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The defect solid state chemistry of LaMgAl,,0,y has been investigated using computer atomistic
simulation techniques. Our calculations show that intrinsic disorder in LaMgAl,;Oyy is of Schottky
type. Several defect reactions, proposed to explain the nonstoichiometry of LaMgAl;;O(q, have been
modeled; the calculated energies predict that some are much more likely than others. We have
also modeled some complexes which have been proposed to form between the spinel blocks in the
magnetoplumbite structure. Our results suggest that the nonstoichiometry of LaMgAl,;0,y may be
attributed to these defect complexes which are found to be energetically stable. It is proposed that

different complexes will dominate different regions of nonstoichiometry.

1. Introduction

The compound LaMgAl,,0,, is currently
of interest as a high-power laser host (/, 2).
The first structural analysis of LaMgAl;;0,
was undertaken by Kahn et al. (/). Their X-
ray diffraction analysis described the struc-
ture as a slightly distorted magnetoplumbite
phase and is thus related to the ideal magne-
toplumbite based on Al,O, (SrAl;0,,), with
La’* substituting for Sr** and Mg?* for one
AP*. Our earlier computer atomistic simu-
lations on SrAl,,0,, indicated that Mg”*
ions would prefer to occupy tetrahedral Al
sites in the spinel blocks (3). To explain the
easier preparation of a magnetoplumbite
phase when M?* ions, such as Mg** or
Mn?*, are present, Gasperin ef al. (4) sug-
gested that the M?** ions could stabilize the
spinel blocks by reducing the amount of va-
cancies in one unit cell. As Mg?* ions are
substituted for AI** ions, to achieve neutral-
ity in LaMgAl,,0,,, it is necessary to con-
sider in detail the nonstoichiometry and de-
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fect structures for both the undoped and
doped hexa-aluminates containing trivalent
cations.

Unlike hexa-aluminates containing mono-
valent or divalent cations, the structures of
which have been extensively investigated,
there are only a few studies which are re-
lated to the detailed structure of those con-
taining trivalent cations.

Abrahams et al. (5) claimed that in LaMg
Al,,0,4, the principal La site is not fully
occupied but contains 4.76 at.% Al and 5.24
at.% Schottky defects. Stevels and Vers-
tegen (6) indicated that hexagonal alumi-
nates such as La,_,Al,;3,,0;, and
Ce, ,Alj 34,0 have a magnetoplum-
bite structure. Later, mainly based on the
luminescence data, Stevels (7) proposed a
defect structure model in which one oxygen
ion is located at the crystallographic posi-
tion normally occupied by the large trivalent
cation such as La’*. A further investigation
of the crystal structures of hexa-aluminates
with trivalent cations was performed by lyi
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et al. (8). For Lag g;Al}; 901949, they found
interstitial Al ions situated in pairs, making
a bridge between the spinel blocks, and
causing Al and La defects in the intermedi-
ate layer (z = 0.25). Therefore, they attrib-
uted the nonstoichiometry of lanthanum
hexa-aluminate to these defects.

It is clear that, because of the complexity
of the basic crystal structure of magneto-
plumbite-type compounds, the knowledge
of the defect structure available from experi-
ment is quite limited. Therefore, we are un-
dertaking a systematic study of the defect
structure and nonstoichiometry for magne-
toplumbite-structured compounds, using
theoretical, computer-based simulation
methods. We have shown earlier, in part 1
(3), that transferring interatomic potential
parameters from models of binary oxides
provides an adequate model of the magneto-
plumbite structure. This present work is an
extension of the computational methods to
more complex structures and stoichiome-
tries than those which have hitherto been
investigated.

2. Simulation Methods
2.1 Defect Energy Calculation

Calculations of defect structures and en-
ergies introduce one vital feature in addition
to those for the perfect lattice methods. This
is the occurrence of relaxation of lattice
atoms around the defect species. The effect
is large because the defect generally pro-
vides an extensive perturbation of the sur-
rounding lattice, and, in the case of ionic
crystals, the relaxation field is long-range as
the perturbation provided by the defect is
mainly Coulombic in origin.

