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Abstract. The introduction of hydrogen in the yttrium aluminum garnet, Y3Al5O12 (YAG), has been
known to affect the optical and luminescence properties of this material. This makes it imperative to
examine the nature of hydrogen impurities in YAG and also to understand how hydrogen interacts with
native defects. Recent studies based on positron-annihilation lifetime spectroscopy (PALS) provided strong
evidence on the presence of hydrogen inside the YAG lattice that eventually led to strong reduction of the
positron lifetimes attributed to cation-vacancy defects. The present study reports first-principles calcula-
tions that determine the character of isolated hydrogen states in the YAG solid as well as the interaction
and binding of hydrogen to the aluminum monovacancies. A hybrid functional approach that incorporates
exact electron-exchange interactions is employed to determine the defect association of aluminum vacancies
with hydrogen and the charge-transition levels of the resulting vacancy-hydrogen complexes. The effects
of hydrogen towards passivation were studied by means of two-component density-functional theory where
the positron trapping and corresponding lifetimes of the vacancy defects were calculated as a function of
the number hydrogen atoms bound to each vacancy. The final results are also discussed in connection with
the experimental PALS data.

1 Introduction

The yttrium aluminum garnet, Y3Al5O12, widely known
as YAG, has a prominent place in technologies based
on lasers, phosphors and scintillation devices, owing to
its optical transparency and mechanical stability and
hardness [1,2]. Point defects play an important role in
the optical behavior of YAG. Extrinsic defects such as
lanthanide dopants become luminescent activators pro-
viding the necessary optical transitions for energy con-
version and photon emission [2–6]. It was also proposed
that native point defects in the YAG lattice can act as
deep or shallow traps for charge carriers and excitons,
thus competing destructively with luminescence centers
[3–5,7].

Effects of hydrogen in YAG single crystals were
studied by optical absorption and thermo-luminescence
measurements [8]. Hydrogen incorporation modified the
optical absorption spectra and led to elimination of trap
levels in the YAG band gap. The explanation given
was that hydrogen binds to native defects and passi-
vates their activity. It was also proposed by analysis of
photo-luminescence measurements in undoped and Ce-
doped YAG crystals that the presence of hydrogen dur-
ing growth protects the Ce(3+) ions from oxidation and
enhances luminescence intensity [9]. The strong inter-
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action between hydrogen and native vacancy defects in
YAG was clearly inferred in measurements and analysis
by positron-annihilation lifetime spectroscopy (PALS)
performed in YAG single crystals [10,11]. The PALS
technique is well suited for the study of open-volume
defects in solids, such as neutral or negatively charged
monovacancies and vacancy clusters. Such defects can
trap positrons since the potential sensed by the positron
is lowered due to smaller repulsion by the positive-
ion cores [12,13]. For the case of YAG, the negatively
charged aluminum vacancies were proposed to be dom-
inant trapping centers for positrons with the measured
positron lifetimes ranging up to 280 ps, exceeding the
bulk lifetimes of the YAG crystals by about 100 ps.
Hydrogen introduced during crystal growth had a size-
able effect on the positron-annihilation characteristics.
The most observable outcome was a strong reduction
of the measured positron lifetimes. It was proposed
that hydrogen atoms diffuse and bind at the aluminum
vacancies, modifying the positron trapping at these
sites [10]. These findings clearly suggest a strong asso-
ciation of hydrogen with the aluminum vacancies that
needs to be addressed.

The native point defects of the YAG lattice have
already been studied theoretically by means of both
empirical [14,15] and first-principles calculations based
on density-functional theory (DFT) [16–20], where
it was shown that cation vacancies are high-energy
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defects. However, previous DFT calculations [16,19,21,
22] for YAG were based on the local-density (LDA) and
semilocal generalized-gradient approximations (GGA)
for exchange and correlation [23]. The obtained band
gap of YAG from these approaches ranged from 4.0 eV
to 5.0 eV, thus appreciably underestimating the reported
experimental gap with a magnitude of 6.5 eV [24].

In the present study DFT calculations were per-
formed using the semilocal PBE functional together
with the HSE06 hybrid-functional approach [25]. The
latter incorporates a portion of exact exchange in the
electron–electron interaction, an addition which is nec-
essary to reproduce reliably the experimental band gap
of YAG. Calculations of the formation energies and
charge-transition levels were carried out to identify the
lowest-energy states of the isolated hydrogen impurity
in YAG as well as to quantify the defect association of
hydrogen with the aluminum monovacancies.

