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Antisite defects and traps in perovskite YAIO; and LuAlQOj3: Density functional calculations
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Density functional calculations in supercells are used to investigate antisite point defects in YAIO5; and
LuAlOs;. It is found that antisites consisting of an Al on the Y(Lu) site and those consisting of an Y(Lu) on the
Al site both have low energy with respect to binary oxide reservoirs. Defects containing Al on the A site yield
electron traps at 0.4—0.8 eV below the conduction band edge, while Y(Lu) ions on the Al site do not. Based on
this it is suggested that growth conditions that avoid Al on the A site may reduce the number of electron traps

in these materials.
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I. INTRODUCTION

Perovskite YAIO; and LuAlO; are of interest as laser
hosts!? and when activated with Ce** as scintillators for ra-
diation detection.>~! Two key factors that control the perfor-
mance of scintillators in spectroscopic radiation detection are
light yield, i.e., the number of photons per unit of energy
deposited, and proportionality, which measures the linearity
of the light output with y-ray energy.'*2° These perovskites
have good light yields and YAIO; activated with Ce®*, in
particular, is remarkable in its extremely proportional
response.!>!® Recently, there has been a focus on carrier
traps, for which evidence is found in thermoluminescence
experiments, as a limiting factor for the performance of these
perovskite aluminates.!'02!-27

Atomistic simulations>>7 using empirical potentials
found that the antisite defect in which an Al and A-site
(Y,Lu) atom are interchanged had a lower energy than
Schottky or Frenkel defects. Based on these results this an-
tisite defect was associated with the trap states seen in ther-
moluminescence that degrade the scintillator performance of
these materials. The purpose of this paper is to extend those
results using first principles electronic structure calculations
and to investigate other antisite point defects, specifically
isolated Al on the Y(Lu) site and isolated Y(Lu) on the Al
site.

II. APPROACH

The calculations reported here were done using the gen-
eral potential linearized augmented plane wave (LAPW)
method including local orbitals.”®?* LAPW sphere radii of
1.5ay, 1.8ay, 2.05a,, and 2.05a, were used for O, Al, Y, and
Lu, respectively. Tests were done using other choices of
sphere radii and the results were found to be stable. Well
converged basis sets were employed, using local orbitals and
plane wave cutoff k,,,, given by Rpk,,..=7.0, where R, is the
oxygen sphere radius. This yields effective values of Rk,
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straints were imposed. We focus on the case where the com-
pounds are fully oxidized and use Al,O3, Y,03, and Lu,05
as reference systems.

The structure of corundum (Al,O3) has been well estab-
lished by many experimental studies.’*3! Here, we used the
experimental structure from neutron diffraction of Toebbens
et al.’! The calculated forces on the atoms were small, the
largest being 0.005 Ry/a,. Similarly, for Y,O; we found
only small forces (<0.005 Ry/a,) with the experimental
crystal structure.’? For the other materials studied, we used
the experimental lattice parameters as determined by diffrac-
tion, but relaxed the internal coordinates. The structures used
are summarized in Tables I and II. The relaxed local-density
approximation (LDA) structures are similar to experimental
data, where available,> and in the case of Lu,O; to pre-
vious density functional results.3%37

III. ENERGETICS

The calculated enthalpies of formation of the perovskite
phase from corundum Al,O; and cubic Y,0; were deter-
mined by subtraction of the relevant total energies for the
reaction

JALO; +3Y,05 — YAIO; (1)

and similarly for LuAlO;. The LDA enthalpies of formation
are exothermic, as expected, and are —22 and —34 kJ/mol,

TABLE 1. Structural parameters of cubic Lu,O5; space group

Ia3, lattice parameters from experimental diffraction a=10.391 A,
and a=10.5981, for Lu,O3 and Y,0;, respectively. The internal
coordinates, Lul (1/4,1/4,1/4), Lu2 (x,0,1/4), and O (x,y,z2),
are by total energy minimization, while those of Y,0Oj3 are the ex-
perimental data of Ref. 32. There are eight formula units per primi-
tive cell.