The theory of defect energy calculation
has been outlined by Catlow et al. (9). Basi-
cally, the simulation techniques were based
on a generalized Mott-Littleton (/0) ap-
proach developed by Norgett (//), where
the important feature is that the crystal sur-
rounding the defect is divided into two re-
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gions. The outer region II is treated as a
polarizable dielectric continuum, while the
coordinates of the distorted inner region 1
are explicitly relaxed using appropriate in-
teratomic potentials. Therefore, we can
write the total energy of system E as

E = E\(x) + E(x,y) + Es(y), (D

in which E, is the energy of the inner region
and thus a function of the coordinates x (and
dipole moments) of the ions solely within
the region I, E; depends solely on the dis-
placements y of the ions within II, and
E,(x,y) is due to interaction of regions I and
II.

2.2 Potential Models

In our present work, the potentials are
assumed essentially ionic and exclusively
two body. The lattice energy can be ex-
pressed as

1
U= D) 22 (qqir; + Vs (2)
i

where r; is the distance between the ions.
The first term of Eq. (2) is the long-range
coulombic interaction corresponding to the
interaction between charges. The second
term covers the two-body, short-range, non-
coulombic interactions, which are described

by a simple analytical Buckingham function,
V(ij) = Agexp(—ripy) — Cyr i 0

The short-range interaction includes both
the repulsive forces due to the overlap of
ion charge clouds, and an attractive term
due to dispersive interactions. The simula-
tion of polarizability in the ions that consti-
tute the lattice is included through the shell
model originally developed by Dick and
Overhauser (/2). This model consists of a
simple mechanical representation of the
ionic dipole. The polarizable valence shell
electrons are represented by a mass-less
shell which is connected to the core by an
harmonic spring. Potential parameters (A,
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TABLE 1

INTERIONIC POTENTIALS

(A) Short-range parameters for potential form
V(r) = Ae " — Cr~¢

Interaction A(eV) p(A) CeV.A%)
La-O 1644.980 0.36196 0.000
Ce-O 1771.660 0.36000 0.000
Mg-O 1428.500 0.29453 0.000
Al-O 1474.400 0.30059 0.000
0-0 22764.200 0.14910 17.890
(B) Shell parameters
Interaction Shell charge Spring constant
(Yle) keV.A™?)
La(Core)-La(Shell) 3.000 99999.99
Ce(Core)-Ce(Shell) 3.000 99999.99
Mg(Core)-Mg(Shell) 2.000 99999.99
Al(Core)-Al(Shell) 3.000 99999.99
O(Core)-O(Shell) —-2.207 27.29

p, and C), with the appropriate shell
charges, Y, and spring constant, K, were
taken from the compilation of Lewis and
Catlow (73) and are listed in Table 1. The
short-range potential cutoff, the interatomic
separation beyond which the potential is as-
sumed to be negligible for computational
convenience, is 1.89 lattice units.

3. Results and Discussion

3.1 Intrinsic Disorder

An important point to note is that the de-
fect energies were calculated within our
equilibrated crystal structure. The structure
reported by Kahn et al. (I) was used as an
initial set up for the calculation. With the
X-ray data as the starting point, the pro-
gram METAPOCS (14) was used to mini-
mize the energy of the unit cell with respect
to the coordinates of all the ions. All the
atomic coordinates within the unit cell (not
just the symmetry-independent ones) were
allowed to relax in order to find the mini-
mum energy configuration. In this way, we
calculated equilibrium positions for atoms
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in LaMgAl,,0,,, which are reported in Ta-
ble II.

For LaMgAl, Oy, vacancy and intersti-
tial formation energies were calculated for
each of the possible species; these energies
are gathered together in Table III.

From the calculated energies for cation
and anion vacancies and interstitials, Schot-
tky and Frenkel defect formation energies
may be determined; these are also given in
Table 111, as energies per constituent defect.
Note that because the different types of dis-
order involve varying numbers of defects,
comparison in terms of energy per defect is
essential. The thermodynamic grounds for
this have been discussed by Catlow and

