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Computer atomistic simulation techniques have been used to investigate defect solid state chemistry in
SrAl;;Oje. Our calculations show that transferring interatomic potential parameters from models of
binary oxides provides adequate models of the magnetoplumbite structure. Schottky disorder is
found to be the dominant defect mode in SrAl;;0. When Sr and Al in SrAl,O, are replaced by La

and Mg, Mg prefers to occupy 4f Al(3) tetrahedral sites.

1. Introduction

Ceramic oxides with the magnetoplum-
bite crystal structure have been receiving
considerable attention recently, because of
their diverse applications. Those based on
Fe,0; are of interest for microwave appli-
cations and for data storage in magnetic
bubble devices (1, 2). They are used in thin
layer forms, and such layers must be grown
epitaxially on nonmagnetic isotypic single
crystal substrates such as magnetoplumbite
crystals based on AlLO;, having matching
or similar lattice constants.

Our present concern is those based on
AlL,O;. The main interest in the magneto-
plumbite-type lanthanide aluminates with
the formula Ln**M?2* Al 0y (L3 = La3*,
Ce3t, Pr3*, Eu?t, and Nd3*; M2+ = Mg?+,
Mn?*, Ni?*, and Co?") lies in their potential
use as laser (3, 4) and luminescent mate-
rials (5, 6). They also have been proposed
as hosts for radioactive waste disposal (7,
8) and in the single crystal form, they may
be good substrates for LPE (liquid phase
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epitaxy) growth of rare earth hexaferrite
thin films (9, 10).

The actual use of these materials will be
dictated, of course, by the details of their
solid state chemistry, in particular their de-
fect chemistry. The composition for an
ideal magnetoplumbite phase based on
ALO; is M Al,,O9 (Where M is typically an
alkaline earth such as Sr or Ca) which has a
hexagonal structure, with space group P6;/
mmec. The unit cell (Fig. 1) is built of spinel-
like blocks containing AP* cations sepa-
rated by mirror planes which contain one
Sr?* and three oxygen atoms per unit cell
(11); the Wyckoff position of cations and
their coordination polyhedra are gathered
together in Table 1.

It has been found that alumina based
magnetoplumbites exhibit a wide range of
chemistry and nonstoichiometry whose ori-
gin obviously lies in the defect structure of
the material. The divalent cation can be re-
placed completely by a trivalent ion such as
La?** or other rare earth species (hence the
lasing interests: the cation sites in the mir-
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DEFECT SOLID STATE OF SrAl;Oy

ror plane are well separated) with compen-
sation by a different cation such as Mg**
substitution for AI** in the spinel slabs. Be-
cause of the complexity of the basic crystal
structure, however, little progress has been
made experimentally toward identifying the
intrinsic defect structure. For example, the
distribution of Mg over the possible Al sites
has not been determined conclusively; in
fact, several different schemes have been
proposed of which there are two principle
conflicting variations (12, 13). This is a ma-
jor drawback to optimal development of
these materials.

—— mirror plane

spinel block

@7 @ 2 eAa © AR
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FiG. 1. The magnetoplumbite unit cell of SrAl;Oj,.
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TABLE 1

SOME CHARACTERISTICS OF THE DIFFERENT CAT-
ION SITES AVAILABLE FOR AI’* OR Mg?* IN THE M.P.
STRUCTURE

Wyckoff Site Coor-

position symmetry dination
Regular octahedron  Al(1) 2a Dy 6
Trigonal bipyramid  Al(2) 2b Cs, S
Tetrahedron Al(3) 4f Cs, 4
Distorted octahedron Al(4) 12k C, 6
Antiprism Al(5) 4f Cy, 6

We have used computer simulation meth-
ods to discover the intrinsic defect struc-
ture and hence determine how the defects
will affect the solid state chemistry of alu-
mina based magnetoplumbites. In this pa-
per we report the establishment of a suit-
able interatomic potential model for Sr
Al»Oyg and show how this is used to obtain
information about the occupancy prefer-
ence of Mg?* over the possible sites in the
spinel blocks when Sr’t and AP* are re-
placed by La’* and Mg?**.

