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Native point defects in yttrium aluminum garnet (YAG) are
studied in the framework of the pair-potential approxima-
tion, coupled with the shell-model description of the lattice
ions. For the perfect lattice, a new set of potential param-
eters is obtained; these parameters reproduce the struc-
ture, elastic, and dielectric constants of YAG very well.
The calculated formulation energies for native defects sug-
gest that antisite disorder is preferred over Frenkel and
Schottky-like disorder in YAG. The calculated values of the
distortion that is caused by the antisite Y atom that substi-
tutes in the Al site in the lattice are in excellent agree-
ment with the extended X-ray absorption fine-structure
(EXAFS) measurements. In nonstoichiometric YAG, the
calculated reaction energies indicate that excess,®©; or
Al,O; most likely is accommodated by the formation of
antisites, rather than vacancies, in the lattice.

I. Introduction

TTRIUM ALUMINUM GARNET (YAG) is an important material

whose technological applications range from lasers to
propulsion systems. For example, Neloped YAG is a
well-known laser material, whereas the YAG;8}; composite
is an ideal material for high-temperature structural-ceramic
applicationst Over the years, most experimental efforts
have been focused on understanding the opti€aind mag-
netic’~1° properties of dopant ions in the YAG lattice. Rela-
tively less attention has been given to investigate its properties
for the purpose of exploiting its potential in high-temperature
applicationgtt—13

The diffusion and defect chemistry of pure and doped YAG

A theoretical study based on the shell model has considered
only the presence of vacancies and interstitials in the lattice,
predicting the dominance of vacancies over interstiftals.
However, spectroscopic study of stoichiometry deviation in
YAG has shown a possibility of cation antisite substitution in
the garnet crystal lattick. This observation has been con-
firmed very recently via extended X-ray analysis fine-structure
(EXAFS) measuremeritin Y ,O-rich YAG, which identifies
the local order around the Y antisite atoms. Furthermore, the
atomistic study of defects in yttrium iron garnet (Y1G) that was
performed by Donnerberg and Catlwalso concluded that
antisites, rather than vacancies, would dominate the intrinsic
disorder in this material.

YAG and YIG materials are very similar; therefore, it is
expected that antisites are likely to have an important role in
YAG and should be considered in any experimental or theo-
retical study of its defect chemistry. In this paper, we attempt
to perform such a task by reporting the results of a theoretical
study of native defects in YAG. Our approach is based on the
pair-potential and shell-model description of the ionic interac-
tions in the crystalline lattice, for which we will determine a
new set of potential parameters. Then, this set will be used to
study the intrinsic disorder and reactions that describe the de-
viations from stoichiometry in YAG.

II.  Method

Partitioning of a crystalline lattice into two regions is the
basis of the cluster model, which is applied very often in cal-
culations of defect properties in ionic materials. The main idea
is to separate a cluster (referenced as region 1) from the rest of

have been the subject of a few experimental and theoreticalthe lattice (referenced as region 2). Also, the perturbation that
studies®14-18 An analysis of electroconductivity measure- is caused by the defect in the crystal is assumed to be negligibly
ments and diffusion coefficients on a series of the crystals with weak beyond the cluster. The cluster generally consists of a
the garnet structure has established that YAG is an ionic con- limited region that contains defects and several spheres of its
ductor!4 However, for high temperatures, the situation changes nearest surroundings. The number of ions in the cluster varies
and, as it has been suggested, the conductivity of YAG exhibits from situation to situation and is dependent on the type of

mixed ionic—electronic charactéifor temperatures >800°C. A defects in the system. In calculations, the cluster is treated
similar conclusion also was achieved from the study of trans- explicitly within a selected method, whereas the remainder of

port properties and defect formation of calcium- and magne- the lattice (represented by region 2) is treated appropriately.

sium-doped YAG-®
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Thus, the crystal lattice energy can be written in the f&rm