LU.ZO3 (LDA) Yzog (EXpt)

of 8.4 for Al and 9.56 for Y and Lu. The defect energies were Lu2 x 0.9666 0.96764
calculated using 40-atom supercells (constructed by a 2 Ox 0.3908 0.3907

X 1X2 doubling of the 20-atom Pnma cell). The lattice Oy 0.1517 0.1518
parameters were taken from experiment but all internal 0z 0.3800 0.3801

atomic positions were fully relaxed and no symmetry con-
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TABLE 1I. Structural parameters of Lu,O3; and Y,03. Space
group Pnma and lattice parameters from experimental diffraction
a=533417 A, b=7.30532 A, and ¢=5.105 64 A for LuAlO; (Ref.
33), and a=5.330 A, b=7.375 A, and ¢=5.180 A for YAIO; (Ref.
34). The internal coordinates, Y(Lu) (x,1/4,z), Al (0,0,1/2) O1
(x,1/4,z), 02 (x,y,z), are by total energy minimization and com-
pared with x-ray refinement (expt.). There are four formula units
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TABLE III. Calculated LDA defect energies of Pnma LuAlOj
and YAIO; based on 40-atom supercells including relaxation of the
atomic positions. The notation is that Az denotes an atom of type A
on a site of composition B in the perfect crystal, and AzB, denotes
the antisite, which here is interchange of neighboring A and B at-
oms (sometimes called the antisite pair).

per primitive cell. YAIO; (eV) LuAlO; (eV)

LuAlO; LuAlO; (Expt) YAIO; YAIO; (Expt)  Alvew 2.5 2.1

Y(Lu) 24 1.6

Lu/Y x  0.0659 0.0632 0.0562 0.0526 AlyyY(Lu) o 4.4 3.4
Lu/Y z 0.9824 0.9832 0.9868 0.9896
Ol x 0.4685 0.482 0.4756 0.475
Ol z 0.1021 0.088 0.0884 0.086 In order to proceed, we considered the energies of an Al
02 x 0.2999 0.291 0.2949 0.293 on an A site, relative to reservoirs of Al,O3 and Y(Lu),0s,
02y 0.0528 0.054 0.0465 0.044 and also the energies of Lu(Y) on the Al site with the same
02 2 0.6986 0.698 0.7045 0703 reservoirs. For example, we calculated the energy of the de-

for LuAlO; and YAIOs;, respectively. The perovskite geo-
metric tolerance factors r=(ry+rg)/ \E(rAl+ ro), where ry,
rap, and 7 are the A-site, Al, and O ionic radii*® of LuAlO;
and YAIO;, are 0.89 and 0.91, respectively, consistent with
the Pnma GdFeOj structures observed. Thus, these energies
follow the trend of reduced perovskite stability at low toler-
ance factor. We note that in general the combination of low
tolerance factor and similar A- and B-site charge, which oc-
curs in LuAlO5 and YAIO;, may be expected to be favorable
for cation antisite defects in perovskites.

The enthalpies of formation of the perovskites from the
binary oxides as above were also calculated using the gener-
alized gradient approximation of Perdew, Burke, and Ernzer-
hof (PBE).* This was done using the WIEN2K code.*’ The
use of the PBE functional lowered the stability relative to the
LDA of the perovskite phase by ~10 kJ/mol for LuAlO;
and by ~20 kJ/mol for YAIO;. If these differences are in-
dicative of the LDA errors, they would be of importance for
predicting the formation conditions of the perovskite but of
less significance compared to the large energies of the de-
fects calculated below.

Turning to the supercell calculations, we obtained the en-
ergy of the antisite defect by comparing the total energy of a
perfect cell with that of cells with single Y(Lu)-Al inter-
changes and relaxation of the atomic positions. Again we
find the expected trend with ionic size, that is, that the energy
for the antisite is lower in LuAlO3, which has a lower toler-
ance factor, corresponding to smaller difference between the
A-site and Al radii. The calculated energies are, however,
significantly larger than those obtained previously using em-
pirical potentials. We obtain the antisite defect formation en-
ergies as 3.4 eV in LuAlO; and 4.4 eV in YAIO; (320 and
430 kJ/mol, respectively). While these are not so high as to
completely preclude the existence of these defects in the ma-
terials, they are significantly higher than the values obtained
previously with empirical potentials (2.7 and 3.1 eV,
respectively).””*! We note that in scintillator applications
Ce’* concentrations at the 0.1% level are typically used for
activation and that strong effects of traps are not expected for
trap concentrations that are extremely small compared to the
concentration of activator sites.

fect consisting of an Y on an Al site via the formula
1Y,05+ nYAIO; — 1ALO; +nYAIO3 + Yy, (2)

where Y ,; denotes the defect and n=8 for the supercells that
were used.

The calculated energies are summarized in Table III. As
expected, the sums of the half-anti-site energies are larger
than the antisite energy, reflecting an attractive interaction
between these half-anti-sites, which is normally present due
to strain. The attractive energy is 0.35 eV in LuAlO; and
0.53 eV in YAIO;, again following the expected trend with
tolerance factor (greater strain when the difference in A-site
and B-site radii is larger). In any case, these energies are
much lower than the stoichiometric antisite, and therefore
these defects should be much more prevalent. The relative
concentrations of these defects will depend on the chemical
environment during synthesis (yttria and/or lutetia rich vs
alumina rich).

