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Hydrogen is a common impurity in oxides and is known to exhibit dual behavior: It can act either as a
dopant or alternatively as a compensating impurity, depending on whether its transition (pinning) level, E(4/—),
intersects the conduction band or lies deep in the energy gap. In the present work the incorporation of isolated
hydrogen in 10.3 mol% yttria-stabilized zirconia was studied by ab initio calculations employing a semilocal
exchange-correlation density functional and a hybrid-functional approach. Equilibrium sites and formation
energies were determined for the different charged states of hydrogen and the role of intrinsic oxygen vacancies
needed to stabilize the cubic phase of the oxide was particularly examined. Hydrogen was found to be an
amphoteric impurity with the equilibrium charge-transition levels, E(q,q’), lying deep inside the gap. Whereas,
in its positively charged state, H", hydrogen was found exclusively to form a dative-type bond with the lattice
oxygens, the negatively charged and neutral states also adopt interstitial configurations provided by the empty
cubes and the intrinsic structural vacancies of the anion sublattice. Two distinct paramagnetic configurations of
hydrogen, H’, are predicted and both of them induce deep localized levels in the band gap. The first configuration
is higher-energy compact atomlike with the hydrogen at the interstitial sites, whereas the second one is a bond-type
deep donor configuration with the unpaired 4d electron localized predominantly at an undercoordinated Zr cation
in the vicinity of the impurity. Minimum-energy paths and corresponding classical barriers of migration were
also determined for H® with the aid of the nudged elastic-band method providing insight on the feasibility of site
interplay of H® and interconversion among its interstitial and donor configurations. Oxygen vacancies and lattice
relaxation were found to have a major effect on the energy profiles of the paths, the position of the transition

states, and the magnitude of the migration barriers.
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I. INTRODUCTION

Hydrogen is a ubiquitous impurity in technological ma-
terials and devices. It is often incorporated intentionally
with the goal to achieve beneficial effects, in particular
by passivating defect-related trap centers. Nonetheless, it
can also be involved in serious reliability issues such as
the bias-temperature instability in metal-oxide-semiconductor
devices and radiation-induced degradation processes.'™ Ab
initio calculations based on density-functional theory® (DFT)
have played a pivotal role in our present understanding of
hydrogen configurations in semiconductors and insulators as
well as of its reactions and complexing with intrinsic defects
and dopants.*"'® One of the goals in these DFT studies has
also been to predict the behavior of isolated hydrogen in terms
of its electrical activity, namely whether it can act as dopant
or alternatively as an amphoteric impurity counteracting the
prevailing conductivity in the host material.*~'*!7

For the case of cubic yttria-stabilized zirconia (YSZ), a
fast ionic conductor commonly used as solid electrolyte in
electrochemistry, a number of recent experimental findings
require arigorous understanding of how hydrogen incorporates
in the YSZ lattice either as a proton or in its neutral
paramagnetic state: High protonic conductivity was reported
in bulk polycrystalline YSZ samples'® and YSZ nanograin thin
films'® and a spectroscopic study of its muonium counterpart
in bulk 9.5 mol% cubic YSZ uncovered signatures of both
shallow-donor and compact atomlike configurations.?’

The latter work represents a detailed survey?® of iso-
lated hydrogen states in wide-gap oxides, exploiting muon-
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spin rotation (uSR) spectroscopy using muonium, a light
pseudoisotope of hydrogen with an electron bound to a positive
muon. In a number of these oxides, including cubic YSZ,
shallow-donor muonium states were observed to coexist at
low temperatures with atomic paramagnetic states of high
hyperfine constants. At and above room temperature the
subsequent loss of the paramagnetic fraction, Mu®, suggested
a conversion towards the diamagnetic muonium states (Mu™*
or Mu™). While uSR spectroscopy detects paramagnetic and
diamagnetic states with equal sensitivity,>'2° it more easily
identifies the neutral paramagnetic states via their distinctive
hyperfine couplings.”’ The ionic states Mu* and Mu~, on
the other hand, could not be unambiguously distinguished in
the uSR data of Ref. 20, so that the chemical identity of the
high-temperature diamagnetic component remains uncertain.
Derived activation energies of the conversion process of the
atomic muonium were only reported’’ for the monoclinic
phase of zirconia (0.23 and 0.82 eV) adding to the uncertainty
for the case of the cubic YSZ phase. As discussed in Ref. 20
hole ionization or second-electron capture would suggest a
conversion of Mu® to Mu~; assigning therefore the reported
activation energies to acceptor levels, E(0/—), would place
the latter low in the band gap. An alternative possibility also
proposed is a possible site change that combined with electron
ionization would lead to thermal conversion of Mu® to the
positive ion, Mu™.

These observations and analyses of the £SR measurements
raise a number of important questions regarding the presence
of isolated hydrogen in cubic YSZ. It is, therefore, important
to determine the locations where hydrogen resides in the
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lattice depending upon its charge state and furthermore
the range of stability of these charge states for varying
Fermi-level positions in the gap through the corresponding
charge-transition levels. Insight on the migration behavior
of the neutral paramagnetic state of hydrogen, H?, is also
needed in order to understand possible site interplay for H°
and interconversion among its distinct components.

In the present work the incorporation and energetics of
interstitial hydrogen in 10.3 mol% cubic YSZ was stud-
ied by means of ab initio calculations. These included
density-functional® calculations using the semilocal PBE
(Perdew, Burke, and Ernzerhof) functional®’ obtained within
the generalized-gradient approximation (GGA) for exchange
and correlation as well as a hybrid-functional approach due
to Heyd, Scuseria, and Ernzerhof,28-30 Hybrid functionals
partially reduce the self-interaction error’’ and correct the
delocalization bias of standard DFT functionals by admixing
a certain part of nonlocal Hartree-Fock exchange to the
local or semilocal DFT exchange.>>** They were shown to
provide improved results for solids in terms of both structural
properties and energy band gaps.’>*’ In recent ab initio
studies of hydrogen and other defects in semiconductors and
oxides hybrid functionals have given more accurate results
of defect-formation energies and charge-transition levels with
respect to local or semilocal DFT functionals.?®3>42

The theoretical and computational framework adopted in
the present study is described in Sec. II. Specific details are
also presented on the atomistic structural models for YSZ
that were used for the defect calculations. Section III contains
the first part of results where the multiple minimum-energy
configurations of hydrogen in its different charge states are
presented, together with their formation energies as a function
of the Fermi-level position in the gap. Special attention was
also given to the position and character of the defect-induced
levels for the neutral paramagnetic state of hydrogen, HC,
for which the existing uSR data® inferred two distinct
components, one atomlike with high hyperfine constant and
a second one acting as a shallow donor. Section IV contains
the results on the global stability and migration energetics of
the HY state in the lattice. These calculations were performed
exclusively using the DFT PBE functional and were based
on the nudged elastic-band (NEB) method.** The aim has
been to identify the possible site changes of H? among the
nonequivalent paramagnetic H® configurations in the lattice
and their feasibility through the calculated minimum-energy
paths (MEPs) and related classical barriers of migration.
Specific migration mechanisms and paths that lead to the
equilibrium donor location, the geometrical site that hydrogen
occupies in both its neutral and its positively charged states,
were found and discussed, examining the roles of the oxygen
vacancies and of lattice relaxation.

