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It has been recently shown that the addition of Ga to Lu3Al5O12

garnet (LuAG) removes the electron trapping associated with

cation antisite defects. In this paper, we show via atomic scale

simulations that the replacement of Al with Ga in LuAG

actually lowers the energy of the antisite disorder process.

Thus, we predict that Ga additions will lead to an increase

of the antisite defect concentration and, in the absence of

the electronic structure changes, would actually degrade the

performance of the material. Since there are two crystallo-

graphically distinct Al sites in the garnet structure, we not only

present results for complete replacement of Al with Ga, but also

partial replacement for 40% (on 16a) and 60% (on 24d) of the Al

with Ga. Our results support the explanation for Ga-doping

leading to improvement in garnet scintillator performance that

relies on variations of the electronic structure rather than

reduction of the antisite defect concentration.
Cation antisite defects in RE3Al5O12 garnet, where small light

gray atoms and large dark gray atoms are lattice Al and RE

atoms, respectively. The constituents of the antisite defect pairs

are labeled, and it should be noted that the Ga atom (blue) is

similar in size to RE (green). Oxygen atoms are not shown for

clarity.
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1 Introduction For some time, cation antisite defects
(e.g., Y3þ on Al3þ sites in Y3Al5O12) have been proposed as
predominant defects [1–3] in aluminate garnets and more
recently attributed as the origin of delayed scintillation
response in these materials [4]. Furthermore, defects of this
type have not only been predicted via atomic scale
simulation to be the low energy intrinsic defect present in a
range of aluminate garnets [5–7], but also the product of
extrinsic defect processes such as aliovalent doping [8] and
non-stoichiometry [9]. With regards to scintillator perform-
ance, after having identified antisites as a defect that limits
performance (especially the timing characteristics), the next
step is to attempt to remove these defects, or if that is not
practical, at least their effects. In this paper, we focus our
attention on recent experiments that revealed the presence of
cation antisites via thermally stimulated luminescence (TSL)
[10], and subsequently demonstrated a reduction in TSL
peak (associated with antisites) height and a decrease in
response time after Ga-doping [11].

The purpose of this paper is to employ atomic scale
simulations to better understand the effect of Ga3þ-doping
on the cation antisite defect chemistry in aluminate garnets.
� 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1 Calculated energies of cation antisite disorder reactions
for YAG and YGG (and LuAG and LGG), where the left hand of
the defect reaction is REREþMeMe (RE denotes either Lu or Y and
Me denotes either Al or Ga).

defect products energy (eV)

Y16a
Al þAlY 1.93

Y24d
Al þAlY 2.51

Y16a
Ga þGaY 1.59

Y24d
Ga þGaY 2.13

Lu16a
Al þAlLu 1.80

Lu24d
Al þAlLu 2.00

Lu16a
Ga þGaLu 1.41

Lu24d
Ga þGaLu 1.89
In a previous paper, we showed through similar atomic scale
simulations that Ga3þ-doping leads to changes in the
electronic structure of aluminate garnets [12]. In that paper,
we alluded to the fact that Ga doping could not lead to a
reduction in the number of antisite defects. Here, we provide
detail on that result, and focus on the impact of Ga3þ-doping
on the concentration of cation antisite defects in aluminate
garnets. Specifically, we show that the antisite defect
reaction energy is lowered by Ga3þ-doping, thus leading to
an increase in the antisite concentration. In support of this
conclusion, it has recently been proposed that yttrium
gallium garnet (YGG) has more antisites than YAG [13,
14], which is sensible since Ga3þ is closer in size to Y3þ

(or any other RE3þ) than Al3þ [15]. Thus, variations of the
electronic structure should be responsible for improved
aluminate garnet scintillation performance rather than a
reduction in the antisite concentration. We also describe
associated details of the Ga3þ-doping process, including the
site preference of Ga3þ on the two aluminum sites in YAG,
namely: 16a and 24d, where the chemical formula account-
ing for these sites can be expressed as: Y24c

3 Al16a2 Al24d2 O12.

2 Methodology Several atomistic simulation
methods were employed in this work. For most of the
antisite energetic calculations, we used a Born-like, ionic
description of the lattice [16] and the Buckingham potential
[17] to describe the short-range interactions between ions.
All potential parameters were previously derived and can be
found elsewhere: O2�–O2� by Grimes and Binks [18] and
the remainder by Levy et al. [19] (though all were derived
in the same self-consistent manner). Further information
on these methods can be found elsewhere [20]. For spot
checking pair potential calculations, as well as investigating
the site preference of Ga in detail, we used density functional
theory (DFT). Calculations were performed using the all-
electron projector augmented wave method within the
generalized gradient approximation (PAW-GGA), as imple-
mented in the Vienna ab initio simulation package (VASP)
[21]. Details can be found elsewhere [12].

