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Electronic and optical properties of ©-Al,O5; and comparison to a-Al,04
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O-Al,05 is a metastable phase of alumina with local Al coordinations closely related to thgsalisOs.
The electronic structure and the linear optical propertie® ofl,O5 are studied by means of first-principles
local density calculations. The results are compared with the stable pha$gO;. An indirect band gap of
4.64 eV is obtained, which is about 1.6 eV smaller than that-&l,05;. The other band structure parameters
are found to be quite close, and the calculated density of stBi@®$) differ from that of a-Al,O5 in fine
details. Site- and orbital-resolved partial DOS show significant dependence on local coordinations for both Al
and O atoms. They are in reasonable agreement with the experimental energy loss near edge spectra of
v-Al,O5. Effective charge and bond order calculations skawAl ,O5 to be comparable te-Al,O;. For the
linear optical properties, a refractive index 1.73 is obtained, which is close to 1.78 AdpO;. The bulk
plasmon peak in the energy loss function@®fAl ,O; is located at 22.6 eV, which is lower by about 1 eV than
that in @-Al,05. The anisotropy in the optical properties @fAl,O; occurs mainly at the low photon energy
region of less than 20 eV, and that for tBe Al,O; is insignificant.[S0163-18208)00424-X|

I. INTRODUCTION fourfold coordinated Al. Experimental measurement on opti-
cal spectra ofr- Al ,O5 single crystal has been carried out by
Alumina (Al,O3) or sapphire is one of the most important Tomiki et al? The anisotropic optical properties have been
ceramic materials with exceptional propertiessuch as discussed in considerable detail. The optical properties of
great hardness, chemical inertness, and a high melting tena-Al,O; have also been investigated by Fremttal 1° over
perature. It has many industrial applications such as in cathe energy range of 6 to 142 eV, using two independent
talysis, coatings, microelectronics, composite materials, anthethods, vacuum ultraviol€UV) and electron energy loss
advanced material technology. Besides the stable phaspectroscopyEELS).
a-Al, 05, alumina can also exist in a number of metastable A few years ago, Ching and Xtipresented a theoretical
polymorphs? The structures of the metastable aluminas, alsstudy of the electronic, structural, and optical properties of
called transition aluminas, can be divided into two distincta-Al,O5 in corundum structure by means of first-principles
categories based on either a fcc or a hcp arrangement of thecal density calculations. An indirect energy band gap of
anions. Among themg-Al,O; has a hcp structure, while 6.29 eV was obtained. The calculated density of states
v-Al, 05 belongs to the fcc structure. Due to its technological(DOS) were compared with x-ray photoemission and photo-
importance,a-Al,O; has been well studied both theoreti- absorption measurements. The highly ionic feature of
cally and experimentally in recent yedrs:*° These studies a-Al,O; was shown by real space charge density analysis.
include the confirmation of microstructures and determinaThe calculated ground-state properties showed excellent
tion of various properties. Recently, Tanaka and Adachi agreement with experimental data. The calculated optical ab-
have calculated the Al, yedge x-ray-absorption spectra of sorption spectrum was also in general agreement with the
a-Al,05 by a cluster molecular-orbital method with a core- experimental VUV data.
hole excitonic feature included. Boett§qresented a high- In contrast tox-Al,O3, there has been much less study on
precision all electron full-potential calculation of the equa-y-Al,03 although it has important applications in
tion of state and elastic constants far-Al,O,. The catalysis? Up to now, the basic structural properties of
calculated lattice parameters and zero-pressure elastic prop-Al,Os is still not very clear. The prevailing understanding
erties are in extraordinary agreement with the existing exis thaty-Al,O5 is a defective spinel with vacancies on cation
periment data. In large scale molecular dynamicssites and two types of cation coordinations, the octahedral
simulations’ Thomsonet al. showed that phase transforma- coordination Al-Q and the tetrahedral coordination Al;O
tions in AlLO5 at high pressure are possible, and other polydn «-Al,O; there is only Al-Q coordination. There exists a
morphs of alumina were predicted. Very recently, a planelong-standing controversy as to whether the vacancies should
wave pseudopotential calculatforwas carried out to occupy the octahedral or the tetrahedral sites. In our recent
investigate the possible structures ©fAl,O; by Yourd- work,®* we used an empirical pair potential to model the
shahyanet al. They concluded that structures with sixfold structure ofy-Al,QO,, followed by DOS calculatiof® It was
coordinated Al are significantly more stable than that withtentatively concluded that the cation vacancy prefers the oc-
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TABLE I. Crystal structures ot-- and ©-Al,03.