@)

where E is the total energy of the crystaE,(X) the cluster
energy, ande;(&) the energy of the outer regioB,(X,£) is the
energy of the interaction between regions 1 and 2, depending
on both ion coordinates of the clustg&rand the rest of the
crystal £&. The exact expression for the crystal energy can be
written as a series of interaction terms that contaibody
components. The interionic potential model that has been used
in the present work is well described elsewhere (see, for ex-
ample, Catlow and co-workets?® and Norgett and co-
\worker€429. Therefore, here, we discuss only the primary
ideas, rather than give a detailed description. The method as-
sumes that the total crystal energy can be given as a sum of all
pairwise interactions in the lattice. In other words, all terms but

E = Ey(X) + Ex(%,&) + Eq(£)
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the two-body contribution are neglected in the series. Then, onewhich describes the valence electrons as a massless charged

can write shell that is coupled with thecore of the ion by isotropic
B elastic forces. All formulae are still valid if one rewrites them
E= > E,j) (2 by substituting shell and core charges and coordinates instead
i>] of using rigid-ion charges. Both shell and core charges and
where the coupling constants of a shell and core of the given ion are
the parameters of the theory; these parameters generally are
Ei,j) = by (r;) + @ ©) derived empirically.
1]

J

E(i,j) is the energy of the interaction between id@sdj, with m
chargesy andg; located at a distanag . The termd; (ry) isa '
suitable pair potential that describes the short-range interaction Experimental studies of garnets started long ago, because the
between ions. The latter is a result of atom repulsion that is due yarnet structure originally was solved by Menz2#° How-

to their electron-shell overlapping and dispersion attraction. gyer, there are only a few theoretical investigations that have
For ionic materials, this term generally has the form of a Buck- tocused on the defect chemistry in garn€tdL-3%.32The garnet

Results and Discussion

ingham potentiaf® structure belongs to the space grdagd (O1°). The cations are
I C all in special positions—labeled as a, ¢, and d with no posi-
by (ry) = Ay exp<— —) Ty 4) tional degrees of freedom—whereas the O atoms are placed in
Pi i the general positions 96(h). Figure 1 shows the arrangement of
A;, p;j, andC; are empirical parameters that usually are fitted cation sites of YAG, in terms of the garnet structure. Y occu-
to crystalline properties. pies dodecahedral 24(c) positions, whereas there are two dif-

The ionic displacements in inner region 1 are obtained ex- ferent sites for Al ions—namely, octahedral 16(a) and tetrahe-
plicitly via a minimization of the total energy. For outer region dral 24(d) in the lattice (see, for example, WycKgJf This
2, the ionic displacements are determined by the electric field observation leads to the formulaAl,Al;0,,, which is com-
that is due to the effective charge of the defect in the frame- monly written as ¥AlsO,,. The unit cell is large and consists

work of the Mott-Littleton approximatio’ For cubic mate- ~ of eight formula units (160 atoms). For calculations, the O
rials such as YAG, the ionic displacements are isotropic and Positional parameters in the lattice were taken from neutron-
are given bg*25 diffraction measurements by Prirf¢eand are given by =
- -0.029,y = 0.053, andz = 0.151. The X-ray diffraction
_ Vv JIGhHEIA-eT (XRD) study by Euler and Bru@é reported the cation—oxygen
0% =7 =, D ©) distances in YAG to be 1.94 and 1.76 A for3a)-C*~ and
@G a Al3*(d)—O?", respectively. Following Gelle® the most accu-

in which 38X is a vector of displacements in the, y-, or z- rate value of the lattice constant for the stoichiometric
directions,v,, the unit-cell volumeD* the corresponding elec-  Y3AlsO,, is 12.000 + 0.002 A. Several other experimental
tric displacementG the second derivative of the non- studies have determined the lattice constant to be slightly
Coulombic interaction matrix, anethe trace of the dielectric ~ higher, which may be due to the presence of excess yttrium in
constant tensor. the lattice36-37

The interionic potential model is improved significantly if . .
one considers the electronic polarization that is introduced (1) Interatomic Potentials
by the charged defects in the lattice. This consideration can For the interatomic potential model, formal ionic charges are
be made using the shell model of Dick and Overhaé%er, assigned to the host-lattice ions—thereby;,YAI®*, and G~

Al(d)

(B) (C)