2. Simulation Techniques

2.1. Potential Models

A potential model must describe the in-
teraction of each pair of ions, so that the
lattice energy between them can be deter-
mined; i.e.,

1
U=5 > 2 (qiqjlrij + Vij), (1)
J

!

where r;; is the distance between the ions.
The first term of the cohesive energy is the
long-range coulombic interaction corre-
sponding to the interaction between charge.
For the present study, we used full ionic
charges, i.e., AP*, Sr?*, and O%". The sec-
ond part of the lattice energy consists of
two terms: a short-range, parameterized,
two-body interaction term and an elec-
tronic polarizability term.
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The two-body, short-range, noncoulom-
bic interactions were described by a simple
analytical Buckingham function,

V(i) = Ay exp(—rilpij) — Cyri®. (2)

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
models originally developed by Dick and
Overhauser (14). This model consists of a
simple mechanical representation of the
ionic dipole. The polarizable valence shell
electrons are represented by a massless
shell which is connected to the core by a
harmonic spring. Potential parameters (4,
p, and C), with the appropriate shell
charges, Y, and spring constant, k, were
taken from the compilation of Lewis and
Catlow (15) and are listed in Table II. We
did not find it necessary to modify the
short-range parameters and only minor ad-
justments to the shell model parameters
were needed. This experience suggests that
interactions may be transferred from com-
pound to compound under the appropriate
circumstances. The short-range potential
cutoff, the interatomic separation beyond
which the potential is assumed to be negli-
gible, is 1.89 lattice units (10.51 A).

2.2. Perfect Lattice Simulations

The cohesive energy, from the Born
model (for a static lattice), is

1
U =32 2 (qglr
f J
+ Ay exp((—rylpy) — Cyrii®), (3)

where the summations refer to all pairs of
ions i and j in the crystal. The lattice energy
is thus calculated exactly and the only limi-
tations in the procedure are due to deficien-
cies in the interatomic potentials. Calcula-
tions of the crystal energy of the structure
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TABLE 11
INTERIONIC POTENTIALS

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

Interaction A (eV) p (&) C(eV A9
Mg-0O 1644.980 0.36196 0.000
Sr-O 1400.000 0.3500 0.000
La-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
Shell charge  Spring constant
Interaction (Y/e) k (eV A‘z)
Sr(core)-~Sr(shell) 1.330 21.53
La(core)-La(shell) 3.000 99,999.99
Mg(core)-Mg(shell) 2.000 99,999.99
Al(core)-Al(shell) 3.000 99,999.99
O(core)-0(shell) —2.207 27.290

under investigation are combined with effi-
cient minimization procedures to determine
the equilibrium configuration, which may
then be compared with experimental struc-
ture. A Newton-like second derivative
method is used in the energy minimization.
In our approach, all the atomic coordinates
within the unit cell (not just the symmetry
independent ones) are allowed to relax to
find the minimum energy configuration.
During the atomic coordination relaxation,
the lattice vectors are kept fixed. After a
minimum energy configuration has been
found, the lattice vectors may be relaxed
using elasticity theory and the calculated
residual bulk lattice strains, as described by
Cormack (I6). This procedure is repeated
iteratively until all remaining strains (both
on the unit cell vectors and atomic coordi-
nates) have been removed. It is possible to
let all the structural variables, basis vec-
tors, and unit cell vectors relax at the same
time, but this can lead to some messy nu-
merical problems that are avoided using the
iterative approach. This approach does not
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require space group symmetry to be con-
served, although we would expect, if the
initial configuration is close to equilibrium,
such symmetry to be retained. This may be
tested by deliberately distorting the initial
structure to remove the symmetry.

Comparison between the calculated
structure and its X-ray counterpart consti-
tutes a test of the viability of the inter-
atomic potential model. The acceptable
agreement we report here indicates that the
model is, indeed, adequate.

2.3. Defect Energy Calculations

Calculations of defect structures and en-
ergies introduce one vital feature additional
to those for the perfect lattice methods.
This is the occurrence of relaxation of lat-
tice atoms around the defect species. The
effect is large because the defect generally
provides an extensive perturbation of the
surrounding 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 simulation techniques used in this
study were based on a generalized Mott—
Littleton (17) approach, where the impor-
tant feature is that the crystal surrounding
the defect is divided into two regions. The
outer region II is treated as a polarizable
dielectric continuum, while the coordinates
of the distorted inner region I are explicitly
relaxed using appropriate interatomic po-
tentials.