II. THEORETICAL BACKGROUND AND PRELIMINARIES

The majority of the calculations in the present study were
based on spin-polarized DFT? and the projector-augmented
wave (PAW) method*** and were performed within the GGA
for exchange and correlation. More specifically, the semilocal
PBE (Perdew, Bethe, Ernzerhof) functional?’ was used. For
this purpose, the corresponding implementations of the VASP
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code***® were employed. The crystalline wave functions were

expanded in a plane-wave basis limited by a cutoff energy of
470 eV. For both zirconium and yttrium atoms the semicore 4s
and 4p electrons were included in the valence states. For the
defect calculations, a Monkhorst-Pack®® 2 x 2 x 2 mesh was
chosen for the Brillouin-zone integrations.

In the present work the hybrid HSEO6 functional due
to Heyd, Scuseria, and Ernzerhof?®* was employed, again
as implemented in the VASP code where the Hartree-Fock
exchange is calculated under periodic boundary conditions.
A mixing fraction of 0.25 was chosen and found to provide
energy band gaps in satisfactory agreement with experimental
data. Through the introduction of a screening length, nonlocal
Hartree-Fock exchange is added in the short-range part of
the potential, whereas the long-range exchange potential and
correlation are both described by the PBE functional.

The present calculations of interstitial hydrogen in YSZ
were performed on a fluorite-based 96-atom zirconia super-
cell with 10.3 mol% yttria concentration. Starting from the
simple cubic cell of zirconia the supercell was generated
by doubling the cell dimensions along the cubic lattice
vectors. Before doping, the volume of the fluorite primitive
cell was independently optimized by both the PBE and the
hybrid-functional approaches. The obtained lattice parameters,
a,, for these undoped fluorite lattices were found to be
equal to 5.149 and 5.105 A, respectively. The desired yttria
concentration was achieved by introducing six yttrium atoms
substitutionally in the Zr sublattice together with the necessary
(three) charge-compensating oxygen vacancies. No additional
oxygen vacancies or other intrinsic defects were introduced.

The final lattice parameters, ajy, for the YSZ supercells
were accordingly adjusted to account for the yttria doping.>
The experimentally derived expression’! for the lattice pa-
rameters was used, dpy = a, + 0.003x (in A), which gives
the observed increase of the lattice parameter of YSZ with
increasing yttria content x (in mol%) and a, being the
extrapolated parameter at zero yttria concentration.

With the goal to obtain stable low-energy YSZ supercells a
total of 17 trial configurations were initially constructed with
a variety of oxygen-vacancy arrangements. Defect association
was also considered: Substitutional yttrium atoms were in
most cases placed at next (second)-nearest-neighbor positions
(NNN) with respect to the oxygen vacancies. This defect
association was confirmed by the present and past DFT
calculations’®3273 to lead to lower-energy YSZ supercells.
Furthermore, recent experimental studies of extended x-ray ab-
sorption fine-structure spectroscopy’ >’ and nuclear magnetic
resonance® that probed the local coordination of yttrium ions
in YSZ also suggested a NNN yttrium-vacancy association.

The structural optimization carried out by the PBE func-
tional for all trial supercell configurations showed that the
final (relaxed) supercells comprised the following vacancy-
vacancy configurations in order of increasing vacancy-vacancy
separation: The closest vacancy-vacancy pairs were second-
nearest (seven supercells), third-nearest (four supercells), and
fifth-nearest (six supercells) neighbors. All trial cells with
vacancies at nearest-neighbor sites of the anion sublattice
were found to be unstable and transformed to other structures.
The lowest-energy configuration was obtained when oxygen
vacancies were at least fifth-nearest neighbors with the yttrium
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ions positioned at NNN sites with respect to the vacancies.
This YSZ cell was employed for the hydrogen calculations
in the present study. Nonetheless, other configurations with
vacancies at closer distances such as (111) divacancy pairs
were also found to be stable, albeit of higher energies.
Selected calculations with hydrogen introduced in one of these
higher-energy cells were also carried out; the results of these
calculations (for eight distinct hydrogen positions) confirmed
that the observed trends concerning the energetics of hydrogen
incorporation, the type of equilibrium sites of hydrogen, and
nature of defect levels in the gap do not depend upon the choice
of the supercell and the specific vacancy arrangement.

The formation energies Efom(H?) of the different config-
urations of hydrogen for every charge state (¢ = —1, 0, and
+1) were determined for either approach discussed above.
Etorm(H?) depends upon the Fermi-level position, E, in the
gap and the chemical potential, 1y, of hydrogen. The energy
of the valence-band maximum (VBM), Eygm of the bulk
supercell was taken as the reference energy for the charged
states of the impurity. The expression is

Eform(Hq)
= E(H?) — E(bulk) — gy + q(EF + Evem), (1)

where E(H?) and E(bulk) are the total energies of
the supercell containing the hydrogen and the bulk-crystal
supercell, respectively. In the present work, py was taken as
half the total energy of the hydrogen molecule. Accordingly,
the charge-transition levels, E(q/q’), are formally defined as
the Er positions in the gap where the formation energies of
charge states ¢ and ¢’ are equal. Therefore, these levels mark
the stability limits of the different charge states of hydrogen in
the gap. For the charged configurations, a homogeneous charge
background was always added to ensure charge-neutral cells.
Electrostatic corrections originating from the interactions of
the defects with their periodically created images®' were also
calculated and found to be of the order of 0.1 eV.

The MEPs and associated migration energies for the neutral
state of hydrogen were determined by the NEB method*
using solely the PBE functional. The zero-point energy of
hydrogen at its various configurations was also determined in
the harmonic approximation through the diagonalization of the
local dynamical matrix associated with the impurity.