TABLE

A COMPARISON OF THE FINAL EQUILIBRATED
ATOM POSITIONS WITH THE X-RAY STRUCTURE FOR
LaMgAl; Oy

Data from Data from

Atom X-ray structure calculation Al
La x 0.6667 0.6667  0.0000
z 0.2500 0.2500  0.0000
Al(1) X 0.0000 0.0000 0.0000
z 0.0000 -0.0019 0.0019
Al(2) x 0.0000 0.0000  0.0000
z 0.2500 0.2500  0.0000
Al(Mg)(3) «x 0.3333 0.3333  0.0000
z 0.0273 0.0296  0.0023
Al(4) X 0.1676 0.1671  0.0005
z —-0.1082 —0.1087  0.0005
Al(5) x 0.3333 0.3333  0.0000
z 0.1895 0.1879  0.0016
O(1) x 0.0000 0.0000  0.0000
z 0.1499 0.1525  0.0026
0Q) x 0.3333 0.3333  0.0000
z —0.0576 —0.0595 0.0016
0Q3) x 0.1820 0.1830  0.0010
z 0.2500 0.2500  0.0000
04) x 0.1520 0.1532  0.0012
z 0.0530 0.0553  0.0023
0(5) X 0.5050 0.5057  0.0007
b4 0.1508 0.1502  0.0006

@ Difference between equilibrated and X-ray struc-
tures.
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TABLE 111

CALCULATED DEFECT ENERGIES FOR THE
Basic AToMisTic DEFECTS

Defect Defect energy (eV)
La’* vacancy 31.78
La’* interstitial —21.39
Mg?* vacancy 26.23
Mg?* interstitial —20.06
AP* vacancy 52.35
AP interstitial —46.05
0O?~ vacancy 21.25
O?~ interstitial -16.23
La** Frenkel® 5.20
AP* Frenkel® 3.15
0%~ Frenkel” 2.51
Mg?* Frenkel® 3.09

Schottky* 1.94

9 Energy per constituent defect.

James (I5). Our results show ciearly that
the Schottky disorder is the dominant defect
mode to be expected in LaMgAl,,0,5. This
conclusion is consistent with that made by
Abrahams et al. (5).

3.2 Probable Defect Processes Involved in
Nonstoichiometric LaMgAl,,0,

There are several possible nonstoichiomet-
ric formulas related to LaMgAl;,0,,, such
as La, ,MgAl,;,, 0y, LaMgAlOg,,,
La, Al 123,09, Laj_ MgAly, 05410194
LaMg Al 0670 0019, and  La, Mg,
Alyy 4 r0671-0O19- Each of these different
formulas describe different ways in which
the nonstoichiometry may be accommo-
dated and each involves a different defect
structure. Since the associated defect pro-
cesses depend on the energetics of the vari-
ous defect species concerned, we thought it
worthwhile to calculate the energies of the
various reactions for the different models
of nonstoichiometry to see whether a clear
favorite emerged. The lattice and defect en-
ergies related to defect processes are shown
in Tables IV and V. The defect processes,
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TABLE 1V

LATTICE ENERGIES OF RELEVANT
CoMPOUNDS PER FOorRMULA UNIT

Compound Lattice energy (eV)
LaMgAl;,0 ~975.49
Al,O4 —160.31
La,0, —124.00
MgO —41.18

along with their reaction energies, are listed
in Table VI.

Defect process 1: La,_ MgAl,,, ,0O,. For
defect process 1, La deficiency is exactly
compensated by excess Al leading to the
reaction

LaMgAl, O,y + (x/2)AL,0; —
La,_ MgAl;,, O + (x/2)La,0;. @)

Therefore, the substitution of AI** for La’*
can lead immediately to a charge balance.
However, there are two possible sites, an
interstitial position or the La®* site, in which
the AI** might be located. The energies of
the defect reactions corresponding to these
two cases have been calculated and are la-
beled E, for Al ,compensation and E,’ for
Al; compensation. The lower value calcu-
lated for E, indicates that Al;, defects will
be preferred. Abrahams et al. (5) found that
all Al (Mg) sites are fully occupied and that
the La site contained (1 — x) La and x Al

TABLE V

CALCULATED DEFECT
ENERGIES FOR SUBSTITU-

TION

Defect Energy (eV)
Cey, —1.534
Al —~17.00
Aly, -31.20
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TABLE V1

CALCULATED ENTHALPY FOR DEFECT PROCESSES

Process 1

LaMgAl,, 0y + (x/2)AlL,0; — La;_ MgAl,;, Oy + (x/2)La,0;4

E, = (I1)E,, 0, + En, — (/DEn, = 116V

E'; = (1/2E,0, + Ey,, + En, — (1/2)En,0, = 3.89 eV

Process 2
LaMgAl,; 0, > LaMg Al;| Oy, + (1 — x)MgO
Ey = Eygp + EVMg + Ey, = 6.30 eV