Following the division of the crystal into
the two regions, the following formal equa-
tion for the total defect formation energy
may be written,

E = Ei(x) + Ex(x, y) + E3(y), (4)

where E; is a function of the coordinates x
(and dipole moments) of the ions solely
within the region I, E; depends solely on
the displacements y of the ions within II,
and E,(x, y) arises from interaction between
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the two regions. The CASCADE code (/8)
was used in this study.

3. Results and Discussion

3.1. Structure Refinement Using Energy
Minimization Techniques

The program METAPOCS (/9) was used
to determine the equilibrium positions for
atoms in the structure as described in Sec-
tion 2.2. In the present study, for SrAl;;Oy9,
the structure reported by Lindop ef al. (20)
was used both for comparison and as an
initial setup for the calculations. With the
X-ray data as the starting point, the energy
of the unit cell was minimized with respect
to the coordinates of all the ions. The resid-
ual bulk lattice strains were sufficiently
small that we did not think it necessary to
remove them. Thus the lattice vectors a =
5.562 A and ¢ = 21.972 A from Ref. (20)
were used for all the calculations. The coor-
dinates of the equilibrated structure and the
X-ray structure are reported in Table 111.
From this table we can see that the experi-
mental coordinates and those obtained for
the equilibrated structure are in good agree-
ment. The success of these calculations in
reproducing correctly the complex magne-
toplumbite crystal structure provides evi-
dence for the viability of the potential
models used in this study, and allows us to
continue with the calculation of point de-
fect energies, which are discussed in the
next section.

As was pointed out to us by one of the
reviewers, one interesting crystallographic
feature of the magnetoplumbite structure is
the unusually large amplitude of vibration
of the Al(2) cation, along the ¢ axis, which
has been interpreted as an indication of in-
cipient tetrahedral coordination. However,
it is difficult to distinguish between true
thermal motion and static disorder using
diffraction data. The potential well around
this site can be studied computationally.
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TABLE 111

A COMPARISON OF THE FINAL EQUILIBRATED
ATOM POSITIONS WITH THE X-RAY STRUCTURE FOR
SrO - 6AL0O,

Data from Data from
Atom X-ray structure  calculation A?
Sr x 0.6667 0.6667 0.0000
z 0.2500 0.2500 0.0000
Al x 0.0000 0.0000 0.0000
z 0.0000 0.0000 0.0000
Al(2) x 0.0000 0.0000 0.00050
z 0.2500 0.2500 0.0000
Al3) «x 0.3333 0.3333 0.0000
z 0.0276 0.0309 0.0033
Al4) «x 0.1685 0.1675 0.0010
z -0.1082 —0.1085 0.0003
Al5) «x 0.3333 0.3333 0.0000
b4 0.1903 0.1891 0.0012
o) x 0.0000 0.0000 0.0000
z 0.1481 0.1493 0.0012
0Q2) x 0.3333 0.3333 0.0000
z —0.0538 —0.0541 0.0003
0Q3) x 0.1822 0.1838 0.0016
z 0.2500 0.2500 0.0000
04) x 0.1552 0.1516 0.0036
z 0.0523 0.0527 0.0004
0O(5) x 0.5025 0.4996 0.0029
z 0.1476 0.1446 0.0027

“ Difference between equilibrated and X-ray struc-
tures.

With the defect simulation program CAS-
CADE, an Al(2) cation can be systemati-
cally displaced from its crystallographic po-
sition and the potential profile along the ¢
axis calculated. This will indicate whether
or not a local minimum, with tetrahedral
coordination, exists.

Our calculations show that the energy of
the cation keeps increasing as it is moved
along the ¢ axis away from the Al(2) site.
There is no indication of a local minimum in
a tetrahedral environment. Thus we con-
clude that the large thermal amplitude con-
tains no contribution from static disorder
and that there is no tendency toward tetra-
hedral coordination for this cation. Thus
the large thermal amplitudes would seem to
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be real, and we suggest that this is due to
the large bond lengths between the Al(2)
cation and the O(3) anion.