III. HYDROGEN INCORPORATION IN THE YSZ LATTICE

A. Stable sites and formation energies

The stable sites of hydrogen in the different crystalline
phases of zirconia have already been the subject of ab initio
studies: in the ground-state monoclinic**%%%3 and the higher-
energy undoped tetragonal®? and cubic'!'>!176? phases. More
specifically, hydrogen in the undoped cubic zirconia lattice was
studied by means of both semilocal DFT calculations'!>¢?
and calculations'” within the weighted-density approximation
for exchange and correlation that includes a portion of non-
local exact exchange. In these studies hydrogen was found to
form a dative-type bond with the oxygen ions by breaking
a host Zr-O bond in the process. The defect level of the
neutral impurity state was found to occupy the bottom of
the conduction band; therefore, effectively atomic hydrogen
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FIG. 1. Distances from the three vacant oxygen sites (Vo) for the
ions of the neighboring shells (relaxed YSZ supercell). The top panel
shows the number of neighbors and their distances for the case of the
ideal (unrelaxed) fluorite cell.

donates its electron to the oxide conduction band and becomes
ionized.

In contrast to the ideal cubic fluorite structure, the YSZ
structure possesses certain complexities. Despite the fact that
the overall cubic structure is maintained, doping induces
structural disordering to the cubic lattice with the largest local
distortions from cubic symmetry taking place near the oxygen
vacancies. The detailed ionic displacements after relaxation
for both sublattices are shown in Fig. 1 as a function of the
distance of the ions from the three introduced oxygen vacancies
(denoted as Vg in the figure and in the remainder of the paper).
It can be seen that the largest displacements take place near
the vacancies. These severe localized displacements appear to
suppress the tetragonal distortion of the oxygen sublattice that
could potentially destabilize the cubic phase.®

The present calculations, similarly to earlier DFT
results,’%¢ showed that the oxygen ions Oy that are closest to
the oxygen vacancies are displaced the most. These anions (six
per vacancy) display a strong attraction towards the nearest-
neighbor oxygen vacancies with the dominant component
of their displacements along the cubic (100) directions [see
Fig. 2(a)]. For the specific YSZ cell used in the defect
calculations the magnitude of the displacements of these
anions were in the range of 0.22-0.56 A (see Fig. 3). Therefore,
these oxygen ions do not reside in a perfect tetrahedral
environment as in the ideal cubic lattice: In most cases their
fourth Zr neighbor is found at distances beyond 3 A and this
effectively reduces their cation coordination number to three
[see Fig. 2(a)]. On the other hand, the displacements of the
more distant (to the vacancies) anions (denoted as O-nyn in
Fig. 3) were consistently smaller (0.12-0.30 A) with a clear
tendency for most next-nearest-neighbor anions (Onny) to
displace further away from the vacant sites (see Fig. 1).

Smaller displacements are predicted for the heavier Zr
cations; those cations that are nearest neighbors to the
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FIG. 2. (Color online) Structure of the 10.3 mol% YSZ lattice
near an oxygen vacancy Vo (square symbol). The figure depicts
a planar cut of an anion (001) plane. The dotted lines specify the
unperturbed anion network of the undoped cubic-fluorite zirconia.
(a) Bulk crystal. Solid lines connect the nearest Zr neighbors to
the specified oxygen ion. The dashed line is used to indicate
the Zr ion displaced further away from the central oxygen ion.
(b) Representative minimum-energy hydrogen sites in the lattice.
Sites denoted by cc are the cube-centered interstitial sites. A bond-
type configuration is depicted explicitly by showing the covalent
OH™ bond (thick solid line). Open (solid) circles denote oxygen
(zirconium) ions. The smaller unfilled circles represent hydrogen
sites. Different sizes for Zr and H denote different locations along the
[001] viewing direction. For the meaning of the circled Zr cation (by
the dotted circle), see text.

vacancies (Zryy) were all observed to be repelled from the
vacancies (see Fig. 1) and were displaced the most with
displacements in the range of 0.13-0.25 A. The introduced
yttrium ions, on the other hand, exhibited considerably smaller
displacements during relaxation and continued to occupy NNN
positions with respect to the vacancies, at least 4 A away
(see Fig. 1). The observed displacement patterns for the two
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FIG. 3. The histograms depict the magnitude of the displacements
dr for all oxygen ions in the YSZ supercell. The ideal fluorite
(unrelaxed) structure is taken as the reference configuration. The
top panel shows separately the displacements for those anions which
are nearest neighbors (Oyy) to the vacancies and those more distant
(O-nn) to the vacancies.
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sublattices are in very good agreement with the results of
earlier DFT calculations of cubic YSZ.3%3%3

To study the incorporation of hydrogen in the YSZ supercell
the impurity was placed at various sites interstitially in the
lattice. The structural optimization with the PBE functional
led to 25 distinct configurations. Hydrogen was found to
incorporate in two distinct manners depending on its charge
state. The first type of configurations adopted for all charge
states is a bond-type configuration where hydrogen forms a
covalent bond OH™ with the oxygen ions [see Fig. 2(b)].
Excess protons (H') are exclusively stabilized in this way;
that is, hydrogen defect centers in their positively charged
state, HT, can exist only in the hydroxide bond configuration.
The bond length of OH™ lies typically within 0.98-0.99 A,
whereas the distance of hydrogen to the next-nearest anion
has a rather wide range (from 1.70 to 2.20 A), something that
is consistent with the strong intrinsic structural disorder of
the YSZ lattice. Consequently, the corresponding formation
energies for these bond configurations exhibit a considerable
spread of up to 1 eV. In the majority of cases encountered in the
present study the amount of structural relaxation involved in
the OH™ bond formation can be appreciable, especially when
the oxygen ion that the hydrogen binds to is a nearest neighbor
of an oxygen vacancy. In some cases the displacements of these
oxygen ions can be as large as 1 A, with a major component
towards the vacant site (see Fig. 2). Such large displacements
can also be considered as (at least partial) vacancy jumps
induced by the impurity. As a result of these relaxations, Zr
cations relatively near the oxygen vacancies are deprived of
one of their anion neighbors [see circled cation in Fig. 2(b)]
and become undercoordinated (sevenfold coordinated). The
final defect configuration can, therefore, be viewed as a rather
extended defect complex. In this respect, the cubic YSZ lattice
is a far more flexible network with respect to monoclinic
zirconia, in particular in its capacity to relieve the strain
near the impurity by means of strong and extended lattice
relaxations. In monoclinic zirconia® bond formation of the
hydrogen with a threefold coordinated lattice oxygen leads to
comparably much lower relaxations of the host lattice, which
are confined to the atoms forming the bond (displacements do
not exceed 0.25 A for any ion).