Process 3(a)

LaMgAl; Oy + (x/2 + 1/3)ALO; — La,_,Aljj, 2301 + MgO + (x/2)La0;

Ey = Ey, + U3 By, + 213 Eny + Elffo + 12E

Eyy = En, + 13 Ey, +23Ey, + E¥io + 12Ef o

Process 3(b)

B o, — V2E8o — 1BER,

= 1.36eV
—12E8o, ~ 13ERo, = 4.09 eV

LaMgAl, O + (1/2 + 2x/3)ALO; — La,_ - 3Alp,:01 + MgO + (1/6 + x/3)La,0,

Eyy = 2/3 En, + 1BEy_ + Eq, + Efio + 120 — (112 + 13) Elf,

= —153eV

Eyy = 2/3 Ey + 23Ey, + 13Ey, + Ex, + Efio + 12ER,0;, - SI6E Yo = 0.29eV

Process 4

LaMgAl, Oy + x(172 + 1/3)AL0; — La,_ MgAl,, o4 1O + (x/2)Lay05
E, = \2E 0 + By + Eo + (1 + 23)Ey = (112 + 13)E 5o = 10.19 eV

Process 5
LaMgAl;; O, + (1

— x)/3AL0O; — LaMg Al .230-,)0p + (1 — x)MgO

Es = Eyyo + By, + 0.67Ey, — 0.672E 50, = 7.90 €V

Process 6

LaMgAl,, Oy + [x/2 + 0.67(1 — y)/21ALO; — La,_ Mg, AL\, r060 O + (1 ~ YMgO + (x/2)La0;

E, = E, + E; = 9.06 eV

atoms. Our simulations are, thus, in good
agreement with their conclusion.

Defect process 2: LaMg Al;,04, . Non-
stoichiometric LaMg,Al,;;O4,, , is deficient
in both magnesium and oxygen. This com-
positional change can be obtained by re-
moval of MgO from LaMgAl,,0, and is de-
scribed by defect process 2 with the reaction

LaMgAl;,0,y— LaMg,Al;;Oyq .
+ (1 — x)MgO. (5)

The energy for this process is 6.30 eV which
is quite large, suggesting that this reaction,
by itself, is not likely to occur. Gasperin
et al. (4) prepared and studied a series of
compounds with initial composition LaM,
Al;;O.,, (0 = x = 1) in order to understand
the role of M?* ions in the formation of mag-

netoplumbite structure. For the case of
x = 1.0 (M?>" = Mn?"), they found that
the LaMnAl,,0,, sample did have a well-
defined, distorted, magnetoplumbite struc-
ture. However, when they continuously
lowered x, for instance to 0.7, 0.02, and 0.0,
partial occupancies and displacements of
ions from the La, Al, and O sites in the
mirror plane occurred, as revealed by strong
diffuse scattering. They suggested that in all
nonstoichiometric  phases of LaM,
Al,;Oy3. ., the charge compensation mecha-
nism would be very complicated.
However, according to defect process 2,
charge compensation is not a real problem.
The reason behind the partial occupancy
and displacement of ions in the mirror plane
may, in fact, be ascribed to structural relax-
ation. When lowering x to 0.0, this means
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that two MgO formula units are removed
from one unit cell, providing 4 vacancies.
The remaining ions in the unit cell will adjust
to a new equilibrium position, in the pres-
ence of the vacancies. Of course, we cannot
eliminate the possibility that other defect
processes may also be involved in this non-
stoichiometric compound, but, as we shall
see below, the creation of other defects, or
defect complexes, in the mirror plane, will
also be accompanied by structural relax-
ation around the defect. In fact, the large
calculated defect energies strongly imply
that other defect processes will be involved
in producing this kind of nonstoichiometry.