3.2. Intrinsic Disorder

Computer simulations are an ideal way to
approach intrinsic disorder in these com-
plex systems because each defect can be
treated separately and systematically. In
SrAl;0y9, vacancy and interstitial forma-
tion energies are calculated for each of the
possible species. From these quantities, the
energies per defect for the various possible
modes of disorder may be obtained. For
SrAl;,Oy9, a number of types of disorder
need to be investigated. Schottky disorder,
for example, involves a large number of de-
fects, since one formula unit must be re-
moved from the bulk. Thus we are dealing
with a Schottky defect containing 32 va-
cancies! For nonstoichiometry, one needs
to consider as well both SrO and ALO;
Schottky defects. For Frenkel disorder
one needs to consider interstitials of each
of the three different chemical species in
the unit cell in addition to their correspond-
ing vacancies. Once the energies of the de-
fects have been calculated, then the optimal
modes of disorder may be found. Our
results are gathered together in Table IV.
An important point to note is that the defect
energies were calculated within our equili-
brated crystal structure, as given in Table
II1.

From the calculated energies for cation
and anion vacancies and interstitials, we
obtain Schottky and Frenkel defect forma-
tion energies which are also given in Table
1V, as energies per constituent defect. Note
that because the different types of disorder
involve varying numbers of defects, com-
parison in terms of energy per defect is es-
sential. The thermodynamic grounds for
this have been discussed by Catlow and
James (21). Our results show clearly that
Schottky disorder is the dominant defect
mode to be expected in Sr,Al;,O).
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TABLE IV

CALCULATED DEFECT ENERGIES FOR THE
Basic AToMisTIC DEFECTS

Defect Defecl energy (eV)

Sr?* vacancy 15.40
Sr2* interstitial -7.76
AP* vacancy 52.30
AD** interstitial —-45.41
0?~ vacancy 20.93
O interstitial -16.10
AP* Frenkel” 3.45
0?2~ Frenkel? 2.42
Sr2* Frenkel® 3.82

Schottky“ 1.75

7 Energy per constituent defect.

3.3. Sr Migration Energies

Obviously in magnetoplumbite struc-
tured compounds it is very difficult to eval-
uate the energetics of possible migration
mechanisms from experiment. Only a mac-
roscopic energy can usually be measured.
However, our atomistic simulations can
give us a theoretical guide to diffusion
paths, since an activation energy can be
calculated for each possible, or conjec-
tured, mechanism. The activation energy is
obtained by calculating the potential energy
profile along the assumed migration path.
For example, in the case of Sr vacancy mi-
gration, the ‘‘ground state’’ is a Sr vacancy.
The vacancy migrates by changing places
with a neighboring Sr ion. Actually it is the
neighboring Sr ion that moves and by calcu-
lating the energy of this ion at a number of
positions along the migration path, one
finds the potential profile, and hence the
saddlepoint energy. Thus, although ionic
migration is a dynamic process, static de-
fect energy calculations may be reasonably
employed. In fast ion conductors, where
the migration energy may be very low
(= 0.1-0.3 eV), it may be advisable to re-
sort to a molecular dynamics approach.
This was not considered necessary here.
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Neighboring Sr sites are separated by a
rather formidable obstacle, consisting of
three oxygens and one aluminum lying in
the mirror plane, with additional Al ions sit-
ting above and below the oxygens. There
seem to be no obviously low energy route
through this obstacle, so a number of differ-
ent paths were examined. All had high en-
ergies; the lowest is reported in Table V.

Clearly, if one or other of the ion posi-
tions in the ‘‘obstacle’” were missing, it
would be easier for the Sr ion to pass
through. This prompted the calculations of
vacancy assisted Sr migration.