The effects of hydrogen towards positron trapping in
YAG were determined by calculations based on two-
component DFT (TCDFT) [26–28], including gradient
corrections to describe the electron–positron correla-
tion. Previous TCDFT calculations of positron states
of vacancy defects in YAG showed that inclusion of
these corrections was necessary to explain the positron
trapping at these defects and reproduce the bulk life-
times obtained experimentally [19]. The positron states
and the evolution of the positron lifetimes were deter-
mined for several vacancy-hydrogen defect complexes
as a function of the number of hydrogen atoms bound
to the aluminum monovacancies.

2 Theoretical background and preliminaries

The YAG lattice is body-centered cubic (space group
Ia3d) with 80 atoms in the primitive cell [29,30]. The
Al atoms occupy two distinct sites, 16a and 24d, of octa-
hedral and tetrahedral symmetries, respectively. The Y
atoms reside at the 24c sites of dodecahedral symmetry,
whereas the O atoms occupy the general 96h positions
[30].

The first-principles calculations in the present study
were based on density-functional theory (DFT) and
were performed with the aid of the ab-initio VASP code
[31–34]. The valence wavefunctions were represented by
an expansion of plane waves with the basis limited by
a cutoff of 400 eV. The valence shells for the differ-
ent elements are listed inside the brackets: Y[4s2, 4p6,
4d1, 5s2], Al[3s2, 3p1], O[2s2, 2p4] and H[1s1]. Core-
valence interactions were described by pseudopoten-
tials, constructed according to the projector-augmented
wave (PAW) approach [35]. The semilocal PBE func-
tional [23] was employed to describe exchange and cor-
relation effects. Additionally, the HSE06 hybrid func-
tional [25] was also used with a portion of exact non-
local exchange, equal to 25%, admixed to the semilocal
exchange. A band gap, Egap, of 6.31 eV was obtained,
in excellent agreement with experiment.

For the defect calculations the conventional 160-atom
cubic cell was used fixing the lattice parameter to the
experimental one, equal to 12 Å [29]. The correspond-
ing integrations over the Brillouin zone were performed
using a body-centered k-point mesh with two points,
(0,0,0) and (12 ,12 ,12 ), in the irreducible part.

The formation energies of all vacancy and hydrogen
defects were determined using the HSE06 functional.
These energies are the excess energies [36] of the defects
and depend upon the Fermi level, EF, and the elemental
chemical potentials, μ, according to:

ΔEdef
form(q) = Edef

tot (q) − Ebulk
tot +

∑
i(Δni)μi + qEF

(1)

where Edef
tot (q) and Ebulk

tot represent the total energies of
the defect and bulk-crystalline supercells, respectively.
q stands for the charge state of the defect. The quantity
Δn enters with a value of +1 for a vacancy and −1 for a
single interstitial hydrogen atom. The reference energy
for the Fermi level is taken to be the valence-band top,
EV. The formation energies of charged defects (non-
zero q) were corrected by adding an electrostatic term
[37]. This correction accounts for the fictitious interac-
tions of the charged defects with their periodic images.

The thermodynamic charge-transition levels, ε(q/q′),
are then defined as the Fermi-level positions in the gap
where the defect states, q and q′, possess the same for-
mation energies.

The VESTA code [38] was used to display all
minimum-energy atomistic structures of the defects
after structural relaxation.

The calculations of the positron lifetimes of the
vacancy defects were performed within two-component
density-functional theory (TCDFT) [26–28] using the
ABINIT code [39]. The corresponding implementation
is based on the PAW formalism where the positron and
electron densities, n+(r) and n−(r), respectively, within
the supercells are represented with the same basis sets
[40].

The total energy functional for the system of inter-
penetrating electron and positron densities under the
influence of an external potential Vext is given as fol-
lows [28]:

E[n−, n+] = F [n−] + F [n+]

+
∫

dr Vext(r)[n−(r) − n+(r)]

−
∫∫

drdr′ n−(r)n+(r)
|r − r′|

+Ee−p
c [n−, n+] (2)

where F [n] is the conventional DFT single-component
functional for either density. The quantity Ee−p

c [n−, n+]
represents the electron-positron correlation energy [28].
The latter was calculated by means of the generalized-
gradient approximation for the electron-positron inter-
action. This approximation includes gradient correc-
tions (GC), thus accounting for the effects of non-
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uniform densities [41,42]. These corrections sample the
local variations of the density, n/∇|n|, and depend upon
the Thomas-Fermi screening length 1/qTF [41]. The
lowest-order term for GC, ε = |∇n|2/(nqTF)2, provides
the reduction of the screening strength at the positron
site [41].