Defect process 3: La,_,Al)123.:,019.
This process involves, in addition to disor-
der on the La and Al sites, much as in pro-
cess 1, the complete removal of Mg and its
replacement by Al. Four possible situations
need to be considered, two of which involve
Al , substitution and two in which the V,
are compensated by aluminum interstitials.
Stevels and Verstegen (6) first considered
lanthanum hexa-aluminate (La; Al
1+:0)9) to have the magnetoplumbite struc-
ture. Although Dexpert-Ghys et al. (16) later
proposed that La,_, Al ,/;,,0 was com-
posed of both B-alumina and magneto-
plumbite structural units, Iyi et al. (8) fur-
ther confirmed that the structure of
lanthanum hexa-aluminate corresponded to
a magnetoplumbite structure. They were
able to eliminate the possibility that g-alumi-
na-like cells existed in their specimens.
Therefore, during our calculations, we as-
sumed that La,_ Al,;. ;.00 retained the
magnetoplumbite structure. Note, how-
ever, that the difference between g-alumina
and magnetoplumbite structures is the ion
arrangement in the region between the spi-
nel blocks. Any significant disorder in this
region will tend to blur the distinction be-
tween the two structure types.

In the process we have labeled 3(a), the
magnesium deficiency is compensated com-
pletely by Aly, defects; charge neutrality

XIE AND CORMACK

then requires a concentration of Vy,. The
lathanum deficiency is compensated either
by aluminum interstitials or by Al, , defects.
Thus, in this process, the lanthanum and
magnesium deficiencies are treated indepen-

dently with separate compensation mecha-

nisms. The defect reaction energies indicate
a distinct preference for Al; , defects and not
for aluminum interstitials.

In process 3(b), the difference is now that
all the Mg sites are occupied by Al. The
excess positive charge now must be bal-
anced by either V|, or V,, defects; the lower
formation energy of lanthanum vacancies
means these would be preferred. Note that
now the two deficiencies of La and Mg are
not independent: lanthanum vacancies have
been introduced as part of the compensation
mechanism for magnesium nonstoichiome-
try. Our results indicate, however, that in
this case too, substitutional Al , defects are
more likely than Al interstitial species.

From the energies of the four possible
defect reactions, we can see that option 3bl
is clearly favored for defect process 3, and
in fact is endothermic, implying that this
mode of nonstoichiometry is likely to be
spontaneous.

Our results do not suggest that the excess
Alions will enter interstitial positions. How-
ever, as we shall see in the next section, the
formation of interstitial AI’* ions suggested
by other workers is probably a result of de-
fect association.

Defect process4: La,_ MgAl {53,094«
Amongst other defect processes that have
also been proposed for the nonstoichiome-
try of LaMgAl,,O, are some which suggest
the existence of excess oxygen. It has been
proposed by Stevels (7) that such excess
oxygen in La,_,MgAl,,, 530, may be
found in ‘‘vacant’” La®* sites (i.e., that oxy-
gen partially occupies La positions); alter-
natively, an interstitial position for the oxy-
gen may be preferable. The reaction energy
calculated for the interstitial oxygen model
is 10.19 eV. Our calculations also indicate
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Oxygen O Al
Oxygen on a Ce on a 2d position

2d position

@ -

FiG. 1. xy plane at z = 0.75 of the magnetoplumbite
structure. Four unit cells are shown. An oxygen ion
has replaced one La at the 2d site and a La has been
substituted by Ce.

that it is not favorable for oxygen simply to
replace La’*, without a substantial re-
arrangement of its surroundings, as we dis-
cuss below. The site potential of the La**
ion positions (as, indeed, for any cation po-
sition) usually precludes occupation of that
site by a negatively charged ion, so it is not
surprising that a simple O;, defect should
be energetically unfavorable.

Based on luminescence data, Stevels and
Verstegen (6) constructed a structural
model for magnetoplumbite-type materials
such as (Layg,,Cepo)MgAl ;0 and
(Mg, g5 ,Ceq 15)Al 95040 in which some of the
La or Ce ions are considered to be replaced
by excess oxygen. He proposed that the
presence of oxygen ions at the 2d sites in-
duces a shift of one of the nearby oxygen
(6h) ions toward a Ce*" ion as seen in Fig.
1. In order to stabilize this O—Ce complex,
Alions in 12k sites are also supposed to shift
to positions near the O, .

Our defect structure calculations support
the existence of such an interstitial oxygen
model in LaMgAl,,0,,. In our calculations
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of LaMgAl,,0,,, the interstitial oxygen ions
are associated with a larger defect complex,
which is discussed in the next section.