In Fig. 2a we illustrate schematically a
saddle point configuration for a simple Sr
vacancy jump, and in Figs. 2b and 2¢ we
show Sr diffusion paths in the presence of
an oxygen vacancy or an Al vacancy. Va-
cancy assisted cation diffusion has been
suggested for other systems (22) and given
the rather close packed nature of this struc-
ture, it seemed reasonable to investigate it
here. Such mechanisms are quite compati-
ble with the idea of Schottky intrinsic disor-
der. The activation energies corresponding
to Fig. 2 are given in Table V. It is very
clear that the presence of both oxygen and
aluminum vacancies decreases the activa-
tion energy of Sr migration. In the presence
of Al vacancies, Sr migrates along a differ-
ent diffusion path, compared with the path
described in Fig. 2a or 2b. Obviously, there
may be other feasible migration mecha-
nisms which we have not considered.

TABLE V

CALCULATED ACTIVATION ENERGIES FOR Sr
VAcCANCY MIGRATION IN SrAl;;O¢"

Saddle point configuration Activation energy (e¢V)

20.41
6.63
11.74

Migration in perfect structure
Migration with Al,,..
Migration with O,,..

“ Corresponding to the
Fig. 2.

migration configurations in
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(b)
B Sr vacancy
E Al vacancy
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Q0 o

Al(5)
o) Al(2)

g Oxygen vacancy @ @ @ Oxygen

Sr at saddle

FiG. 2. Saddle point configuration for Sr vacancy migration in the magnetoplumbite structure. (a)-
Ideal structure, (b) with oxygen vacancy, {c¢) with Al vacancy.

These are very likely to involve more com-
plex vacancy aggregates incorporating a
number of Al and oxygen vacancies in their
structures.

The lowest Sr vacancy activation energy
which we obtain from our calculations for

SrAl;;Oyis 6.63 eV. The energy is still very
high, compared, for example, with 8"-alu-
mina (Na,O - MgO - 5AL,0,). The sodium
activation energy which is obtained from
the calculations of Walker and Catlow for
B"-alumina is only 0.17 eV (23). Although
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Na-g"-alumina is generally assumed to
conduct via a vacancy mechanism, there is
a considerable difference between the two
structures of B"-alumina and magnetoplum-
bite which lies predominantly in the struc-
ture of the mirror planes, resulting in sub-
stantially different migration energies
between Na* in B"-alumina and Sr’* in
SrAl;;0,9. The mirror planes of both 8"-
alumina and magnetoplumbite structures
are shown in Fig. 3. In the conduction plane
of B"-alumina, there are one Na* and one
oxygen ion. In SrAl;0,, on the other
hand, ions in the mirror plane are quite
strongly trapped and therefore do not easily
move. The reason for this is that the mirror
plane consists of three oxygen and one Sr?*
and there is just no simple migration path
available. This result confirms the reason-
ing behind the selection of the magneto-
plumbite phase as a basis of mineralogical
assemblages for hosting radioactive ele-
ments of nuclear waste such as *Sr, ¥Cs,
etc. (7).

3.4. Cation Substitution in SrAl;;049

The magnetoplumbites, nominally X (Al,
Fe) 205, where X = Sr, Ba, Csgs + Lags,
Nags + REy 5, have structures which may
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be expected to accommodate a diverse
chemistry because of the variety of crystal-
lographic sites within the unit cell. They are
composed of spinel blocks, which have the
usual IV and VI coordinated sites for cat-
ions, whereas the interspinel layers have
rather unusual V-fold sites for small cat-
tons. The interspinel layers also provide
Xl1I-fold sites to accommodate large cations
of =1.15 to 1.84 A radius. The large ions
may be monovalent, divalent, or trivalent
with balancing charge substituents either in
the interspinel layer (i.e., Nags + Lags) or
in both the interspinel layer and the spinel
block (e.g., by La’* and Mg?*, simulta-
neously replacing Sr2* and AT in SrAl);,
Oy to produce LaMgAl;;0,9). The latter re-
action can be expressed as

SI'Aanlg + %La203 + MgO =

LaergAlAlnolg + SrO + %Ale; (5)

The defect reaction energy for this process
is

E = Erys: + Enga + ESS
Lat. Lat. .
+ 0.5 = EA1;03 - EN%O — 0.5 = E]i::[zos

= —8.08eV. (6)

Some lattice energies and defect energies
related to this question are given in Tables