Examination of 15 different bond-type configurations in
various positions within the supercell showed that hydrogen
binds more favorably with those oxygen ions, Oy, that
are nearest neighbors to the oxygen vacancies. For these
configurations the accompanying lattice relaxation is also
very high with these anions, Onn, displacing towards the
oxygen vacancy and the nearby hydrogen. In the final relaxed
geometries hydrogen is bound to Oy with the latter adopting
a bridging-type -Zr-Onn-Zr- configuration [see Fig. 2(b)].
Effectively, the anions Onn in these configurations have a
cation coordination of two with typical Zr-Oyy distances in the
range of 2.10-2.30 A. The third cation neighbor of Oy [of its
initial neighbor shell in the undoped fluorite lattice; designated
by the dotted circle in Fig. 2(b)] is found at longer distances
(typically between 2.45 to 2.85 A), namely beyond the nearest-
neighbor shell of Oyy. For the neutral and positively charged
states of hydrogen, these configurations with the threefold
coordination of the host anion Ony (two Zr cations of the host
plus the hydrogen) were found consistently to have among
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the lowest-formation energies among all possible bond-type
configurations in the YSZ lattice. Similar tendencies were also
observed in the disordered transition region of Si/SiO,/HfO,
gate stacks with the proton attaching more favorably to twofold
coordinated oxygen anions.>>6

Hydrogen in its neutral (H°) and negative (H™) charge
states was further found to adopt additional configurations.
These were interstitial configurations with hydrogen residing
at high-symmetry interstitial sites of the YSZ lattice. In total,
ten such configurations were determined. The first type of these
sites comprise the centers of the empty cubes formed by the
anion sublattice, and these are referred to as cube-centered
(cc) sites in the remainder of the paper (see Fig. 2). The
impurity in these cc sites has either eight or seven anion nearest
neighbors, depending on the presence of anion vacancies.
A second type of a stable site for both H? and H™ are the
oxygen-vacancy sites Vg that can also be viewed as interstitial
sites in the present context. These structural vacancies are
part of the bulk equilibrium structure of YSZ and are not
defects in the traditional sense. They compensate the charge
of the substitutional yttrium and their introduction is needed
to stabilize the cubic fluorite phase. The present calculations
for a number of YSZ cells with different Vo configurations
showed that hydrogen (H° and H™) can be stabilized in almost
all of these Vg sites without the need to form a short bond
with a neighboring anion, since the latter remain sufficiently
far away. The anion coordination for hydrogen in these sites is
equal to six. For the neutral paramagnetic hydrogen, H°, these
interstitial configurations possess higher formation energies
with respect to the neutral bond-type configurations by as
much as 1 eV. In contrast, negatively charged hydrogen, H™
displays a clear preference for the interstitial sites with much
lower formation energies (up to 2 eV) with respect to nearby
negatively charged configurations of the bond type.

For the neutral state, H, the presence of hydrogen in
these interstitial sites induces a very small interaction with the
surrounding network with minimal structural relaxation: The
largest ionic displacements with respect to the bulk-lattice
positions do not exceed 0.15 A. In contrast, the negatively
charged H™ caused large relaxations with a tendency to
maximize its distances from all its oxygen nearest neighbors
and at the same time to stay close to neighboring Zr cations
owing to their electrostatic attraction (either to single Zr cations
or by forming bridging -Zr-H-Zr- configurations) with typical
Zr-H distances in the range of 2.00-2.20 A.

Due to the strong structural disorder of the YSZ lattice it is
difficult to assess the role of yttrium ions on the energetics and
local environment of hydrogen. The fact that the lower-energy
bond-type hydrogen configurations were found to form near
the oxygen vacancies Vg suggests that yttrium (always located
at least 4 A far away from the vacancies; see Fig. 1) does
not interact with hydrogen through short-range electrostatic
forces. Its influence will be through the long-range lattice
relaxation that it induces due to its larger size: The nearest-
neighbor Y-O distances are in the range of 2.23-2.55 A;
namely, they are considerably larger to the Zr-O distances,
which are typically within 2.10-2.30 A (the nearest-neighbor
Zr-0O distance in the ideal, unrelaxed fluorite cell is equal to
2.24 A). The same can be argued for the interstitial H’ and
H™ configurations where hydrogen occupies the Vg sites. On
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FIG. 4. (Color online) Formation energies of the neutral and
charged states of hydrogen versus the Fermi-level position in the
gap. The plot shows the results of the hybrid (HSE06) calculations.
The thermodynamic charge-transition levels, E(g/q’), are denoted
by the vertical lines. The reference energy for the Fermi level is set to
the valence-band (VB) maximum of the bulk supercell. The thicker
vertical line marks the position of the conduction-band minimum
(CBM). The plot depicts the formation energies of the lowest-energy
structures encountered in the YSZ cell for each H configuration and
charge state.

the other hand, yttrium is closer to hydrogen when the latter
occupies the cc sites in its H° and H— states. Nonetheless,
even in this case the nearest-neighbor shell of hydrogen
comprises the ions of the oxygen sublattice [see Fig. 2(b)]. In
all examined cc configurations the negatively charged H™ was
always seen to approach the positively charged Zr cations since
the yttrium ions carry a negative charge (yttrium substitutes
the higher-valence Zr).

The formation energies of the neutral and charged states of
hydrogen are shown in Fig. 4 as a function of the Fermi-level
position in the gap. Although the more accurate HSEO6 results
will be presented and discussed, the DFT-PBE results were
qualitatively similar but with quantitative differences in the
magnitude of the band gap and the position of the transition
levels with respect to the band edges. The value of the band
gap, Egup, was determined to be equal to 5.47 eV from
the hybrid-functional HSEO06 approach for the specific YSZ
cell used in the defect calculations. This value is within the
range of reported experimental results’>> for the YSZ gap
(ranging from 5.2 to 5.8 eV) and in accordance with previous
ab initio calculations® with the hybrid B3LYP functional
(5-5.6 eV). For the neutral case the two different types
of hydrogen configurations are both indicated (two typical
configurations were chosen). The plot also depicts the resulting
thermodynamic charge-transition levels, E(g/q’), denoted by
the vertical lines. These levels were obtained by considering
only the lowest-energy structures for a given charge state of
hydrogen, for instance the bond-type configuration for the
neutral H® state. Similarly, the energy line for the negative
state, H™, in Fig. 4 corresponds to the lower-energy interstitial
configuration of H™, not to its higher-energy bond-type one.

