pDOS of YO0.25H2.5 and LaO0.25H2.5,
respectively.

differently to the DOS, with the less-stable octahedral H−
resulting in states of higher energy, that in fact disappear at
higher O:H ratios. Additionally, the larger interatomic dis-
tances in La oxyhydrides imply a reduced overlap between
H and O atomic orbitals, leading to a weaker hybridization
and, in general, to narrower energy bands compared to Y
oxyhydrides of the same O:H ratio.

For both Y and La anion-disordered oxyhydrides, the re-
sulting energy band gaps are reported in Fig. 7(b). Here, direct
and indirect band gaps are shown, their difference is rather
small in view of the limited periodicity of the disordered
anion sublattice. For both cations, the band gap widens upon
increasing the O:H ratio, with a bigger step at x = 1 that
further confirms how the octahedral H is largely responsible
for the topmost part of the VB. For all O:H ratios, we find
that the band gap of La oxyhydrides is smaller than that of Y
oxyhydrides, a consequence of the additional La 4f unoccu-
pied states that form the the bottom of the CB. A similar trend
of band gap expansions, and smaller energy band gaps for La
compared to Y, is generally observed for the anion-ordered
polymorphs as well [Fig. 7(c)].

Experimental optical gaps are available for the ordered,
binary extremes of the RH3-R2O3 composition line, which

are here used to further validate the accuracy of the mBJ
scheme. The RH3 trihydrides pose a notorious challenge to
most flavours of DFT, with LDA/GGA approximations erro-
neously predicting semimetallic character and self-consistent
GW calculations returning a severely underestimated band
gap [43]. While an exact description of the RH3 is beyond
the scope of this paper, in Fig. S4 in the SM [17] we show
that the mBJ scheme successfully predicts the semiconducting
character of YH3 (optical gap 2.5 e.V.) [44] with a quantita-
tive estimation (∼1 e.V.) in line with previous GW studies
[43]. Concerning the R2O3 oxides, we find an excellent match
within 0.1 eV and 0.3 eV between the direct bandgaps com-
puted with the mBJ scheme and the experimental optical gaps
of Ia3̄-Y2O3 (6.15 eV) [45] and P3̄m1-La2O3 (5.5 eV) [46],
respectively.

The prominent role of octahedral H in determining the
ROxH3−2x optical behavior is even clearer from the evolution
of the dielectric function upon increasing O:H ratio (Fig. 8).
The imaginary part (ε2), reported in the top panels, shows
a main feature between 3 eV and 10 eV. This corresponds
to the electronic transitions from VB to CB, with an onset
closely matching the direct band gap of the compounds, and
two peaks which can be connected to the octahedral and
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tetrahedral anions. In fact, the first (second) peak decreases
(increases) upon increasing O:H ratio, with x = 1 mark-
ing, again, a transition point for properties dependent on the
anion composition. Here, the ratio between the two peaks
inverts. The first peak disappears completely in the case of
Y, whose oxyhydrides have a smoother dielectric function
because fewer electronic transitions are possible, and their
energy bands are wider and more spaced compared to the case
of La. In the case of La, the sharp 4f-band at the CB bottom
contributes to the persistence of a two-peak structure.

A related trend upon O:H content can be seen in the real
part of the dielectric function. The refractive behavior at UV-
VIS-NIR frequencies is defined by the first ∼5 eV, where
ROxH3−2x oxyhydrides of higher H content show significantly
higher ε1.

III. DISCUSSION

Disorder-order transition in R oxyhydride thin films

At the time of writing, there are no experimental data on the
optical properties of either anion-ordered or anion-disordered
ROxH3−2x produced via the conventional solid-state reaction
between RH3 and R2O3 precursors. However, the optical prop-
erties of R oxyhydride films produced via post-oxidation of
reactively sputtered RH2 films have been studied extensively,
with a particular focus on their reversible photochromism.
Such photochromic effect has been so far reported for a va-
riety or R cations (R = Sc, Y, Nd, Gd, Dy, Er) [3,47–49], and
in a range of O:H ratios as big as 0.5 < x < 1.3 [3].

While the composition of the oxyhydride and the de-
position conditions influence the extent and the speed of
photochromism [4], the general presence of the phenomenon
indicates that its origin is intrinsic to the R oxyhydride thin
film material. Currently, there is not yet conclusive agreement
concerning (i) the nature of the absorbing species responsible
for the photodarkening, (ii) the mechanism of their forma-
tion under illumination and subsequent disappearance during
bleaching in the dark, and (iii) the driving forces behind these
processes. While the photodarkening is initiated by an inter-
band electronic transition, most research converges towards
the idea that structural rearrangements enabled by the high
H (local)mobility are at the heart of the photochromism. In
this sense, it was hinted that the photodarkening depends
on the segregation of an absorbing phase [15,16], a process
accompanied by reversible contraction of the crystal lattice
[50], and quenching of the NMR signal of the most mobile H
fraction (∼3%) [51]. A reversible change in the H sublattice
upon illumination was recently suggested as well via muon
spin rotation spectroscopy (μSR) [52]. Finally, the bleaching
was shown to be a thermally activated process [53].