The Kohn-Sham equations are solved simultaneously
for both n+(r) and n−(r) densities, by updating the
positron density after the end of every electron iter-
ation cycle [40]. The forces on the ions induced by
the presence of the positron were also included in the
energy minimization. The converged positron and elec-
tron densities were finally used to calculate the positron
lifetime, τ , according to [28]:

1
τ

= πcr2o

∫

dr n+(r) n−(r) g(n+, n−) (3)

where c is the speed of light and ro the classical radius of
the electron. The intergrand depends upon the overlap
between the electron and positron densities weighted by
the enhancement factor, g(n+,n−). The latter accounts
for the induced polarization of the electron density due
to the presence of the positron.

In the present study the functional forms for g(n+,n−)
were based on the LDA parametrization of Puska, Seit-
sonen and Nieminen evaluated in the random-phase
approximation limit [43], with added gradient correc-
tions [28,41]. The resulting enhancement factor, gGC,
is obtained as follows [41]:

gGC = 1 + (gLDA − 1) exp(−αε) (4)

where the parameter α has a value of 0.22. This mag-
nitude was found to lead to very good agreement of
the calculated GC-based positron lifetimes with exper-
imental data for a number of materials [41,44].

The TCDFT calculations for the vacancy defects
were performed using the same 160-atom cubic super-
cells. A plane-wave cutoff of 490 eV was chosen and the
use of the Γ point of the supercell Brillouin zone was
sufficient for the convergence of the positron lifetimes.
Tests with four k points led to deviations of less than
1 ps. For the electron–electron exchange and correlation
effects the PBE semilocal functional was employed.

3 Results

3.1 Defect-formation energies and charge-transition
levels

The hydrogen impurity was placed at various intersti-
tial positions inside the YAG lattice. Energy minimiza-
tion was then performed that eventually lead to the
lowest-energy equilibrium sites for hydrogen and for
each possible charge state. The final formation ener-
gies following the structural relaxation are displayed
in Fig. 1 for hydrogen-rich conditions. For these con-
ditions the chemical potential of hydrogen is taken as

Fig. 1 Formation energies and charge states of hydro-
gen as a function of Fermi-level position in the theoretical
(HSE06) band gap for hydrogen-rich conditions. The dashed
vertical line denotes the thermodynamic ε(+1/–1) charge-
transition level. The reference energy for the Fermi level is
the valence-band top, EV

half the total energy of an isolated hydrogen molecule,
at T = 0 K. It can be inferred from the formation-
energy results that hydrogen is an amphoteric defect
in YAG with the pinning level, ε(+1/–1), inside the
band gap. The neutral charge state is never thermo-
dynamically stable for any Fermi-level position within
the gap. Instead, in the largest part of the gap, hydro-
gen assumes a positively charged state, H+, releasing
its electron to the conduction band of the host. The
atomistic structure of the positively charged hydrogen
configuration is displayed in Fig. 2(a). It can be seen
that the hydrogen nucleus resides in a bridge position
between two oxygen atoms. This -ONN–H–ONNN- con-
figuration is strongly asymmetrical and entails the for-
mation of a short O-H bond with a bondlength, ONN-
H, equal to 1.02 Å, whereas the next nearest oxygen,
ONNN, is located at 1.52 Å from hydrogen. As it can be
seen from Fig. 3(a) the positively-charged interstitial
hydrogen does not introduce any defect levels inside the
fundamental band gap of YAG. Instead, H+ induces an
O-H bonding state inside the valence band. This state
is filled (doubly occupied) and it is seen to be split off
the upper valence band of YAG by 0.47 eV. Its location
is at 7.12 eV with respect to the valence-band edge.

Alternatively, hydrogen is predicted to be negatively
charged in the upper part of the band gap, with the
ε(+1/–1) transition level at: EC−1.92 eV, where EC is
the conduction-band edge. In this case hydrogen resides
at the empty 16g interstitial site; in this site the impu-
rity is three-fold coordinated by the nearest yttrium
ions. The corresponding Y-H distances are equal to
1.92 Å (see Fig. 2b). The effect of H− to the YAG elec-
tronic structure is to introduce a filled (doubly occu-
pied) state deep inside the band gap, see Fig. 3b. This
state lies at 1.65 eV above the valence-band edge.