a-Al,0; (Ref. 19 O-Al,0; (Ref. 15 O-Al,0; (Ref. 16
Crystal structure Rhombohedral Monoclinic Monoclinic
Molecules/cell 2 4 4
Lattice constantA) a=5.128 a=11.854 a=11.795
a=55.333° b=2.904 b=2.910
c=5.622 c=5.621
p=103.83° B=103.79°
Space group R3C C2/m C2/m
Density (gm/crm) 3.984 3.3604 3.615
Unit cell volume (£%) 85.013 187.921 187.371
t: 1.710(2) t: 1.70(2)
1.745(1) 1.79(2)
1.811(1) 1.81(2)
Al-O bonds(A)?
o: 1.857(3 o: 1.897(1) o: 1.82(2)
1.969(3) 1.904(2) 1.84(2)
1.936(2) 1.99(2)
2.025(2) 2.09(1)

& (o) represents tetrahedrédctahedrgl bonds. The numbers in parentheses are the multiplicity of the Al-O
bond.

tahedral site. With a defective spinel structugeAl,O; is  polarizability of the O2 ions to calculate the energy differ-
much more complicated thas-Al,O;. With the cation va- ence betweenr- and O-Al,0;. The 6-Al,0; phase was
cancies further involved, investigation on the properties ofound to be less stable. They also concluded that the com-
v-AlL,O; becomes a much more formidable task. On thepressible O ion is the origin for stabilizing the structure
other hand, it is known tha-Al,Os, a metastable precursor with respect to thé structure.

phase of a-Al,O; has a similar local coordination to

y-Al,05.% It is also known that a common transformation TC

sequence fromy-Al,O3 to a-Al,O5 involves theO-Al,Oq

phaset* Similar to a-Al,05, O-Al,0; is an ordered phase,
so its electronic and optical properties can be calculated un-
ambiguously. A good understanding of the electronic and
optical properties 00 -Al,O; would certainly aid to the elu-
cidation of y-Al,O; in general.

The crystal structures and the transformation mechanisms
among thez, y, and © phases have been studied by x-ray
and neutron powder diffraction by Zhou and Snytfefhe
profile analysis of various reflection zones in the defective
spinel structure shows different coherent domain sizes,
which can be associated with the tetrahedral and octahedral
Al sites within the O sublattice. The authors are of the opin-
ion that the transition aluminas should be considered spinel
deformed rather than tetragonal deformed. The crystal struc-
ture of ©-Al,0; has also been investigated by SEM, x-ray
and electron diffraction, HRTEM, and vibrational spectros-
copy by Husson and Repl#i.A similar set of crystal param-
eters as that of Ref. 15 was obtained and the structural simi-
larities among the$, ©, andy phases were discussed. On the
theory side, the structure and bondingnAl,O; has been
investigated at thab initio level by Borosy and co-workers
using the periodic Hartree-FooliF) method!’ The opti-
mized structure 00-Al,0O; in the HF calculation was found
to be in very good agreement with the crystallographic data. (a)

In a recent work, Wilsoret al® developed a transferable

interatomic potential model for simulations in ,&5;. They

used a shell model, a compressible ion model, as well as a FIG. 1. (a) Rhombohedral unit cell of-Al,O3; (b) Al-Og co-
compressible ion model with both dipole and quardrupolarnrdination. Al-O bond lengths in A.

(b)
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¢ o © © o present calculation is based on the lattice parameters of Ref.
o .. . . . .
Abct Akt 03 02 O3 15. The monoclinic unit cell 0B-Al,O5 is shown in Fig.

2(a). Figures 2Zb) and 2Zc) show the two types of cation
coordination in©-Al,05. The Al-O bond lengths are given
in Table |. They are between 1.710 and 1.811 A in AlaDd
between 1.897 and 2.025 A in AlOIn contrast to only one
type of O coordination inx-Al,03, O-Al,05 has three types
of O coordinations. @is bonded to one A and three Al
cations, where Al.{(Al,) stands for the Al in octahedrétet-
rahedral coordination. @ is bonded to two Al; and one
Al cations. Q is bonded to one Al and two A, cations.
The difference in the local coordinations between and
(@) O-Al,0; is the origin of the differences in the structures and
properties.

éﬁw lll. METHOD OF CALCULATION

The electronic structure and optical propertiesgGafand
a-Al,O; were calculated using the first-principles self-
) (©) consistent orthogonalized linear combination of atomic orbit-
als (OLCAO) method in the local density approximation

(LDA). Since the OLCAO-LDA method has been well de-
scribed elsewher®, we only briefly outline the procedures
relevant to the present calculation. The same method has
been successfully applied to the study of electronic and op-
djcal properties of many inorganic crystafs*’

The basis functions for the band structure calculation are

FIG. 2. (a) Monoclinic unit cell of ©-Al,05; (b) Al-Og coordi-
nation;(c) Al-O, coordination. Al-O bond lengths in A. ©O,, O,
are the O atoms with different local coordinatiaisge text