3 Results
3.1 Antisite disorder mechanisms To begin our

consideration of the effect of Ga3þ-doping on antisite defects
in YAG and LuAG, we relied exclusively on lattice statics
techniques to calculate the energy of each possible antisite
disorder reaction. The relative energies of these reactions
correspond to the relative concentration of defects present
and therefore provide a qualitative picture of the effect of
Ga3þ-doping on the overall antisite concentration. For
example, Table 1 consists of the energies calculated for
the antisite reactions possible for x¼ 0 or x¼ 5 in
Lu/Y3Al5�xGaxO12, i.e., compositions that contain all Al3þ

(YAG and LuAG) or all Ga3þ (YGG and LuGG). Each
reaction is expressed in Kröger–Vink notation [22], though
all antisite defects here are charge neutral, and standard
notation for charge has been omitted for brevity. Since there
are two Al3þ or Ga3þ sites (16a and 24d), there are two
www.pss-b.com
reactions for each composition provided in Table 1. For all
compositions, the 16a site is preferred by Lu3þ and Y3þ to
the 24d, which agrees with previous pair potential studies
[5–7]. This site preference is more pronounced for YAG and
YGG than LuAG and LuGG, which is likely due to a size
effect since Y3þ is larger than Lu3þ (1.019 Å vs. 0.977 Å,
respectively, for VIII-fold ionic radii [15]) and the 16a
octahedral site provides more room for the antisite defect
than the 24d tetrahedral site. The issue of Ga site preference
will be considered in more detail in Section 3.2. Never-
theless, importantly, it is evident from Table 1 that the
antisite energies are lower for gallate garnets than they are
for aluminate garnets by nearly 0.4 eV for both Lu3þ and
Y3þ. From this result, we are able to confidently predict
that the cation antisite defect concentration is higher in
gallate garnets than in the aluminate garnets, which has
been proposed by previous experimental studies [13, 14]. A
simple explanation of this result is that the ionic radius of
Ga3þ is larger and more similar to Lu3þ and Y3þ than Al3þ

(0.62 Å vs. 0.535 Å, respectively, for VI-fold coordination
[15]), resulting in less induced strain when forming an
antisite defect.

We have also investigated the partial substitution of
Al3þ by Ga3þ and the effect of solid solutions on antisite
defect formation. For example, we have considered replacing
all 16a Al3þ cations with Ga3þ, which can be expressed as
Lu3Ga

16a
2 Al24d

3 O12 or Y3Ga
16a
2 Al24d

3 O12 (LuGAG and YGAG,
respectively). This composition is particularly interesting as it
was when 40% of the Al was substituted with Ga3þ that
experimental studies observed an improvement in scintillator
performance [11]. For these intermediate compositions,
there are more possible antisite disorder reactions than the
end member cases described in Table 1. For example, Table 2
describes the results of five antisite disorder reactions for
both Lu3Ga

16a
2 Al24d

3 O12 and Y3Ga
16a
2 Al24d

3 O12. The observed
trends for both compositions are similar. It is apparent
that the lowest energy reaction is when Lu3þ and Y3þ are
fixed on the 24c site and the 16a Ga3þ and 24d Al3þ swap
sites. However, regarding scintillator performance, it is
likely that Lu3þ and Y3þ on non-dodecahedral sites are more
� 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2 Calculated energies of cation antisite disorder reactions
for RE3 Ga

16a
2 Al24d

3 O12, where the left hand of the defect reaction is
REREþGa16a

Ga þAl24d
Al (RE denotes either Lu or Y).

defect products energy (eV)