It can be inferred that hydrogen is a negative-U defect where
the donor level, E(+/0), lies higher in energy with respect to
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the acceptor level, £(0/—). The obtained magnitude of |U]|,
where |U| = |E(0/—) — E(+/0)|, is equal to 2.83 eV.

The value of |U | obtained here is slightly larger to the value
of |U| (2.7 eV) for hydrogen in the monoclinic phase of hafnia
determined by means of DFT-GGA calculations,®” although
another DFT-GGA study®® for the same system cites a much
smaller value (1.6 eV). In Ref. 20 it was argued on the basis of
their £ SR data that the expected values of |U | for both zirconia
and hafnia should be similar to or larger than the higher value
of |U| reported®’ for monoclinic hafnia (2.7 eV).

The negative-U character of hydrogen and the obtained
ordering of the thermodynamic transition levels suggest that
the neutral state of isolated hydrogen (H") is never the
equilibrium state at any value of the Fermi level. The transition
level, E(4/—), (also known as the pinning level'*) lies deep
in the band gap, at 2.0 eV with respect to the conduction-
band minimum (CBM). These findings show that isolated
hydrogen is an amphoteric impurity in 10.3 mol% cubic
YSZ, contradicting the behavior of hydrogen in the undoped
cubic zirconia lattice where a shallow-donor character was
predicted.'-1?

Itis also interesting to note that the existing ab initio studies
of isolated hydrogen in the monoclinic phase of zirconia
lead to contradictory predictions concerning the behavior of
hydrogen: The DFT results of Mantz and Gemmen®® obtained
at the GGA level showed that hydrogen acts exclusively as
a donor, whereas the most recent hybrid-functional (HSE)
calculations of Lyons et al** predict that hydrogen is an
amphoteric defect placing the H(4/—) level at almost 1 eV
with respect to the CBM. The latter calculation is in agreement
with the universal pinning model for hydrogen'® whereby
the transition level, E(+/—), for monoclinic zirconia is also
predicted to lie in the upper half of the gap, almost 1 eV below
the CBM.'* The margin of error for this result, nonetheless,
must depend on the accuracy of experimental electron affinities
for zirconia that were used to position the CBM with respect
to the vacuum level.'*

From the present results it can also be seen that the thermo-
dynamic acceptor level, E(0/—), is found deep in the gap, at
2.06 eV with respect to the VBM (see Fig. 4). Alternatively,
even if the higher-energy interstitial configuration (Hyom) is
taken for the neutral hydrogen state when calculating the
charge transition level with the negative state, the resulting
acceptor level is displaced closer to the valence band but still
remains a deep level nonetheless (at 1.35 eV with respect to
the VBM; see Fig. 4).

The donor level, E(+/0), is also found deep inside the gap,
at 0.58 eV with respect to the CBM, suggesting that the donor
configuration is a deep one and not a shallow-donor type;
therefore, thermal ionization is very unlikely. This finding
appears to be in contradiction to earlier interpretations and
analyses of the ©SR data in cubic YSZ, where shallow-donor
muonium states were proposed from indirect evidence with
corresponding ionization energies estimated to be in the range
of 10 to 30 meV.? In the light of the present results this issue
needs to be revisited.

If one takes the distance of the thermodynamic donor level
from the CBM as a measure of the donor-ionization energy
then it can also be considered as the activation energy for
the conversion of the paramagnetic H to the diamagnetic H*
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fraction. If neutral hydrogen is instead stabilized in the higher-
energy atomlike interstitial configuration, then a site change is
also necessary to bring the atomlike H° to the donor bond-type
site (see Sec. IV); this would require the crossing of an energy
barrier and the migration energy for this site change needs
to be determined and added to the donor-ionization energy in
order to obtain the full activation energy for the conversion to
the H* fraction.

B. Defect-induced levels in the gap

Hydrogen in the positively charged state does not introduce
any defect levels in the gap since the bonding and antibonding
levels of the dative OH™ bond state lie below (above) the
valence (conduction) band edges, respectively, in agreement
with previous calculations of HT in oxides.”!%-11:13:17

For the case of neutral paramagnetic hydrogen, H, defect
levels appear in the gap whose position and character were
found to be intimately connected with the type of site that
hydrogen occupies in the YSZ lattice. These observations
were mainly made by means of the much-less-elaborate
DFT-PBE calculations, where the position and character of
the defect levels were inspected for a large number of neutral
hydrogen configurations. Nonetheless, the main trends were
confirmed to hold for a few representative cases where the
hybrid-functional approach was employed and the analysis
that follows is only restricted to these results from the hybrid-
functional calculations.

When hydrogen occupies an interstitial site, namely a cc
site or the oxygen-vacancy site the induced defect levels are
deep levels: The singly occupied levels of the majority spin
appear consistently in the lower part of the gap, within 1 eV
from the VBM (see Fig. 5).

Examination of the partial charges for individual electron
bands showed that the excess electron in these levels is
strongly localized on hydrogen and maintains an atomic ls
character with some 2p-type contributions on the nearest-
neighbor oxygen ions (see Fig. 6). These latter contributions
are consistent with the fact that the level is close to the valence
band since the upper part of this band is mainly composed of
oxygen 2p states. Figure 6 depicts the localized defect state
for the case where hydrogen occupies a Vg site; the p-type
character of the electron charge on the six oxygen nearest
neighbors of hydrogen is evident.

Energy (eV)
O = N W B W

(ce) (V) VB

FIG. 5. (Color online) Band diagram showing the position of the
occupied defect levels (majority spin; solid lines) in the gap for the
different neutral hydrogen configurations: the atomlike interstitial
(cc and Vo) and the bond-type (OH™) configurations. Dashed lines
denote the unoccupied levels of the minority spin. The results were
obtained from the hybrid (HSE06) calculations.
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FIG. 6. (Color online) Electron-density isosurface (in yellow) for
the defect state of the neutral interstitial hydrogen configuration. The
plot depicts the cubic supercell and the charge isosurface for the
occupied defect level in the gap. The results were obtained from
the hybrid (HSE06) calculations. In the case shown here hydrogen
resides in the oxygen-vacancy site. The chemical elements are
represented as follows: H (small red sphere in the middle), Zr (smaller
dark-gray spheres), O (larger blue spheres), Y (very large light-gray
spheres). The same conventions apply for the figure that follows.