% Na at Beevers-Ross site

. Na at anti-Beevers-Ross sites

Fi16. 3. (a) The mirror plane of magnetoplumbite and (b) the conduction plane of 8”-alumina.
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TABLE VI

THE LATTICE ENERGIES OF RELEVANT
CoMPOUNDS PER FORMULA UNIT

Compound Lattice energy (eV)
Sl'Al)gO]g -984.75
LaMgAl; Oy -975.49
SrO -33.83
ALO, —160.31
La,0, —124.00
MgO —41.18

VI and VII. There is no question of the lo-
cation of La’* because of its large ion ra-
dius. La?* can only substitute for Sr which
is in the mirror plane 2(d) position. How-
ever, the question of in which particular
AP~ sites one may find Mg2* located is not
so straightforward. It is not easy to identify
Mg?* and AP* by X-ray diffraction, for
Mg?* is indistinguishable from A** in terms
of scattering factor, and until now no clear
evidence has been found of its location on a
particular Al site. From a structural deter-
mination of LaMgAl;;O, Lefebvre et al.
(12) suggested that Mg prefers to occupy
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tetrahedral 4f and octahedral 2a sites; on
the other hand, Abrahams er al. (I3) in-
ferred that the Mg atoms are located at
Al(3) 41 positions, sharing a tetrahedral site
equally with Al.

We have calculated the energies of Mgy,
substitution at different AI** sites, and the
results for these energies both in the pres-
ence or absence of Lag, are given in Table
VII. They show clearly that Mg?* ions pre-
fer to occupy Al(3) 4f positions which are
located within spinel block with [4] coordi-
nation when La’" ions are absent or
present. Our simulation results are consis-
tent with the experimental results of Abra-
hams et al. (13), but not with those of
Lefebvre et al. (12). The ability to distin-
guish between these two suggested cation
distributions is a feature of atomistic sim-
ulations that we believe should be more
widely exploited, especially in systems
with a complex crystal chemistry.

4. Conclusions

We have shown that it is possible to
model complicated crystal structures such

TABLE VII

CALCULATED DEFECT ENERGIES FOR SUBSTITUTION

Defect energy

Defect Position of Mg (eV)
1Lag,2+¢ — -22.41
IMgai+ Al(3) 4f 25.14
IMgap+ Al(S) 4f 27.32
2Mgai+ Al(3) 4f 54.28
2Mgap+ Al(S) 4f 59.90
IMg+ and Lag.2+@ Al(3) 4f 4.98
IMgp+ and Lag2+? Al(S) 4f 8.33
IMg,i+ and 2Lag,2+ Al(3) 4f 13.71
IMgai+ and 2Lag2+¢ Al(S) 4f 11.06
2Mgai+ and 2Lag2+¢ Al(3) 4f 14.45
2Mg,;5+ and 2Lag+* Al(3) 4f and Al(1) 2a 15.83
2Mgais+ and 2Lag2+° Al(3) 4f and Al(S) 4f 17.18
2Mgap+ and 2Lag,2+¢ AlQ2) 2b 17.92
2Mg,3+ and 2Lag2+ Al(4) 12k 16.79

a La at 2d positions.
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as SrAl;;09 magnetoplumbite using atom-
istic simulation methods coupled with en-
ergy minimization techniques. Our results
indicate intrinsic disorder to be of Schottky
type in the stoichiometric structure. Be-
cause the mirror plane is closepacked, the
Sr?* has a very high migration energy even
for a vacancy mechanism in the mirror
plane. In the presence of Schottky defect
species such as Al or oxygen vacancies, the
activation energy is decreased. Further-
more, the type of vacancies affects the dif-
fusion path of Sr. There may well be other,
more complicated, vacancy assisted migra-
tion mechanisms than we have been able to
consider here.

Like other LaM Al;,0,9 compounds (M =
Co, Mn, Fe) in which the divalent cations
lie exclusively in the tetrahedral sites of the
spinel blocks (24, 25) (as in the correspond-
ing MAIl,O, spinels), in LaMgAl;;09, the
Mg?* jons also prefer to occupy 4f Al(3)
tetrahedral sites as they do in MgALO,.
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