Defect processes 5 and 6. The possibility
that Mg sites become partially vacant and
that excess Al enter the structure intersti-
tially is described by process 5. The energies
listed in Table VI suggest that excess Al ions
prefer to go to interstitial sites with some
Mg sites remaining vacant. The large energy
of reaction, however, indicates that the pro-
cess will not occur. Process 6 is a combina-
tion of process 1 and process 5. Because this
combination causes an increase in energy,
this process is also not expected to be ener-
getically favorable.

Summary. In general, the nonstoichiome-
try of the magnetoplumbite structure is very
complicated. Defect processes 1 and 3, de-
scribed above, clearly have the lowest ener-
gies and hence may be expected to explain
most of the nonstoichiometry in LaMg
Al},0,. However, as we can see in the next
section, a knowledge of defect complexes is
crucial since the complexing of defects into
aggregates may well alter the energetic bal-
ance between the simple defect processes
discussed in this section.

3.3 Defect Complexes: Structure Models

The unit cell of the magnetoplumbite
structure is composed of two-dimensional
slabs perpendicular to the ¢ axis containing
four layers of oxygen ions in a cubic close-
packed arrangement, with cations, such as
A%, arranged in both octahedral and tetra-
hedral sites, as in the spinel structure. Two
intermediate layers about 11 A apart contain
additional coplanar cations and oxygen
ions, which hold the ‘‘spinel blocks™ to-
gether. These intermediate layers are also
called mirror planes because of their crystal-
lographic symmetry. Based on this oxygen
close packing, it is highly unlikely for defect
complexes to exist in the spinel blocks.
Therefore, we focus our attention on the
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possibilities for defect complexes to form in
the mirror plane between the spinel blocks.
These defect complexes may be expected to
play a key role in the nonstoichiometry of
lanthanum hexa-aluminate.

Several possible defect complexes and
defect energies are given in Table VII. Our
calculations show that the layers between
spinel blocks in magnetoplumbite structure
have a great flexibility in accommodating
defect species, which certainly cause the
nonstoichiometry in this structure. Basi-
cally, our present study only involves two
types of defect models, a ‘‘vacancy model”’
and an ‘‘interstitial oxygen model’’> which
we adopted from the models proposed by
Lyi et al. (8) and are shown in Figs. 2a and
2e.

For defect complex 1, a La vacancy, an
Al vacancy, and an interstitial Al are associ-
ated together, as shown in Fig. 2a. The bind-
ing energy of 0.76 eV with respect to iso-
lated, individual defects shows that complex
1 is energetically stable although not by very
much. Our calculation also indicates that to
stabilize this defect complex, an Al at 25 site
in the vicinity of interstitial Al ion undergoes
a displacement from the 2b site (0.0000,
1.0000, 0.7500) in ideal magnetoplumbite
structure to a smaller z position. lyi et al. ()
referred to this type of defect as a *‘vacancy
model.”’

Our type two defect complex consists of
a La vacancy, two 12k Al vacancies, and a
pair of interstitial Al ions. As shown in Fig.
2b, one interstitial Al ion is above the mirror
plane and the other below the mirror plane.
Like complex 1, the net charge associated
with this complex is —3. This complex is
found to have a binding energy 3.62 eV,
An incorporation of an Al vacancy at the
neighboring 25 site will further stabilize this
defect complex, which is described by com-
plex 3.

From an energetic point of view, oxygen
cannot simply occupy a La site: site poten-
tials mitigate against it. In order to stabilize
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the *“iQ’’ at La site, there have to exist other
interstitials or vacancies; these additional
defects in the complex must have the effect
of changing the site potential sufficiently to
allow the oxygen ion to remain at a site
normally occupied by a cation. lyi et al. (8)
pointed out that, owing to the very large
difference in the scattering power between
La and oxygen, interstitial oxygens situated
at La sites cannot be determined directly by
X-ray diffraction. Using atomistic computer
simulations, we have modeled defect com-
plexes which are based on the *‘iO model.”’

When one oxygen occupies the La va-
cancy in complex 2, defect complex 4 re-
sults. The binding energy of this complex is
larger than that of complex 2, which indi-
cates that the ‘‘/O’’ model is more energeti-
cally favorable.