On the other hand, the defect-induced levels for the neutral
bond-type configurations appear in the upper half of the gap,
at about 1 eV from the conduction-band edge (see Fig. 5).
No stable delocalized solution was found for these donor
hydrogen configurations (whereby the excess electron would
occupy the bottom of the CBM and would be delocalized in the
entire supercell) using either the semilocal PBE or the hybrid
HSEOQ6 functional approach. For the specific case depicted in
Fig. 5 (which shows HSEQ6 results) the majority-spin singly
occupied defect level is at 1.2 eV with respect to the CBM.
The obtained isosurface plot for this deep level showed that
the unpaired electron is not centered on hydrogen (see Fig. 7).
Instead it is of 4d character and is localized assymmetrically
at neighboring Zr cations carrying also considerable weight in
the interstitial space of the empty cube of the anion sublattice.
Among these Zr cations, the largest electron charge is found

FIG. 7. (Color online) Electron-density isosurface (in yellow) for
the defect state of the neutral bond-type hydrogen configuration. The
plot depicts the cubic supercell and the charge isosurface for the
occupied defect-induced level in the gap. The results were obtained
from the hybrid (HSE06) calculations.
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on the undercoordinated Zr cation (sevenfold coordinated) that
lost an oxygen neighbor after the introduction of the impurity
[circled cation in Fig. 2(b)]. This cation is located at approx-
imately 4 A towards the lower-right direction with respect
to the hydrogen site (see Figs. 2 and 7). Examination of the
relaxed coordinates of the H™ and H? bond-type configurations
revealed polaronic distortions around this undercoodinated Zr
cation. The excess electron polarizes the system locally by
increasing the nearest-neighbor Zr-O distances (in the range
2.13-2.40 A in the H® configuration) with respect to the initial
positively charged H* configuration where these distances
were in the range of 2.07-2.27 A.

The present findings clearly show an intimate connec-
tion between the electron trapping near the defect in these
bond-type OH™ configurations and the distinct displacements
brought about by the stabilization of hydrogen in such OH™
configurations near the oxygen vacancies (see Fig. 2). There-
fore, the resulting deep levels in the gap are hydrogen-induced
levels but with polaronlike distortions also present (increase of
the local Zr-O distances). Purely intrinsic (without hydrogen)
electron trapping at different locations in the supercell caused
by the structural disorder of the YSZ lattice cannot be
excluded. Indeed, electron trapping was predicted for different
paramagnetic centers in both intrinsic and extrinsic (Ti-doped)
cubic YSZ from DFT calculations.” The trapped electron
was observed to occur at defect complexes that consisted of
specific cation (Zr** or Ti**) and oxygen-vacancy arrange-
ments, which are clearly distinct from the hydrogen-induced
complexes seen here.

The magnitudes of the thermodynamic donor level E(+4/0)
(equal to Ecgm — 0.58 eV) and acceptor level E(0/—) (equal
to Evpm + 2.06 V) for hydrogen provide the thermal ion-
ization energies for the donorlike and acceptorlike transitions,
respectively,

Hl?ond - Hl;:)nd + ech (2)
and
Hboond - Ha;om + th (3)

where the different charge states of hydrogen are exclusively
referred to their lower-energy configurations. e, denotes the
electron excited from the donor level of Hgond to the conduction
band and A, the hole created at the valence band following
the transition of an electron from the valence band to the
defect level of H), ;. These large values of the thermodynamic
charge-transition levels suggest that conversion of the initial
paramagnetic H to the diamagnetic positive (H*) and negative
(H™) hydrogen states by thermal excitation of electrons to and
from the band edges is very unlikely. Equally large (Evpm +
1.35 eV) is the magnitude of the modified acceptor level, if
both H® and H™ are assumed to stabilize at their interstitial
atomlike configurations (see Fig. 4).

The optical ionization energies for both donor and acceptor
transitions will be even higher compared to the thermody-
namic (also known as thermal) ionization energies. Optical
ionization processes occur instantaneously (according to the
Franck-Condon principle) and the obtained ionization energies
are always higher owing to the neglect of the lattice relaxation:
The lattice does not have the necessary time to relax and
lower its energy following the electron/hole excitation.®
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Therefore, the optical transition levels will be even deeper
rather than shallower compared to the thermal, thermodynamic
levels.

The conversion energies to the diamagnetic fractions (H™
or H™) can also be even higher: In the donor process (which
should be easier given the smaller distance of the donor
level from the conduction band) if neutral H® is initially
stabilized in an interstitial atomlike configuration (H%, ) then
the relevant activation energy towards H* should further
include the migration-energy barrier for the site change to
the donor bond-type (Hgond) configuration. The magnitude of
these barriers are discussed in the following section.

IV. GLOBAL STABILITY AND MIGRATION PATHS
OF NEUTRAL HYDROGEN

The fact that hydrogen is a negative-U defect means that its
neutral state is never the thermodynamically favorable state for
any value of the Fermi level in the gap. Therefore, the neutral
state cannot be accessed by experimental techniques that
probe thermodynamic-equilibrium conditions. Nonetheless,
this does not mean that the neutral state is unstable. Indeed
the present calculations and previous DFT- and Hartree-
Fock-based calculations’"’* of negative-U hydrogen in other
semiconducting solids showed that neutral, paramagnetic
hydrogen configurations can be well-defined local minima
and therefore stable states. Experimental techniques, such
as the uSR spectroscopy (with which the present study
aims to provide comparisons) and optical spectroscopies can
probe stable neutral H° states that do not normally exist at
thermodynamic equilibrium but can, nonetheless, exist under
conditions where thermodynamic equilibrium is not attained,
namely sufficiently low temperatures and transient conditions
of short lifetimes.

As discussed in the previous section, two distinct paramag-
netic hydrogen configurations exist with hydrogen residing in
different locations in the YSZ lattice: the deep-donor bond-
type configurations that possess lower formation energies
and the atomlike interstitial configurations that have higher
energies but are, nonetheless, local-energy minima. NEB
calculations were performed to gain an insight on the site
interplay between these two different types of configurations.
Specific migration pathways that connect these configurations
were examined and the corresponding MEPs and classical
barriers of migration were determined.

Since the positively charged state, H*, adopts exclusively
bond-type configurations it is clear that site changes of hydro-
gen towards this configuration will be necessary during the
conversion of the paramagnetic to the (positive) diamagnetic
fraction inferred from the @SR measurements.”’ The NEB
calculations, therefore, can shed light on the ease of accessing
these donor configurations during the conversion process
by determining the activation energies for the site changes
of H.