Fig. 1. Schematic representations of the arrangement of YAG, in terms of the garnet structure. The figures depict a fragment of a cluster centered
at (A) the Y atom, which is dodecahedrally coordinated (Y(c)), (B) the Al atom that is tetrahedrally coordinated (Al(d)), and (C) the Al atom that
is octahedrally coordinated (Al(a)) in the crystal.
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in YAG. The short-range interaction terms that are considered inclusion of both Y and Al polarizabilities into the model al-

in the model describe cation—oxygen and oxygen—oxygen in- lows us to describe the dielectric properties of YAG very well.

teractions. The short-range interactions between cations areWe note here that an accurate representation of the dielectric

ignored, because they generally become very small for large constants using the shell model is essential in obtaining reliable

separations (2.99 A fod(Y-Al(d)), 3.67 A for d(Y-Y) and defect energies in ionic materials such as oxides.

d(Al(d)-Al(d)), and 5.19 A ford(Al(a)-Al(a)) in YAG). To further check the adequacy of the derived potential pa-
Note that the parameters for the?©0?" interaction are rameters, we examine the stability of the YAG lattice, with

assumed to be transferrable among a series of oxides and areespect to its component oxides:

taken from the work of Catlow and co-worke?%?3-38These

parameters were obtained from Hartree—Fock calculations of ~ 3Y20s + 5A1,0; — 2Y3AIs0,, (6)

the interaction of two negative O anions. Accurate representa-

tion of the ionic polarizat%n of a crystalline lattice is kr?own to Alz0; +3YAIO; ~ YAIsO, )

be very important for defect modeling; therefore, we have con- The reaction enthalpies are -2.4 and —1.6 eV, respectively, per

sidered all the constituent ions of YAG (i.e.*Y Al®*, and YAG formula unit, which indicates that YAG is, indeed, a

0%) as being polarizable ions in the lattice. Then, the model stable compound. These values are comparable to the corre-

parameters are fitted to experimentally known YAG crystal sponding reaction enthalpies for YIG, which are -1.6 and -2.9

properties, such as the structure, elastic, and dielectric con-ey, respectively!

stants; these parameters are given in Table I. (FOI’ details of the The structure properties of orthorhombic perovskite_"ke

fitting procedure, refer to the General Utility Lattice Program YA|O, and the garnet YAl ,O,, compound are well repro-

(cuLp) described by Galg?) Table Il shows that the model  duced by our potential model. For example, the calculated

parameters reproduce the crystalline properties of YAG very |attice constants of YAIQ(a = 5.104 A,b = 5.260 A,c =

well, thus providing a sound basis for extending the model to 7.648 A) agree well with the experimental data (5.179, 5.329,

defect calculations. . . . and 7.370 A, respectivet§4d. For the cubic YAI,0,,, the
Recently, Buslet al*° obtained a consistent set of pair po- calculated lattice constant of 12.106 A is only 0.9% larger than

tentials that were empirically fitted specifically to experimen- the experimental value of 11.9894&.

tally measured lattice properties of crystal oxides, including o

YAG. This set of parameters was in addition to the potential- (2) Intrinsic-Defect Structure

parameter set that was used earlier by Satui,*” which was For calculations of native point defects in YAG, the lattice

fitted to AlLO; and Y,O; structure propertie¥2“* Although was simulated by a large cluster that contained more than 250

these two sets of interatomic potentials agree well with the ions. The ions that surrounded the defect in the cluster were

experimental values of the lattice structure and elastic constantsallowed to relax until a minimum total energy was achieved.

of YAG, they do not yield the correct low- and high-frequency The rest of the lattice was considered in terms of a Mott—

dielectric constants. Littleton approximatior?” The calculations were performed us-
In fact, the respective dielectric constants are overestimateding the cuLr program codé?

by the first parameter set (16.2 and 4.0) and are underestimated A vacancy formation was simulated as a removal of a regular

by the second set (8.1 and 2.9), in comparison to the experi- lattice-site ion to infinity. To model interstitials, one ion was

mental values of 11.0 and 3.5. This discrepancy may be due toadded to the crystal from infinity and was located in the empty

different descriptions of cationic polarizability. The Bush set interstitial position in the lattice. In the case of O interstitials,

contains rigid Y and polarizable Al cations, and, in contrast, the we probed all the possible positions in YAG, which are re-