In this context, a deeper understanding of the crystal
structure and anion sublattice of the sputtered ROxH3−2x is
important to further explore the photo-induced process, as
well as to assess the actual similarity to the well-characterized
oxyhydride powders. Since neutron diffraction is not a viable
option for thin films, as per today there is no experimental
information on their anion sublattice other than the already
discussed preference for the tetrahedral sites [13]. Consid-
ering that the oxidation of the parent RH2 occurs at room

FIG. 9. Comparison between the experimental optical gap of
photochromic Y oxyhydride thin films [3] and the direct/indirect
energy band gaps computed for anion-disordered YOxH3−2x. Lines
are a guide for the eyes.

temperature and rapidly, thus likely missing the narrow ener-
getic minima expected for anion-ordered structures, a model
based on anion-disorder was heuristically proposed for the
photochromic ROxH3−2x thin films.[3,13] In fact, indepen-
dently from cation and O:H ratio, the fcc symmetry was
generally reported for the cation sublattice, with XRD pat-
terns lacking any additional superstructure peaks typical of
anion ordering (e.g., due to periodicity in the small distortion
as in the Ia3̄ oxide) [3,13,49]. The hypothesis of an anion-
disordered structure can now be investigated by comparing the
optical properties computed in this paper with the experimen-
tal ones of YOxH3−2x thin films.

Figure 9 shows the comparison between computed energy
bandgaps and the indirect optical gap from Cornelius et al. [3].
The anion-disordered model captures a trend of increasing gap
for increasing O:H ratio, however, up to x � 1, the computed
band gaps systematically overestimate the experimental ones
by 0.5–1 eV. This is a significant difference even consider-
ing that excitonic effects were neglected. Comparison to the
reference compounds RH3 and R2O3 suggests the absence
of systematic overestimations of the band gaps in our sim-
ulations; RH3 trihydrides are in fact known to present the
opposite challenge to any flavour of DFT (including mBJ, see
Fig. S4 in the SM [17]) [43], while the optical gaps of the
R2O3 match our results within 0.3 eV.

It is worth noting that all anion-ordered structures return
even higher bandgaps and do not show a monotonously in-
creasing trend with O:H ratio (Fig. 7 c and Fig. S9 in the
SM [17]), therefore, despite the disagreement we observe with
the experiment, anion-disorder remains the best candidate for
the anion sublattice of the H-rich (i.e., x � 1) Y oxyhydride
thin films. Two aspects not included in the model might be re-
sponsible for the mismatch with the experimental optical gaps,
namely: (i) unaccounted defects that might give in-gap states
and, (ii) the substrate-induced stress and the limited freedom
for distortion of the grains in the polycrystalline films. In
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FIG. 10. Comparison between the experimental refractive index
of photochromic Y oxyhydride thin films [15,16] and the ones com-
puted for anion-disordered YOxH3−2x.

addition, (iii) it is possible that compositional inhomogeneity
within the sputtered films results in band extrema that do not
reflect the average ROxH3−2x composition, but rather some
local deviations, e.g., a very H-rich region more similar to
YH3 (Eg ∼ 2.6 eV).

Being less sensitive to defects and local inhomogeneity (at
least in the absence of absorption, for E � Eg), the refractive
index (ñ = n + ik = ε1/2) would be a better property to com-
pare. However, in the limit of E � Eg, it is the composition
and not the crystal structure that dominates its value (see Fig.
S10 in the SM [17]). Focusing on the energies relevant to
UV-VIS-nIR spectroscopy, Fig. 10 shows the good agreement
between the computed refractive index of anion-disordered
YOxH3−2x and reported experimental values [15,16], fur-
ther proving that the oxyhydride ROxH3−2x composition well
describes the photochromic thin films. Unfortunately the ex-
act O:H ratio of the films films measured in Refs. [15,16]
was not known. However their refractive indexes match the
values computed for the interval x : [0.75, 1.25], which—
considering the challenges of predicting optical properties ab
initio—is largely compatible with the composition range of
x : [0.5, 1] that is expected for air-oxidized thin films [4].

We conclude, that an anion-disordered sublattice is the
most likely configuration for H-rich photochromic thin films
(x < 1). The situation appears different for O-rich composi-
tions (x > 1), where the experimental optical gaps show a
steep increase, which is not present in the trend computed for
the anion-disordered oxyhydrides. This suggest that a certain
degree of anion ordering must be present in O-rich oxyhy-
drides films, intuitively facilitated by the presence of empty
tetrahedral sites. Notably, reactively sputtered Y2O3 films as-
sume the bixbyite Ia3̄ phase, and their experimental optical
gap of 5.7 eV matches well both reference and computed
values. A somewhat gradual transition from anion-disorder to
anion-order is thus expected for x > 1.

IV. CONCLUSIONS

In this paper, we have introduced a set of special quasir-
andom structures (SQS) to model the anion-disordered lattice
of ROxH3−2x oxyhydrides along the entire RH3 − R2O3 com-
position line. This allowed us to investigate ab initio the
influence of the O:H ratio of the energy, metastability, and
optical properties of Y and La oxyhydrides.

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

Upon increasing oxygen content, anion-disordered
ROxH3−2x show a progressive stabilization, which we
rationalize in terms of increasing (negative) lattice energy.
For x � 1, this is due to a shift of charge from the octahedral
to the more-stable tetrahedral anion sites. For x > 1, further
stabilization results from a larger freedom for structural
distortion related to the presence of empty tetrahedral sites.

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

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

A comparison of these results to the experimental data
available for photochromic Y oxyhydride thin films reinforces
the hypothesis of anion-disorder for H-rich oxyhydrides (x <

1), while it hints towards some degree of anion ordering for
the O-rich ones (x > 1).
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