The situation for the Al monovacancies presents a
complication since the aluminum ions of the cation
sublattice occupy two distint crystallographic sites; the
16a site of octahedral oxygen coordination and the 24d
one of tetrahedral coordination. Thus, two inequivalent
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Fig. 2 Atomistic structures of the thermodynamically sta-
ble hydrogen configurations in YAG. a H+ charge state. b
H− charge state. The different elements in the present fig-
ure and the ones that follow are represented as: oxygen by
medium-sized blue spheres, yttrium by large green spheres,
aluminum by small dark-brown spheres and hydrogen by
the small red sphere

monovacancy defects, VAloct and VAltet , were created
by removing the aluminum ions from these positions.
The formation energies of these monovacancies were
then determined for every possible charge state of these
defects. The final formation-energy results are diplayed
in Fig. 4. It can be seen that the VAltet vacancy has a
lower energy with respect to VAloct , irrespective of the
Fermi-level position or charge state. Also, in agreement
with previous DFT calculations [19,20], the present
results show that both aluminum monovacancies are
acceptor-like defects, and are negatively charged for
most Fermi-level positions inside the gap. The q=−3
charge state is the dominant state in the band gap.
The ε(−2/−3) charge-transition level lies deep inside
the gap; at EV+1.62 eV for the VAloct vacancy and at
EV+2.17 eV for the VAltet vacancy. It is also noteworthy
that the neutral state for both vacancies is stable for a
rather extended region of Fermi-level positions above
the valence edge, EV. The upper bound of this region
is the ε(0/−1) transition level, which lies at 1.28 eV and
1.93 eV above EV, for the VAloct and VAltet vacancies,
respectively. This finding agrees very well with recent
calculations [20] that employed the meta-GGA SCAN
functional [45]; In contrast, calculations based on the
semilocal GGA functional predicted an extremely small

Fig. 3 Graphical depiction of the electron levels of hydro-
gen and vacancy defects in YAG, showing the defect-induced
levels and their occupation. The plotted results correspond
to the HSE06 single-particle energy eigenvalues obtained at
the Γ point of the supercells. a Interstitial hydrogen, H+

state. b Interstitial hydrogen, H− state. c (VAloct − H)−2

defect. The reference energy is defined by the valence-band
edge, EV. EC is the conduction-band minimum

range of stability for the neutral charge state for both
aluminum monovacancies [19], confined very near the
valence-band edge, EV.

The structures of both fully charged Al monovacan-
cies (q=−3 state) are depicted in Fig. 5. The principal
relaxation pattern for both vacancies is a uniform out-
ward displacement of the nearest-neighbor oxygen ions,
ONN, away from the vacancy sites.

For the VAloct vacancy the distances of the six oxy-
gen neighbors from the vacancy site are equal to 2.23 Å.
This amounts to a 14.6% increase with respect to 1.92
Å, the Aloct–ONN distances in the perfect YAG lattice.
For the VAltet vacancy the four ONN neighbors reside
at 2.04 Å away from the vacancy center. This displace-
ment amounts to an increase of 13.6% of the Altet–ONN

distance of 1.77 Å, in the perfect YAG lattice. Thus, the
VAloct vacancy is the defect with the larger free volume.

Association of hydrogen with the aluminum monova-
cancies was studied by energy minimization after plac-
ing a single hydrogen atom at various positions near
the vacancies, considering a range of possible charge
states from q = −3 to q = +1. In the ensuing struc-
tural relaxation hydrogen was found to bind to an oxy-
gen atom that belongs to the nearest-neighbor shell of
the vacancy. The formation energies of all stable charge
states of the vacancy-hydrogen defect complexes are
shown in Fig. 6.