Schuh set contains rigid Al and polarizable Y cations. On the ferred to as f and §° For cations, the b positions were exam-

basis of ionic radii, the Y cation is expected to be more polar- ined. The calculated formation energies for the isolated basic

izable than the Al cation. Our calculations indicate that an defects (which are collected in Table A-ll in the Appendix)

Table I. Interatomic Potential Parameters and Shell Constant$

lon interaction A (eV) p (A) C (eVIA®) Y* (lel) K* (eVIA?)
o> -0+ 22764.000 0.149 27.88 0.8481 74.92
Y3H_O? 2036.8379 0.3103 0.0 -0.251 46.7288
AlIP—0? 741.9007 0.3566 0.0 0.043 40.8618

TParameters\, p, andC are from the Buckinghamgotential equation (see text, Eq. ¥))s the charge of the core, akd"
is the core—shell spring constariPotentials for the &—O?~ interaction are taken from Lewis and Catl6iv.

Table 1l. Structural Data for Yttrium Aluminum Garnet, Calculated Using Different Interatomic
Potential Parameter Sets

Value
Parameter Experiment Present study Schuh Bush

Cohesive energy per formula unit (eV) -589.28 -602.50 -601.17
Unit-cell/lattice parameters

a(A) 12.000 11.988 12.002 12.143

Angle, a (degrees) 90 90 90 90

Unit-cell volume,V (A3) 867.45 861.36 869.69 895.15

Density, p (g/cnT) 453 4.58 4.53 4.40
Elastic constants (x 16 dyne/cn?)

Cia 33.3 34.0 39.5 33.0

Ci 11.3 12.7 13.5 16.5

Cua 11.5 11.2 11.7 13.1
Relative permittivities

€0 1.0 11.4 8.1 16.2

£ 3.5" 35 2.9 4.0

TFrom Geller’® *From Kitaevaet al? SFrom Kitaevaet al*® FFrom Hellwege®
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now can be used to analyze the energetics of Schottky anddronet al° investigated the local order around Y regular and

Frenkel disorder in the lattice. For the reader’'s convenience,

earlier potential set$4° and defect energies borrowed from

Schuhet al,1” as well as those obtained here using the corre-

sponding set of pair potentials, are given in the Appendix for
comparison.
YAG is a complex oxide, and its lattice consists of three

sublattices; therefore, the possible Schottky-like structure dis-

order can be written in the form

0 = 3V +5V) + 12V, 8
305+ 2Al% = AlLO; + 2V + 3V 9)
305 +2Y% = Y05+ 2V0 + 3V, (10)
305+ Y +AlL 2 YAIO, + VY + Vi + 3V, (11

where Krger-Vinks notation has been used to denote defects.

antisite locations in YOs-rich YAG. As it was shown, an
increase of the electronegativity of the site ions after the sub-
stitution of Al cations by Y cations implies that the oxygen
bond in the lattice becomes less ionic. This results in the short-
ening of the distance between Y and @Y-0)), from 2.43 A

to 2.10 A, and this new shortened distance is now similar to the
meand(Y—0) distance of the Y cation in the octahedral posi-
tion in Y,O5. From our calculation, the substitution of the Y
cation at the Al(a) site in the YAG lattice is accompanied by a
decrease inl(Y—0) to 2.08 A, which is in excellent agreement
with the experimental value of 2.10 R.

(3) Deviations from Stoichiometry

Although experimental studies long ago identified the pres-
ence of nonstoichiometric phases in YAG, the mechanism by
which an excess of Y05 or Al,O, can be accommodated in the
lattice is not completely understood. In early work on gallium
and aluminum garnef§, excess YO, was soluble in the gar-

Here, reaction (8) corresponds to the true Schottky disorder net. Gellef® discussed a possible mechanism of the solid so-
and the remaining reactions (reactions (9)—(11)) are given aslution in the garnet structure that may involve vacancies or
examples of a change in the chemical composition of the ma- Vacancy—interstitial complexes instead of substitutional atoms.
terial. They each can be interpreted as a possibility of self- Neimanet al** reported that the YAG structure can exist with

segregation in stoichiometric YAG crystal by the Schottky-like
disorder in either of the cation sublattices.
The Frenkel disorder can be written as follows:

AlL = VI +ALT (12)
Yy 2 VU+Y (13
Of = V5 +0 (14)

The computed formation energies (which are collected in
Table A-lll in the Appendix) suggest that the Schottky-like

some deficit of A}O,. Several studies (see, for example,
Toolenaar and de Wifff and Mulder and de Witt¥) also have
identified Al,O; inclusions in YAG ceramics. In this work, we
intend to find the most probable mechanism of accommodating
the deviations from stoichiometry in YAG structure.

For excess ¥O3 in YAG, we can write the following equa-
tions that involve the formation of vacancies, interstitials, and
antisites:

Y20, + 2A|:\|(a) < ZYZI(a) +Al,0,

(E=0.5eV) 17)

Y,0, 2 2Y;"+30/ (E=36.2¢eV) (18)

disorder seems to be more favorable than the Frenkel disorder.

Nevertheless, even Schottky defect formation demands aY,0;+ 2Aly, + 305 = 2YAIO; + 2V5 4,

rather-high energy(3.9—-4.7 eV per defect). Therefore, we can

suppose that neither Frenkel and Schottky defects are likely to

occur in YAG. This conclusion is consistent with the results
that have been reported by Donnerberg and C&fidar YIG

crystals. Furthermore, the large enthalpies of reactions (9)—(11)
preclude the occurrence of self-segregation in stoichiometric

YAG crystal, as also observed experimentdfly.

Next, we consider antisite disorder in the cation sublattice of

YAG, which can be described as follows:
(19
(16

X X X X
Yy +Aly@ 2 Yae Al

X X X X
Yy +Alye 2 Yae HAlY

+3V4
(E=23.3eV) (19

Y05+ 2A15 @ 2 3YAIOL + Yae +2Vie + Vo
(E=7.4eV) (20

Y05 + %Al/i.(a) + §A|Z|(d> 2 %YsAl 5012 + %YQ
(E=-0.3eV) (21)

Y0+ %Al N+ §A|Z|<d) 2 :11Y3A| Ot :51Y Pt %V:'-’\/I(a) + ?,V’Aﬁ@
(E=9.4eV) (22

The corresponding antisite-pair formation energy is estimated Y,0; +§A|Z.<a> +2Alyq +50; 2 §Y3A| 5012+§V’X|(a)

to be[.9 and[11.8 eV per defect for reactions (15) and (16),

respectively, which suggests that the antisite disorder is pre-

ferred over Schottky and Frenkel disorder in YAG. We note

+2V4 o +5VS  (E=38.1eV (29)

here that the Y cation prefers to be located at the Al(a) site E is the calculated enthalpy of the given reaction.
rather than the Al(d) site. This observation is expected, based Quite similarly, we can describe the accommodation of an
on the coordination numbers of these ions in the lattice: the Y Al;O; excess:

cation has coordination number of eight, whereas Al(a) and
Al(d) cations have six and four nearest-neighbor O ions, re-

spectively (see Fig. 1). Antisite-pair formation in the perov-
skite-like YAIO; compound also requires a very low energy

(0.62 eV per defect), which indicates that these defects should

have an important role in the material.
Experimental studies performed by Ashumtval,*® in fact,

suggested that the Y cation can occupy its regular dodecahedral

site as well as the Al(a) site in YAG. Those authors investi-
gated nonstoichiometric )Y, Al,_)Al;0;, crystals by mea-

suring the spectra of rare-earth impurity ions in the lattice and

concluded that the substitution of the Y cation at the Al(a) site

introduces the lattice distortion. Recent X-ray absorption near-
edge structure (XANES) and EXAFS measurements by Lan-