Two different sets of NEB calculations were performed. The
first one (Sec. IV A) aimed to study locally the transition path-
ways and associated barriers between nearby interstitial and
bond-type H® configurations. Although these calculations can
be very informative regarding the atomic-level rearrangements
involved, nonetheless, cannot describe adequately the global
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FIG. 8. (Color online) Schematics of interstitial-to-bond site
changes for the neutral paramagnetic state, H’, of hydrogen. Two
representative cases are shown. (a) Hydrogen occupies initially
a cc interstitial site. (b) Hydrogen occupies initially an oxygen-
vacancy (Vo) interstitial site. The arrows denote the dominant atomic
displacements during the site changes. Symbols as in Fig. 2.

aspects of migration of H’ governing long-range diffusion. For
this reason, in the second set of NEB calculations (Sec. IV B)
a more global picture of the migration behavior of neutral
H° was explored. Several distinct pathways were considered
that connect the various types of interstitial configurations of
H° spanning longer distances near and further away from the
oxygen vacancies.

A. Interstitial-to-bond site changes and energy barriers

The structural changes needed to transform an interstitial H
configuration to a nearby bond-type H configuration consist of
concerted (simultaneous) displacements of both the hydrogen
and the anion that it eventually binds to. Two representative
cases of such site changes are depicted in Fig. 8, where it can
be seen that initially H® occupies a cc interstitial site (a) and
an oxygen-vacancy site (b).

The first site change (a) depicted in Fig. 8 is the most com-
mon case encountered owing to the much larger availability of
the interstitial cc sites in the YSZ lattice. Both site changes, as
shown in Fig. 8, involve simultaneous displacements of both
the HY itself and a nearby oxygen ion (depicted by the arrows).
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Interstitial-to-bond site changes
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FIG. 9. Energy profiles along the MEP of the site changes of
H° depicted in Fig. 8. The curves were obtained from numerical
interpolation (Akima method) of the NEB data (circles). MEP and
energies were obtained from the NEB method. The differences in the
scale of the reaction coordinate reflects the fact that the hydrogen
in process (b) has to displace more to complete the path (see
Fig. 8).

The displacements are both short range with magnitudes in the
range of 1 to 2 A.

The migration-energy profiles along the calculated MEP
for the described interstitial-to-bond site changes are shown
in Fig. 9. The energy profiles for either case clearly show that
hydrogen in the interstitial configurations finds itself in wide
and rather flat and shallow potential wells. The energy barriers
of detrapping are very small (of the order of 0.1 eV) and
comparable with the calculated zero-point energy of hydrogen
at the interstitial configurations (equal to 0.10 eV). Therefore,
these interstitial configurations can very easily transform (even
at low temperatures aided by quantum-mechanical tunneling)
to the bond-type ones. It will be even easier for the much
lighter muonium. The strong asymmetry in the energy profiles
of Fig. 9 leads also to another aftereffect: Once hydrogen is
stabilized in the donor bond site, it will be extremely difficult
to migrate back to the interstitial site at least taking the same
direct path. The calculated zero-point energy of hydrogen at
the donor bond-type configuration is 0.31 eV and is clearly not
enough to overcome the larger (in the reverse sense) barriers of
the paths shown in Fig. 9. These larger barriers for hydrogen
to leave its bond-site configuration reflect the fact that the
bond-breaking process requires high energies. For the specific
paths depicted in Fig. 8 the hop from a bond site to an interstitial
site can only be achieved when hydrogen is excited to one of
its higher vibrational states.
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FIG. 10. (Color online) Representative migration paths (depicted
by arrows) connecting the interstitial H’ configurations. The meaning
of paths denoted by (1), (2), and (3) is explained in the text. Dotted
circles denote intermediate hydrogen positions midway along the
paths. The circles with the X symbol denote the ions closest to H°
midway along the paths. For purposes of clarity only two Zr ions are
shown.

B. Migration paths connecting interstitial
sites and energy barriers

Representative migration paths that connect interstitial H
configurations are schematically depicted as the arrows in
Fig. 10. For these paths the resulting MEP and barriers were
calculated initially by allowing full relaxation of the host lattice
in response to the migrating hydrogen; corresponding results
for this case are depicted by solid lines in Fig. 11. However,
given the fact that hydrogen (and muonium even more) is
much lighter compared to the ions of the host lattice, MEP
and barriers were also determined by keeping the host lattice
rigid during the hydrogen migration processes studied here.
These results are depicted by the dashed lines in Fig. 11. This
assumption also may describe better the actual experimental
conditions attained during muonium spectroscopy; namely, the
muon implantation process coupled with the small lifetime of
muon (2.2 us) may not always allow the host lattice to relax
and rearrange itself into a new equilibrium configuration with
the implanted species before the latter decays.

The first type of paths for the migrating hydrogen are
spatially localized near the oxygen-vacancy sites. These are
of the type denoted by (1) in Fig. 10 with a multiplicity of
four per oxygen vacancy. In these paths hydrogen moves
from its position at the cc interstitial sites to the nearest
oxygen vacancy site by displacing along (111) directions.
The energy profiles for the MEP of this type of paths are
asymmetric (top panel in Fig. 11) since H’ occupying the
oxygen-vacancy sites were found to possess slightly lower

155144-9



A. G. MARINOPOULOS

Energy profiles of site changes of interstitial hydrogen
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FIG. 11. Energy profiles along MEP connecting representative
interstitial configurations of neutral paramagnetic hydrogen, H°.
Dashed lines denote results with H® migrating in a rigid host lattice.
The curves were obtained from numerical interpolation (Akima
method) of the NEB data (circles).

energies. The obtained barriers for hydrogen moving towards
these sites (from all the neighboring cc interstitial sites) are
also extremely low, indicating that these transition pathways
are nearly spontaneous and can be operative even at very
low temperatures (below room temperature). Therefore, H°
can very easily migrate towards the oxygen-vacancy sites
and occupy them when it initially resides in the neighboring
cc interstitial sites. It is interesting also to note that these
migration paths effectively connect atomlike H® configurations
and there is no evidence from the calculated MEP that H’ can
possibly be trapped in any other type of configuration at any
point along the transition pathways (see Fig. 11).

Paths of types (2) and (3) depicted in Fig. 10 connect
adjacent cc interstitial H® configurations. The difference
between paths (2) and (3) is that the former occur near an
oxygen-vacancy site, whereas paths of type (3) away from it
(at least beyond its nearest-neighbor neighborhood). For both
of these paths hydrogen migrates along (110) directions and
needs to pass midway between an O-O edge of the cube of the
anion sublattice in order to cross over to the adjacent cube (the
anions of these O-O edges are designated with the X symbol
in Fig. 10). For the paths of type (2), however, in the vicinity of
the oxygen vacancy Vg the crossing O-O edge simply becomes
an O-Vg edge (see Fig. 10).