GaYþAl16a
Ga þY24d

Al
1.45

GaYþY16a
Ga þAl24d

Al
1.47

YYþAl16a
Ga þGa24d

Al
0.32

AlYþGa16a
Ga þY24d

Al
2.66

AlYþY16a
Ga þGa24d

Al
1.52

GaLuþAl16a
Ga þLu24d

Al
1.30

GaLuþLu16a
Ga þAl24d

Al
1.32

LuLuþAl16a
Ga þGa24d

Al
0.31

AlLuþGa16a
Ga þLu24d

Al
2.48

AlLuþLu16a
Ga þGa24d

Al
1.44
responsible for trapping electrons than other types of antisite.
For this reason, it is interesting to observe in Table 2 that
most of the antisite disorder energies for these intermediate
compounds are lower than any end member reaction.

The final antisite disorder mechanism we considered
was for the composition where all 24d sites are occupied
by Ga3þ, which can be expressed as Lu3Al

16a
2 Ga24d

3 O12 or
Y3Al

16a
2 Ga24d

3 O12 (LuAGG and YAGG, respectively). As for
the case where 40% of the Al3þ cations were replaced by
Ga3þ, when 60% of the Al3þ cations are replaced by Ga3þ,
there are five cation antisite disorder reactions, the results
of which are given in Table 3. Again, several reactions
are lower energy than the end member antisite disorder
reactions. In fact, for this composition, we predict that there
is an antisite reaction for which each cation can be shifted
from its original lattice position (at the dilute limit) that is
<1 eV. It is also immediately apparent from Table 3 that a
reaction for both Lu3þ and Y3þ is negative, suggesting that it
should occur spontaneously. This reaction has the Lu or Y
Table 3 Calculated energies of cation antisite disorder reactions
for RE3 Al

16a
2 Ga24d

3 O12, where the left hand of the defect reaction
is REREþAl16a

Al þGa24d
Ga (RE denotes either Lu or Y).

defect products energy (eV)

GaYþY16a
Al þAl24d

Ga
0.81

GaYþAl16a
Al þY24d

Ga
2.04

YYþGa16a
Al þAl24d

Ga
�0.33

AlYþY16a
Al þGa24d

Ga
2.02

AlYþGa16a
Al þY24d

Ga
1.67

GaLuþLu16a
Al þAl24d

Ga
0.69

GaLuþAl16a
Al þLu24d

Ga
1.82

LuLuþGa16a
Al þAl24d

Ga
�0.34

AlLuþLu16a
Al þGa24d

Ga
1.87

AlLuþGa16a
Al þLu24d

Ga
1.55

� 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
cation remaining on its original 24c dodecahedral site, but the
Al3þ and Ga3þ cations swapping positions, the Ga3þ moving
from the 24d tetrahedral site to the 16a octahedral site.
Recalling that the Ga3þ cation is larger than the Al3þ cation, it
is reasonable to expect that Ga3þ prefers the larger solution
site. This explanation is especially valid in this situation,
where both cations are trivalent and no charge compensation
is required. However, previous experimental studies have
suggested that the Ga3þ unexpectedly prefers the smaller
tetrahedral 24d site [23, 24]. In the next section, we delve
further into the matter of Ga3þ solution site preference.

3.2 Ga site preference As mentioned, previous
experimental studies have suggested that Ga3þ preferentially
occupies the 24d tetrahedral site in YAG [23, 24], which is
different than the slight preference for the 16a octahedral site
predicted by pair potential calculations, as well as what is
expected from conventional ionic radius arguments. Never-
theless, complementary studies in a wider range of garnet
compositions support this non-intuitive Ga3þ site prefer-
ence. For example, Geller et al. [25] found that Ga3þ

preferentially occupied the 24d tetrahedral site in isostruc-
tural Y3Fe5O12 (YIG). A similar observation in Ga3þ-doped
YIG was made by Fischer et al. [26]. Despite these
observations, no explanation for the non-intuitive distri-
bution of Ga3þ was provided. However, Geller et al. did
point out a few interesting characteristics of Ga3þ com-
pounds that are anomalous when compared to corresponding
Al3þ and Fe3þ compounds. First, REGaO3 perovskite
compounds do not exist for RE¼Y3þ, Sm3þ, and Gd3þ,
while similar compounds do exist for Al3þ and Fe3þ (e.g.,
GdAlO3) [27]. Second, Geller et al. also observed that
although the ionic radii of Fe, Ga, and Al descend in that
order, the largest RE garnet to exist for Fe is Sm3Fe5O12 (i.e.,
Nd3Fe5O12 does not exist), while for Ga the largest garnet is
Pr3Ga5O12 and for Al the largest is Gd3Al5O12 [25]. In these
cases, likely due to partial covalency [28], Ga3þ is not
behaving according to simple ionic radius rules.