Based on the complex 4, as shown in Fig.
2d, when one Al, at a 2b site, which is close
to the La site, becomes vacant, complex 5
is constructed. The complex 5 is very similar
to the ‘‘iO”’ model proposed by lyi et al. (8),
but the negative binding energy (—1.46 eV)
suggests that the complex 5 is not energeti-
cally stable. The net charge for La site is
—5 in complex 4. When one Al(2) vacancy
(Z = —3), which is close to the La site, is
added into this complex, the system energy
should increase. Thus, it is expected that
such a system is not energetically favorable
due to the repulsive force between the La
site and the Al (2) vacancy and the high net
negative charge (—8) in the complex 5.

However, in the case of complex 4, when
the Al(2) ion is just displaced to an intersti-
tial site, a stable defect cluster (complex 6)
is formed, with a large binding energy of
9.86 eV. The complex 6 is a modified /0"’
model. From the coordinates listed in Table
VII, we can see that the interstitial oxygen
is not exactly at the La site. At the beginning
of calculation, the La site is filled with an
interstitial oxygen, but during the calcula-
tion, the oxygen ion undergoes a displace-
ment from the La site, indicating that, in
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COORDINATES AND ENERGIES OF DEFECT COMPLEXES IN LaMgAl;;0,,
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Coordinate
Edefect Ebinding
Defect complex x y b4 (eV) €Vv)
Complex 1¢ 37.32 0.76
La vacancy 0.33333 0.66667 0.75000
Al interstitial 0.16852 0.83146 0.80005
Al vacancy 0.16854 0.83146 0.89319
Complex 2 40.76 3.62
La vacancy 0.33333 0.66667 0.75000
Al vacancy 0.16804 0.83195 0.60914
Al interstitial 0.39014 0.81902 0.67735
Al vacancy 0.16854 0.83146 0.89319
Al interstitial 0.39024 0.81907 0.82321
Complex 3 91.82 491
La vacancy 0.33333 0.66667 0.75000
Al vacancy 0.16804 0.83195 0.60914
Al interstitial 0.19565 0.38875 0.67350
Al vacancy 0.16854 0.83146 0.89319
Al interstitial 0.19188 0.38648 0.83001
Al vacancy 0.00000 1.00000 0.75000
Complex 4 22.77 5.38
La vacancy 0.33333 0.66667 0.75000
Ox interstitial 0.19188 0.80808 0.74060
Al vacancy 0.16804 0.83195 0.60914
Al interstitial 0.19277 0.80726 0.66674
Al vacancy 0.16854 0.83146 0.89319
Al interstitial 0.19723 0.80277 0.82281
Complex 5° 81.96 —1.46
La vacancy 0.33333 0.66667 0.75000
Ox interstitial 0.29877 0.70122 0.75087
Al vacancy 0.16804 0.83195 0.60914
Al interstitial 0.17837 0.82162 0.68906
Al vacancy 0.16854 0.83146 0.89319
Al interstitial 0.17755 0.82245 0.81195
Al vacancy 0.00000 1.00000 0.75000
Complex 6 24.59 9.86
La vacancy 0.33333 0.66667 0.75000
Ox interstitial 0.20210 0.78964 0.76176
Al vacancy 0.16804 0.83195 0.60914
Al interstitial 0.30383 0.69613 0.69666
Al vacancy 0.16854 0.83146 0.89319
Al interstitial 0.17936 0.82064 0.85050
Al vacancy 0.00000 1.00000 0.75000
Al interstitial 0.01792 0.9820 0.73042

¢ Vacancy model (8).
? Interstitial model {8).
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Fi1G. 2. Five possible types of defect complexes in LaMgAl;,0,y. (a) Type 1: vacancy model. (b)
Type 2: the complex of two Al interstitials, two Al vacancies, and one La vacancy. (c) Type 3: the
complex of two Al interstitial ions, three Al vacancies, and one La vacancy. (d) Type 4: the complex
of two Al vacancies and two Al interstitial ions and one interstitial oxygen (at La site). (e) Type 5:
interstitial model. (f) Type 6: modified interstitial model.
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such a complex, the interstitial positions
also depend on the structure relaxation and
charge distribution.