The dominant charge state of the vacancy-hydrogen
defects inside the gap is the q=−2 state, thus, these
defects remain negatively charged for the largest part
of the gap, up to the conduction-band edge. The ε(–
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Fig. 4 Formation energies and charge states of Al monova-
cancies as a function of Fermi-level position in the theoret-
ical (HSE06) band gap. a VAloct vacancy. b VAltet vacancy.
The dashed vertical lines denote the ε(0/–1) and ε(–2/–3)
charge-transition levels. The results were obtained with the
HSE06 functional and correspond to aluminum-rich condi-
tions. The reference energy for the Fermi level is the valence-
band top, EV

Fig. 5 Atomistic structures of aluminum monovacancies
and vacancy-hydrogen defect complexes in YAG. The
vacancy sites are depicted by the black spheres. a Fully
charged octahedrally-coordinated Al monovacancy, V −3

Aloct
.

b Fully charged tetrahedrally-coordinated Al monovacancy,
V −3
Altet

. c (VAloct − H)−2 defect. d (VAltet − H)−2 defect

1/–2) acceptor level lies at 1.58 eV and 1.97 eV above
EV for the (VAloct −H) and (VAltet −H) defects, respec-
tively (see Fig. 6). The dominance of this charge state

Fig. 6 Formation energies and charge states of the
vacancy-hydrogen defect complexes as a function of the
Fermi level in the theoretical (HSE06) band gap, for
aluminum-rich conditions. (a) (VAloct −H)q defect. (b)
(VAltet − H)q defect. The dashed vertical lines denote the
ε(+1/0) and ε(–1/–2) charge-transition levels. The energy
reference for the Fermi-level positions is the valence-band
top, EV

suggests that the nominally fully charged aluminum
monovacancies (q=−3) associate most favourably with
hydrogen when the latter carries a positive charge of
q=+1, namely, H+. This association leads to a vacancy-
hydrogen defect in a q=−2 charge state, namely: (VAl−
H)−2. The atomistic structures of these defects are
shown in Fig. 5c, d. In these defects the correspond-
ing O-H bondlength is 0.99 Å for both types of alu-
minum monovacancies; this magnitude is shorter than
the O-H distance found for the isolated H+ configura-
tion and indicates a stronger covalent interaction with
the oxygen atom. A comparison also with the local envi-
ronment of the aluminum monovacancies also shows
that hydrogen induces a local compression to the lat-
tice near the vacancy sites: for the (VAloct −H)−2 defect
the six ONN atoms are now found found at distances
of 2.20 Å and less from the vacancy center, with the
oxygen atom bonded to hydrogen displacing towards
the vacancy and residing at 1.97 Å from it. A simi-
lar compression is also observed for the (VAltet − H)−2

defect, with the vacancy-oxygen distances less than
2.02 Å, and the nearest oxygen atom bonded to hydro-
gen found at 1.81 Å away from the vacancy center.
Thus, the presence of hydrogen near both Al mono-
vacancies reduces the free volume of either of these
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defects. Inspection of the electronic structures of the
(VAl−H)−2 defects shows no defect-induced levels deep
inside the fundamental band gap of YAG; see Fig. 3(c).
Again, the O-H bonding state appears just below the
upper valence band, whereas the vacancy levels appear
as a triplet of filled electron levels extremely near the
valence-band edge (to within 0.20 eV from EV). The
upper valence states for this defect were also found to
protrude slightly inside the band gap, thus, raising the
valence-band maximum with respect to the defect-free
bulk crystal. Figure 3(c) depicts the electron levels for
the (VAloct − H)−2 defect. The corresponding levels for
the (VAltet − H)−2 defect are qualitatively very similar.

It is also instructive to examine the energetic sta-
bility of the (VAl − H)−2 defect complex, in partic-
ular, how easy it is to dissociate into the V −3

Al and
H+ single defects. These defects carry opposite charges
and should be expected to mutually attract each other
through their electrostatic coupling. However, other
terms originating from exchange, overlap and Hartree
interactions will also contribute. A quantitative mea-
sure of the total interaction is the binding energy, Eb.
This quantity can be obtained from the energy balance
of the respective formation energies. Namely:

Eb = ΔEform[(VAl − H)−2] − ΔEform[V −3
Al ]

− ΔEform[H+] (5)

A negative sign for Eb would mean that the defect com-
plex is stable against dissociation. The calculated bind-
ing energies for the lowest-energy (VAl − H)−2 configu-
rations, for either vacancy, were found equal to −1.65
eV, and −2.02 eV, for the vacancy defects involving
the VAloct and VAltet vacancies, respectively. Therefore,
both defect complexes are stable with respect to an iso-
lated interstitial H+ and a bare Al vacancy, V −3

Al . From
the calculated numerical values of Eb it can also be
concluded that hydrogen is more strongly bound to the
lower-energy VAltet vacancy.