More recently, Nakatsuka et al. [24] proposed covalent
Ga–O bonding in garnet as an explanation for Ga residing on
the smaller tetrahedral site. They supported this hypothesis
with lattice parameter data for compositions between YAG
and YGG. That the lattice parameters for the intermediate
compositions are smaller than what is expected from
Vegard’s Law [29] supports their explanation since the
cation–cation repulsion will be relaxed. Figure 1 compares
the experimental lattice parameter data (in the form of
deviation from Vegard’s Law) of Nakatsuka et al. [24] and
Marezio et al. [23] with values we calculated with both pair
potentials and DFT. For the pair potential and the ‘‘ordered’’
DFT calculations, all Ga atoms in the 40% Ga composition
reside on the octahedral site, and all Ga atoms reside on the
tetrahedral site for the 60% Ga composition. Separate DFT
calculations for ‘‘disordered’’ Ga distributions were also
performed, relying on the special quasi random structure
(SQS) approach [30] for consideration of a random
distribution of Ga. It is clear from Fig. 1 that both the
www.pss-b.com
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Figure 1 (online color at: www.pss-b.com) Comparison of calcu-
lated and experimentally (from Ref. [23, 24, 31]) measured lattice
parameters of YAG and LuAG, shown as deviations from Vegard’s
Law. Positive deviations indicate an octahedral site preference of
Ga, while negative deviations indicate an octahedral site preference.
The red line indicates ideal Vegard’s Law, the gray box suggests
a limit (due to experimental error) within which compositions can
be assumed to be obeying Vegard’s Law.
Marezio and disordered DFT data have only very slight
deviations from Vegard’s Law. It is also clear that when the
Ga atoms are forced to reside on octahedral sites, there is
a positive deviation from Vegard’s Law predicted by both
pair potentials and DFT for YAG (and LuAG), which is
evident from the results for 40% Ga. However, when
the Ga atoms are forced to reside on tetrahedral sites (as
is the case in the 60% composition), there is a negative
deviation from Vegard’s Law. This negative deviation is
consistent with the data of Nakatsuka et al., which shows
a consistent trend of intermediate compositions having a
lattice parameter that was smaller than what was expected
from Vegard’s Law.

The DFT calculations also provide insight in to the
energetics of site preference. To simulate the dilute limit,
we put a single Ga atom at one of the Al sites in a 80- and
160-atom YAG supercell, respectively. According to our
calculations, moving one Ga atom from tetrahedral site to
octahedral site will cost an energy of 0.21 eV in both the 80-
and 160-atom supercells. For the higher Ga doping levels,
we find the total energy of the disordered configuration is
�1.7 eV higher than that of the ordered configuration,
suggesting that the preference of Ga atoms for tetrahedral
sites persists also at non-dilute concentrations. Note that, the
disordered configuration can be formed from an ordered
configuration by ‘‘expelling’’ 10 Ga atoms from tetrahedral
sites to octahedral sites. Thus, the ‘‘average’’ site-preference
energy is obtained to be �0.17 eV per Ga atom, which is in
good agreement with our dilute-limit calculations.
www.pss-b.com
4 Summary In this paper, we have shown via
atomistic simulations that the addition of Ga to RE3Al5O12

garnets generally lowers the cation antisite defect formation
energy, thus suggesting that Ga additions should lead to
a higher concentration of antisite defects. This qualitative
result supports previous studies that point to variations of
the electronic structure (rather than defect concentration)
as responsible for the improvement of garnet scintillator
performance with Ga-doping. That is, Ga doping results in
improved scintillator performance for Al garnets because of
changes in the electronic structure and in spite of increases in
antisite defect content. We have also shown that there is a
tetrahedral site preference (over the octahedral site) for Ga
occupation, and the impact of this site preference on the
lattice parameter has been shown.
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