ALO+2Y} = 2AI5 +Y,0;,  (E=2.9eV) (29
AlLO, = 2Al"+30!  (E=52.5eV) (25)
ALO, +2Y5 +305 = 2YAIO,+2V{ +3V,  (E=18.9eV
(26)
ALO;+ Y5 + 05 2 $YALOD, + AL +2VY + VY
(E=5.7eV) (27)
AlLO;+2Yy = ZYAILO, +2AI,  (E=0.2eV) (28)
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(YAG) crystal are performed. Schottky and Frenkel defect for-
mation energies are calculated, as well as antisite substitutions
(29 in the cation sublattice. The calculated results indicate the fol-
lowing:
AlL,O, +§Y§ +§OZ) 2 §Y3AI 5012+§V'Y” +§V'c', (1) Intrinsic disorder in stoichiometric YAG is dominated
- by antisites.
(E=10.7eV (30 (2) Antisite Yu ) Substitution causes a distortion in the
Inspection of the list of reactions and energies reveals that crystalline lattice, which shortens the Y-O bond length, whose
only reaction (21) has a negative energy and, therefore, is exo-calculated value is in excellent agreement with the extended
thermic. This observation leads to the conclusion that the an- X-ray absorption fine-structure (EXAFS) measurements.
tisite substitution of ¥, is the most favorable of all the (3) A Y,0;excess is energetically more favorable than an
possible mechanisms of accommodation of extra Y cations in Al,O5 surplus in YAG.
the YAG structure. This energy is comparable to that of re- (4) The formation of antisite disorder in YAG with excess
action (17), which describes 5, antisite formation that is  Y,05 or Al,O; is the most probable mechanism of accommo-
accompanied by AD; segregation and shows a very small dating deviations from stoichiometry.
(endothermic) reaction enthalpy, which indicates a high prob-
ability of its occurrence. Therefore, A, inclusion forma-
tions*”“8 may be stimulated by a )0, surplus in YAG. An APPENDIX
Al O, deficit in the garnet structure, which was postulated by
Neiman et al.}* indeed can exist in YAG. Comparison of Table A-l shows the interionic potential and shell parameter
reactions (21) and (28) indicates that th§ Y, antisite forma-  sets of Schutet al*” and Bushet al** Table A-Il gives basic
tion in Y,O4-rich YAG is slightly more preferable than the Al isolated defect formation energies that have been obtained us-
formation in ALO5-rich YAG, although the latter is still pos-  ing these parameter sets, in addition to the set that we have
sible, because of the small enthalpy of the process. In addition,derived in this study.
these reactions indicate that extra Y cations can be accommo- One of the most important advantages of the shell model is
dated in the YAG lattice earlier than Al cations. This fact has a correct description of the optical modes of vibration and, as
been proven experimentally; for example, 04 excess of up a result, a correct value of the high-frequency dielectric con-
to 2% was reported, while an &b, surplus in YAG was ob- stant. As shown previously in Section(R), this value may be
served only up to 0.5% (see, for instance, Sakagathi18). sensitive to the treatment of the polarization of cations in the
The formation of defect complexes, such as an interstitial model.
and the corresponding vacancy (see reactions (22) and (29)), We now can analyze the influence of polarization on the
requires much more energy, with respect to the antisite forma- defect formation energy. Schottky-like and Frenkel disorder
tion (reactions (21) and (28)). The energy required for the energies in the YAG structure have been collected in Table
formation of interstitial defects, which has been described by A-lll; this compilation shows that the choice of potential does
reactions (18) and (25), also is very high, which is expected not change the main conclusion regarding the preference of
from Frenkel disorder energetics (see Sectiof2))l The seg- disorder in YAG. However, more-careful examination of the
regation in the perovskite-like phase in YAG (reactions (19) energetics of the reactions reveals some sort of contradiction.
and (26)) also is expected to have a low probability, because The formation of Frenkel Y defects (reaction (13)) demands the
the reaction has a very high energy. highest energy, using the Schuh set, whereas, using Bush pa-
Reaction (20) represents a mechanism of the defect accom-rameters, Frenkel Al(d) defects (reaction (12)) have the highest
modation that is predicted by Neimanal,'4 and reaction (27) ~ energy. The lowest energy among cation Frenkel pairs corre-
has been constructed by analogy. Reactions (23) and (30) desponds to Al(d) pair formation in the Schuh set, which con-
scribe the process that was suggested by Sakagueht® Our trasts that obtained from the Bush results.
calculations indicate that neither of these mechanisms are pre- Furthermore, the probability of AD; and Y,O5 segregation
dicted to occur in YAG crystal. The calculated results imply (reactions (9) and (10)) is comparable, using the Schuh set. The
that the defect equilibrium in an excess material has a different Bush set predicts a large difference between these reactions.
nature than that which has been considered in these studiesAlso, the Bush parameters indicate thafO¢ segregation is
Neither an excess of 0 nor Al,O; seems to be the source of only 1.1-0.4 eV less favorable than antisite-pair formation (re-
oxygen vacancies in pure YAG. However, interactions between actions (15) and (16)), which contrasts the Schuh results.
defects were not included in the present study; this mechanism The results lead to the conclusion that the defect formation
may be important under the conditions of large deviations from €nergy is very sensitive to the treatment of polarization effects
stoichiometry in materials. in the lattice. Therefore, to obtain accurate results regarding the
energetics of the defect formation in YAG, one should care-
fully consider the polarization of ions in the lattice.