Further inspection of the formation-energy plot of
Fig. 6 shows that the vacancy-hydrogen complexes are
positively charged defects for Fermi-level positions near
the valence band. These regions are dictated by the
ε(+1/0) transition level; this level lies at EV+0.71
eV and EV+1.03 eV, for the two different vacancy-
hydrogen defects.

3.2 Positron trapping and lifetimes of the
vacancy-hydrogen defects

It was proposed in earlier PALS studies [10,11] that the
aluminum vacancies are dominant positron-trapping
centers in YAG single crystals. The reported positron
lifetimes for several YAG samples prepared under var-
ious conditions were found to be considerably longer
with respect to the bulk lifetimes [10]. This was corrob-
orated by first-principles calculations based on TCDFT
where indeed it was found that aluminum monovacan-
cies and their defect complexes can give rise to positron
lifetimes in excess of 200 ps [19]. In contrast, oxy-

gen monovacancies are positively charged in the largest
part of the YAG gap [16,19,20]; thus, they are not
expected to trap positrons. Also, TCDFT calculations
of the positron lifetimes of neutral oxygen monovacan-
cies led to positron lifetimes for these defects consider-
ably smaller to those obtained for the cation monova-
cancies [19]. Other defects in YAG, such as cation anti-
sites and interstitial defects, even if negatively charged,
can only act as shallow traps for positrons. In such shal-
low positron traps the positronic wavefunctions form
spatially extended hydrogenic states (with a typical
range of 10–100 Å) that probe mainly the defect-free
perfect lattice [13].

However, when the YAG samples were grown under
a hydrogen-rich atmosphere the measured positron life-
times were found to decrease considerably [10]. These
observations are consistent with existing theoretical
studies in metals [46], ZnO [47] and zirconia phases
[48,49] where hydrogen decoration of vacancies was
found to have a strong effect on positron annihilation
leading to a reduction of the positron lifetimes.

To assess the impact of hydrogen to the character
of positron states in YAG TCDFT calculations were
performed for the lowest-energy (VAl − H)−2 defect
complexes, as well for the fully charged monovacancy
defects (bare vacancies), V −3

Aloct
and V −3

Altet
, which are

known to trap positrons. The real-space positron densi-
ties for the bare vacancies and these vacancy-hydrogen
complexes are displayed in Fig. 7a, b, e, f. It can be
seen that all of these defects are capable of positron
trapping, since a sizeable portion of the positron den-
sity is confined within the available free space at and
near the vacancy sites. The higher-value isodensity level
(pink color) corresponds to 72% of the maximum den-
sity, whereas the more extended isodensity (in yellow)
to 33% of the maximum density.

The calculated positron lifetimes for all vacancy-
hydrogen defects are displayed in Fig. 8. In the same
Figure the range of bulk lifetimes reported for YAG
single crystals is also depicted together with the theo-
retical bulk lifetime. The latter is equal to 161 ps. The
measured bulk lifetimes are within a range from 147 ps
to 166 ps for YAG samples, depending upon treatment,
composition and growth conditions [10]. Clearly, hydro-
gen has a strong impact: the presence of hydrogen in
the vicinity of the bare aluminum vacancies leads to a
reduction of the magnitude of the calculated lifetimes.
Whereas, the magnitude of the positron lifetimes equals
234 ps and 230 ps for the bare monovacancies, V −3

Aloct

and V −3
Altet

, respectively, there is a net drop of lifetimes
for the (VAl −2H)−1 defects, with magnitudes of 208 ps
and 205 ps, respectively.

Hydrogen decoration was more extensively addressed
by the introduction of more hydrogen ions, H+, near
the vacancies. During structural relaxation these ions
were eventually found to bind to the oxygen atoms that
belong to the nearest-neighbor shell of each vacancy
(see Fig. 7). The H+ ions provide a charge compen-
sation mechanism which renders the vacancy-hydrogen
defects progressively less negatively charged, and even-
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Fig. 7 Real-space positron densities of the bare vacancies and the vacancy-hydrogen defects, calculated by the TCDFT-GC
scheme. The upper panel shows the defects that the VAloct vacancy forms. The lower panel shows the defects of the VAltet

vacancy. Two isosurface densities of different intensities are displayed: the interior isosurface (pink color) corresponds to an
isosurface level of 0.013 e+/Å3. The more extended one (yellow color) corresponds to an isosurface level of 0.006 e+/Å3

Fig. 8 Positron lifetimes (in ps) of vacancy-hydrogen
defects in YAG, calculated by the TCDFT-GC scheme.
Filled black circles (red diamonds) correspond to the defects
formed by the VAloct (VAltet) vacancies. The grey-shaded
region from 150 to 166 ps corresponds to the range of bulk
lifetimes measured for various YAG single crystals [10]. The
theoretical bulk lifetime for the YAG solid, calculated using
gradient corrections, is equal to 161 ps and is also indicated
by the horizontal line

tually charge neutral for a defect complex consisting of
a single aluminum monovacancy decorated by three H+

ions. Thus, two additional vacancy-hydrogen complexes
were formed, namely, (VAl − 2H)−1 and (VAl − 3H)0.