It can also be seen that with an *‘intersti-
tial”” O at the La site, which is associated
with Al interstitial ions, the layer between
the spinel blocks tends to be a close-packed
structure. lyi et al. (I17) also proposed that
such a defect complex can occur in barium
B-alumina, in which one oxygen locates in
the conduction plane, with Al interstitials
associated with this interstitial oxygen.
Therefore, there may be a possibility that
the conduction planes become close packed
in stabilizing the nonstoichiometric magne-
toplumbite or B-alumina structure.

Although based on the results of refine-
ment and chemical analysis, lyi et al. (8)
adopted the ‘‘vacancy model” to explain
the nonstoichiometry of lanthanum hexa-
aluminate, our calculations indicate that
““iO model”’, or at least a simple modifica-
tion of it, may also be responsible for caus-
ing nonstoichiometry in magnetoplumbite
structure. Between LaMgAl; O,y and
La,_ Aly,2.,0y9, there are alot of varia-
tions in composition and thus nonstoichiom-
etry, and the actual defect structure will de-
pend on the details of the nonstoichiometry.
For instance, we might use the *‘vacancy
model”’ for La,_ MgAl,,, .0, and the **iO
model”” for La, _ MgAl), /34 1O194x- It is
also possible that both models may be used
to explain the nonstoichiometry in interme-
diate stoichiometries.

Our simulations suggest that because the
layers between the spinel blocks are not
close-packed, the defect complex is likely
to occur in these layers.

3.4 Al(2) Position

An outstanding controversy in the crys-
tallography of magnetoplumbite structures
is whether the [5]-coordinated cation, in this
case the Al(2) cation, sits on the mirror plane
or is displaced from it. In part I, we exam-
ined the effect of moving this ion off the
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mirror plane, along the ¢ direction, looking
for alocal minimum in site energy. We found
none, and concluded that the abnormally
large thermal factors which are usually re-
fined for this ion were real and not due to
static disorder. However, these calculations
were done on a perfect, stoichiometric
structure.

We have seen in the structure of the defect
complexes discussed in this paper that the
Al(2) ion may be absent (the site is vacant
in the defect cluster) or at the very least, is
displaced away from its mirror plane site, as
in complex 1 (Fig. 2a). The displacement of
Al(2) from the mirror plane is calculated to
be about 0.30 A, but depends on the type of
defect complexes and the position of inter-
stitial ions. Experimentally, in the case of
Lag g13Al; 8330199, the distance between the
vacant Al(2) 2b sites (an ideal position in the
magnetoplumbite structure) and the intersti-
tial Al(2) 4e sites was found to be 0.25 A.

Since, in-nonstoichiometric samples, the
concentration of these defect complexes is
likely to be quite large (lyi et al. suggested
that one complex in every three or four unit
cells would account for compositions of
Lagg13Al; 8330190 OF LaggrsAlyy 875019125, @
significant population of the Al(2) ions
would be displaced from the mirror plane.

We may say, therefore, that, in contrast
to our -earlier conclusion based on perfect
stoichiometries, the observation of abnor-
mal thermal parameters may be due to static
disorder, as a result of the presence of the
defect complexes that form to accommodate
the nonstoichiometry. We might suggest
that these large thermal parameters are an
indication of nonstoichiometric disorder
and should be absent, or at least minimized,
in a perfect stoichiometric and an ideal mag-
netoplumbite structured crystal.

4. Conclusions

In our previous report (3), we suggested
that intrinsic disorder is of Schottky type in
SrAl,0,6. Here our results further confirm
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this conclusion for the stoichiometric mag-
netoplumbite structure.

As a result of our calculations, we have
proposed several feasible defect reactions
to explain the nonstoichiometry in La
MgAl,;,0. In addition, we have modeled
some defect complexes which may exist in
LaMgAl,,0,,. Although the mirror plane in
LaMgAl,,0,, is more close packed than that
in B-alumina and in B"-alumina, the layers
between the spinel blocks still can accom-
modate a number of extra ions to lower the
energy of the system. The incorporation of
a substitutional oxygen onto a lanthanum
site is made possible by the formation of
defect complexes, in the mirror plane re-
gion, which results in a change in La site
potential, thus allowing an anion to occupy
acation site, a process which is not normally
expected.

Our results show that the nonstoichiome-
try in LaMgAl, O, (in other magnetoplum-
bite compounds) may be associated with
both the ‘‘vacancy model”” or the *‘iO
model,”” depending on the type and degree
of nonstoichiometry.
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