ALO;+3Y5 2 2YAIO, +2A +3VY (E=7.66V)

IV. Conclusions

In the present theoretical study, atomistic calculations of the Acknowledgments: Helpful discussions with P. Zapol, J. Gale, C.
formation of native point defects in yttrium aluminum garnet woodward, T. Parthasarathy, and R. Kerans are acknowledged.

Table A-l. Interatomic Potential Parameters and Shell Constants from Studies by
Schuhet al!” and Bush et al°"

lon interaction A (eV) o (A C (eVIA®) Y+ (le]) K* (eVIA?)
Schuhet al*?
0> —0*" 22764.000 0.149 27.88 0.8481 74.92
Y3_OP” 1345.1 0.3491 0.0 -0.251 71.70
Al*—0?" 1469.3 0.2991 0.0 3.00
Bushet al*°
0> —0* 25.41 0.6937 32.32 0.513 20.53
Y3_0?” 1519.279 0.3291 0.0 3.00
AP —0* 2409.505 0.2649 0.0 0.043 403.98

TSee footnote in Table | for a description of parameterg, C, Y*, andK™.
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Table A-Il. Defect Energies of Intrinsic Defects in YAG,
Obtained Using Different Parameter Sets

Formation energy (eV)

Type of defect Present study Schuh Bush

Vacancy

0 21.54 22.35 17.63

Y 49.42 46.5 47.74

Al, a-site (Al(a)) 53.76 60.24 59.94

Al, d-site (Al(d)) 53.44 58.9 65.10
Interstitial

0O(g) ¥s,x,¥4-X) -11.38 -11.35 -8.33

O(f) (x,0%4) -11.79 -11.06 -7.84

Y(b) (¥8,Y8,Ys) -36.85 -25.62 -33.51

Al(b) (¥s,Y8,Ys) -40.72 -451 —-47.48
Antisite

Alin Y site -0.69 -10.45 -8.93

Y in Al(a) site 2.38 13.53 11.52

Y in Al(d) site 4.16 14.29 12.78

"Value taken from the work of Schutt al*”

Table A-lll. Reaction Energies (per Defect) for
Schottky-like, Frenkel, and Antisite Disorder Reactions,
Obtained Using Different Parameter Sets

Reaction energy (eV)

Reaction Present study Schuh Bush
Schottky-like
3VY + 5V, + 12V4 4.26 5.32 341
(reaction (8))
AlLO; + 2V, + 3V4 4.70 4.93 4.07
(reaction (9))
Y05 + 2VQ + 3V] 3.88 491 2.40
(reaction (10))
YAIO, + V§ + V7, + 3V4 421
(reaction (11))
Frenkel
Vi *+ Al (reaction (12)) 6.65 787 6.23
m Al (reaction (12)) 6.36 6.88 881
VZ '+ Y;" (reaction (13)) 6.28 1044 7.12
Vo + Ofg (reaction (14)) 5.08 5.50 4.65
V5 + Oy (reaction (14)) 4.88 5.65 4.90
Antisite pair
Y Ay + AlS (reaction (15)) 0.9 1.54 1.30
Y iy + AlS (reaction (16)) 18 1.92 1.95

"Value taken from the work of Schutt al*”
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