The real-space positron densities of all these defects
can be seen in Fig. 7. Again, localization of the positron
densities is observed at and near the vacancy sites for
all vacancy-hydrogen defects, albeit with certain quali-

tative differences. The degree of localization is substan-
tially stronger for the bare V −3

Al monovacancies and the
(VAl − H)−2 defects. For these cases positron densities
of larger intensity are obtained at and near the defect
sites. It can also be seen that the hydrogen nuclei bound
near the vacancies cause a shift of the positron densi-
ties away from the vacancy sites (see Fig. 7). Thus, for
a number of vacancy-hydrogen complexes the positron-
density maxima no longer coincide with the geometri-
cal location of the vacancy sites. In contrast, in the bare
monovacancies the maxima of the positron densities are
centered at the vacancy sites.

The presence of two or more hydrogen ions near the
vacancies decreases the positron lifetimes to less than
200 ps (see Fig. 8). For the neutral vacancy-hydrogen
defects, (VAl − 3H)0, a lifetime of 168 ps is obtained.
This value is marginally longer to the reported bulk-
crystal YAG lifetimes and to the calculated bulk life-
time of YAG (161 ps).

The impact of hydrogen to the decrease of the
positron lifetimes very likely originates from two effects:
(a) the presence of hydrogen ions, H+, near the vacan-
cies leads to a decrease of the intensities of the positron
densities within the free space of the vacancies. This
probably is caused by the less negative (even neutral)
charge states of the vacancy-hydrogen defects that give
rise to more shallow potential wells for the positrons.
The positron densities become, thus, more delocal-
ized. (b) Owing to their positive charge, the H+ ions
repel and eventually displace the positron densities (see
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Fig. 7). As a consequence of both of these effects the
overlap of positron and electron densities increases,
thus, on account of Eq. 3 the magnitude of the corre-
sponding lifetimes will be smaller.

Overall, the present results appear to justify ear-
lier interpretations on the impact of hydrogen on
positron trapping in YAG. However, this agreement is
not strictly quantitative since full passivation is not
attained; all vacancy-hydrogen complexes that were
studied exhibit some residual positron localization with
corresponding lifetimes slightly longer to the bulk YAG
lifetimes.

4 Conclusions

First-principles calculations based on the hybrid HSE06
functional were performed to study the hydrogen impu-
rity in YAG and its interaction and binding with the
aluminum monovacancies. The calculations provided
the microscopic structures of these defects, the defect-
induced electron levels and their stable charge states
as a function of the Fermi-level position in the gap.
Hydrogen is predicted to be an amphoteric defect in
YAG, being positively charged in the largest part of
the band gap. Single hydrogen atoms were found to
associate favourably with both the octahedrally- and
the tetrahedrally-coordinated fully-charged aluminum
monovacancies forming stable vacancy-hydrogen com-
plexes with negative binding energies. These defect
complexes do not introduce any deep trap levels within
the YAG gap; instead, they give rise to shallow, filled
levels just above the valence-band edge. Structurally,
this binding leads to a local compression of the lattice,
decreasing the free volume of the vacancy defects.

The effects of hydrogen on positron trapping in YAG
were further explored by means of two-component DFT
calculations. The character of positron trapping and
associated lifetimes were obtained for a number of
vacancy-hydrogen defect complexes as a function of
the number of hydrogen atoms bound to the vacan-
cies. Hydrogen decoration modified the positron densi-
ties near the vacancies and led to a sizeable decrease
of the positron lifetimes. Taking also into consideration
that the vacancy-hydrogen complexes are predicted to
be positively charged for Fermi-level positions near the
valence-band edge (and thus would repel positrons), the
present results suggest that the presence of hydrogen in
YAG should partially impair the ability of aluminum
monovacancies to trap positrons.
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