The NEB calculations for a number of paths of types (2) and
(3) showed that these paths display two distinct behaviors in
terms of the position of the transition state in their MEP: In all
of the paths of type (2) and in some paths of type (3) [denoted
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as (3i) in Fig. 11] a potential well develops approximately
midway along the path with two energy maxima in both sides
of the well (see Fig. 11). The barriers for these maxima are
also considerably smaller for the paths of type (2), namely
those near the oxygen vacancy, whereas for the paths of type
(31) the barriers can easily be up to 1 eV (see solid-line curves
in the two middle panels of Fig. 11).

It can also be seen that the minimum of the potential well in
these MEP is lower than the energies of the two endpoints of the
path, namely the initial and final interstitial H’ configurations.
This result shows that H’ when migrating along these paths
finds itself in lower-energy configurations that effectively act
as transient trapping regions. This is not surprising since the
atomlike interstitial configurations represent high-energy local
minima for H in YSZ and transitions among these can cause
hydrogen to access lower-energy states of the configurational
energy space. Inspection of these intermediate potential-well
states showed that hydrogen is located very close to an anion of
the crossing O-O edge (or the anion of the O-V edge). Upon
allowing energy minimization only for these states these were
always found to transform to bond-type configurations with
the hydrogen bound to the nearby anion.

The remaining paths of type (3) (denoted by the subscript
ii in the lowermost panel of Fig. 11) are characterized by a
single transition state located midway along the path while
the hydrogen is attempting to cross the O-O edge. The
corresponding energy barriers were found to be at least 0.5 eV
(the barrier for the specific path shown in Fig. 11 is equal
to 0.67 eV). No precursor metastable states, therefore, occur
in this case and H® migrates towards the interstitial site of
the adjacent anion cube once it overcomes the transition-state
saddle point.

The present NEB results of the migration energetics of H’
in YSZ outline the importance of oxygen vacancies and lattice
relaxation in the migration process. By decreasing the barriers
of migration of interstitial H* they essentially make it easier for
atomlike HY to access lower-energy intermediate states along
the paths facilitating therefore site changes for hydrogen and
causing the conversion to the donor bond-type paramagnetic
component. The NEB results for the MEP and barriers plotted
in Fig. 11 clearly show that the rigid-lattice condition has an
effect on both the shape of MEP and the migration barriers: It
increases the magnitude of the latter with respect to the fully
relaxed results and for the paths of type (3) (away from the
oxygen vacancies) does not allow the migrating H° to access
lower-energy intermediate potential-well configurations. This
shows that the local displacements of anions of the oxygen
sublattice are vital to obtain such low-energy intermediate
states and lower barriers: Rearrangements of the migrating
hydrogen alone inside the rigid host lattice are not sufficient
to provide easy (low-barrier) migration routes. The only
exception was seen to occur for the transition pathways of type
(2) that connect interstitial configurations in the immediate
vicinity of an oxygen vacancy (see Fig. 10). For such pathways
a potential well develops from the intermediate states midway
along the path, similarly to the fully relaxed results (second
panel in Fig. 11). It can thus be inferred that two immobile
nearest-neighbor anions (the pair making up the O-O edge,
denoted by X) impose severe restrictions for the migrating
hydrogen to accommodate itself into low-energy geometries
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midway along the path; oxygen vacancies instead can provide
the necessary steric freedom for hydrogen to do so.

V. CONCLUSIONS

The present ab initio study with both the semilocal PBE and
the hybrid HSEO06 functionals shows that isolated hydrogen is
an amphoteric defect in cubic 10.3 mol% YSZ with a deep
transition level, E(+/—), located in the upper half of the
band gap. Deep thermodynamic acceptor and donor levels
are predicted by the hybrid-functional approach, especially
for the acceptor level, E(0/—), which is found at 2.06 eV with
respect to the VBM, whereas the donor level, E(+4/0), is at
0.58 eV from the CBM. These values suggest that thermal
excitation of electrons from and to the band edges are very
unlikely.

Hydrogen stabilizes in a number of different positions
in the YSZ lattice with the positively charged state, H*,
forming hydroxide-bond (OH™) configurations and the neg-
ative ion, H™, favoring interstitial configurations maximizing
its distances from the lattice oxygens. Neutral paramagnetic
hydrogen is also stabilized in two distinct configurations in
agreement with the existing SR data that revealed signatures
of two distinct paramagnetic muonium components.”’ The
present study showed that hydrogen in its neutral state H’ can
either form bond-type configurations by binding to oxygen
ions or alternatively adopt interstitial configurations of strong
atomic character. The compensating oxygen vacancies were
found to play an important role in the incorporation of
hydrogen since they provide stable sites for hydrogen in both
its negatively charged and neutral states.

Both of the distinct paramagnetic configurations of hydro-
gen are deep-level configurations. The position and character
of the defect-induced states in the gap were seen to be
intimately connected with the location where hydrogen resides
in the lattice. For the atomlike interstitial configurations the
excess electron is localized at the impurity site with an
important degree of delocalization to the nearest-neighbor
oxygen ions and with the singly occupied defect levels
very close to the VBM. On the other hand, the bond-type
configurations are characterized by singly occupied defect
levels positioned at about 1 eV from the CBM with the excess
electron asymmetrically localized at neighboring Zr cations,
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most notably to the undercoordinated cation that lost an oxygen
neighbor following the introduction and relaxation of the
impurity at the bond OH™ site. Polaronic distortions consisting
of the increase of the local Zr-O distances are necessary to trap
the excess electron near the Zr ion.

The present NEB results of MEP and classical barriers for
migration of neutral H° show that thermal conversion of the
atomlike interstitial H to a lower-energy nearby bond-type
H° configuration is very likely with very low energy barriers.
Nonetheless, this is true only if the local environment near the
migrating HC (in particular the anion that H® binds to) has the
necessary time to rearrange itself.

A more global picture of the long-range migration behavior
of H® was also explored by considering alternative longer-
range migration routes connecting directly atomlike H® from
adjacent interstitial sites. Due to the intrinsic structural disor-
der of the YSZ lattice the activation energies of migration dis-
played a strong dependence on the local topology with major
influences from oxygen vacancies and lattice relaxation. More
specifically for migration paths beyond the nearest-neighbor
shell of the vacancies, the obtained migration barriers were in
the range of 0.5 to 1.5 eV, while for paths in the immediate
vicinity of vacancies the corresponding barriers were much
smaller. Oxygen vacancies and lattice relaxation were also
found to play an important role in the interconversion between
the two distinct paramagnetic configurations of hydrogen by
favoring trapping of hydrogen to intermediate lower-energy
potential-well states that can subsequently convert to the
bond-type donor configurations of H.
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