IV. ELECTRONIC STRUCTURES

The band structures of YAIO; and LuAlO; for the ortho-
rhombic structure are shown in Fig. 1. As noted
previously,*>* the gaps are subject to the usual underestima-
tion in LDA calculations. The calculated LDA band gaps are
5.8 and 5.6 eV for LuAlO; and YAIOs;, respectively. The
experimental gaps are above 8.4—8.8 eV.** We find similar
underestimates for the band gaps of the binary oxides. The
calculated LDA gaps are 3.4, 4.0, and 6.2 eV for Lu,03,
Y,03, and Al,Oj, respectively, as compared with experimen-
tal values® of ~6 eV for Y,05 and Lu,05 and ~9 eV for
Al,04.4 As expected, the valence bands of the perovskites
are derived from O p states, while the conduction bands have
free electron character derived from Al and Y(Lu) states as
well as Y(Lu) d character.

The electronic structures (Fig. 2) for the supercells with
the antisite defect in which an Al and an Y/Lu A-site ion are
interchanged do, in fact, show a split-off state below the
conduction band edge. This state, as characterized by the
LDA eigenvalue, is 0.5 eV below the conduction band edge
for YAIO; and 0.8 eV below for LuAlO5. Thus from this
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FIG. 1. LDA band structure of orthorhombic Y AlO; (top) and
LuAlOj; (bottom). The dense set of bands at ~—1.5 eV in LuAlO;
are the Lu 4f states.

point of view, the stoichiometric antisite could explain the
electron traps seen in these materials as suggested
previously.?” Such a state is not seen in the supercells with an
Y(Lu) on the Al site.*” However, the supercells with an Al on
the A site do show a trap state, in this case 0.4 eV below the
conduction band minimum for YAIO5; and 0.7 eV below for
LuAlO;.

We note that there may be some errors in the trap energies
as characterized by LDA eigenvalues due to LDA band gap
underestimation and other correlation effects. Nonetheless,
because these are deep levels formed from conduction band
states in a wide band gap material, they are expected to per-
sist as the band gap is corrected. This is because the LDA
usually provides a good description of the chemical bonding
in this type of material, and removal of the trap would mean
a change in ionic character and bonding of the system with
an electron. It should also be noted that there are states
pulled to the bottom of the conduction band by Lu(Y) on an
Al site. These do not separate from the conduction band, but
it is possible that they may do so in larger supercells, to yield
more shallow traps. Also, for both compounds with defects
where a A-site, Y(Lu) ion occurs on the B-site, the valence
band edge is broadened, and in the case of LuAlO5 with a Lu
on the B site, a shallow density of states peak appears in the
gap at ~0.3 eV above the valence band edge. This peak
contains three states of Lu f—O p antibonding character.
These are associated with the Lu atom on the Al site. Without
correlation effects the presence of such states would indicate
a hole trap. However, this may not be the case because of the
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FIG. 2. (Color online) LDA densities of states of 40-atom su-
percells of YAIO; (top) and LuAlO; with and without defects. The
notation is as in Table III. The density of states was obtained using
52 k points in the Brillouin zone and a Gaussian broadening of
width 0.04 eV.

f character of the state which would make correlation effects
(especially self-interaction) important.

Because the formation energy for an Al on the A site is
much lower than that for the Al-Y(Lu) interchange, this type
of defect is a more likely source of the traps in YAIO; and
LuAlOj; crystals. The origin of the trap states can be under-
stood simply in terms of crystal chemistry. Specifically, in
oxides extended free electron conduction states are pushed
up in energy relative to more localized states (d states) be-
cause of the limited volume available in the crystalline envi-
ronment. When a small Al ion is placed on the large A site,
this mechanism is less effective. This brings the states asso-
ciated with the Al on the A site down in energy thus leading
to trap states in the gap.

V. SUMMARY AND CONCLUSIONS

To summarize, supercell calculations for perovskite
LuAlOj; and YAIO; show that single antisites in which an Al
is placed on the Y(Lu) site or an Y(Lu) atom is placed on the
Al site are low energy defects with respect to reservoirs of
the binary oxides. Y(Lu) atoms on the Al site do not produce
strong electron traps in the gap. However, defects containing
Al atoms on the Y(Lu) sites do produce traps at 0.4-0.8 eV
below the conduction band edges. Since the energies of both
types of single antisite are low, these types of defects prob-

214115-3



D. J. SINGH

ably cannot be entirely eliminated in conventional crystal
growth methods. However, since only one type (Al on A site)
produces an electron trap, it may be possible to reduce the
number of trap states by controlling the growth conditions,
particularly by going to Y(Lu) rich conditions, provided that
binary inclusions and other defects that produce traps such as
vacancies can be avoided.
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