In the present paper, we report the electronic and optic

roperties of crystallin®-Al ,O;, and then compare the re- X .

gultz with the cgrrespondingz p?opertiesa)fAI ZOE The pa- the Bloch sums which were constructed from the atomiclike
per is organized as follows. In Sec. I, we describe the crystaf'Pitals of Al(1s, 2s, 2p, 3s, 3p, 4s, 4p, and 3, with 1s,

structures oB- and a-Al,O, and analyze their local coordi- 25 @nd 2 treated as cojeand O (5, 2s, 2p, 3s, 3p,
nations. In Sec. Ill, we briefly outline our method of calcu- With 1 treated as coje The core states were eliminated by

lation. The calculated results which include the band structh€ orthogonalization to the core process to facilitate the cal-
tures, total energies, DOS and partial DB®OS, effective culation. These functions were chosen to be the same as in

charges, bond orders, and optical properties are presented {f#¢ Previous calculation for-Al,0; (Ref. 11, and is re-

Sec. IV. A summary and some conclusions are given in thderred to as a full-basis calculation. All atomic orbitals were
last section expressed as a linear combinations of Gaussian-type orbitals

(GTO’s) with a fixed set of exponentials. The valence and
the unoccupied orbital Bloch sums were orthogonalized to
all the core Bloch sums of all the atoms in the unit cell. The

The crystal structures of- and ©-Al,O; used in the Potential and the charg_e_ density of the crystal were repre-
present calculation and their interionic distances are summ&ented by the superposition of atom-centered functions con-
rized in Table I. Fora-Al,Os; we used the data given by Sisting of S|mplt_a Gaussians. After the self-consstency in po-
Wyckoff.® a-Al,O5 has a corundum structure with a rhom- ential was achieved, the band secular equations were solved
bohedral unit cell containing two AD; molecules. Its unit @t 308 and 216 points in the irreducible portion of the
cell and cation coordination are shown in Fig&)land {b), ~ Brillouin zone (BZ) for a- and 6-Al,0;, respectively. The
respectively. The coordinations are such that an Al atom i€nergy eigenvalues and wave functions were used for the
surrounded by six O atoms of two different nearest-neighboPOS and optical properties calculations. The total energy
(NN) distances, and each O atom has four NN Al atoms. Th&vas evaluated according to the LDA expression
corundum structure can also be visualized in a hexagonal
lattice having six layers of close-packed O atoms with the
smaller Al atoms located inside the octahedrally coordinated E:nz;( E”(kHJ PN (exe™ Vi~ Ved2)dr
holes? In this picture, the unit cell in the hexagonal lattice '
will be three times as large as the rhombohedral cell.

The crystal structure 00-Al, 05 is monoclinic with a +§§ ZoZgl(Ry=Rg), @)
space group o€2/m. The unit cell contains four AD; mol-
ecules. The crystal parameters have been determined recenifereE, is thenth band energyp(r) is the electron charge
by two groups:>!6 As shown in Table I, the two measure- density, ande,. is the exchange-correlation energy func-
ments give very similar lattice parametexsb, ¢, andgfor  tional. V,. and V.. are the exchange-correlation and Cou-
O-Al,0;. However, the internal parameters and hence théomb potentialsZ,, is the nuclear charge of the atom at the
Al-O bond lengths show some differences. It is noted that thdattice pointR,. The DOS’s were calculated by using the
density of©-Al,0; is 10% lower than that ofi-Al,O;. The  linear analytical tetrahedron meth&tiThe PDOS’s were ob-

II. CRYSTAL STRUCTURES

occ
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FIG. 3. Calculated band structure @ a-Al,Os; (b) ©-Al,0;.

tained using the Mulliken schenf®.For optical properties, mental gap for a-Al,O; is 8.7 eV from optical
we first calculated the interband optical conductivityac-  measurement This discrepancy is generally attributed to
cording to the expression the inadequacy of the LDA theory which is more valid for
o2 the ground state properties. In fact, the precise value of the
_ 2 gap ina-Al,05is still not known because of the existence of
o(E) (2m)*mE f Ak ()Pl (D)) an excitonic peak near the absorption ethjéhe upper VB
width for a-Al,O; is 7.27 eV and the lower O<band

X[L= (k) 1oL EA(K) —Bi(k) ~ B, 2 width is 3.24 eV. All the above results are almost identical to
wheref, is the Fermi function for state. The momentum the earlier calculatiof: _ _
matrix elements(y,(k,r))|P|(¢(k.r))| at eachk point be- For ©-Al,0,, we obtained a direct band gap of 4.98 eV at

tween the Bloch functions were evaluated explicitly. Thel’, which is about 1.3 eV smaller than in ofAl,O;. The
imaginary part of the dielectric functiosy, is related too(w) ~ Minimal band gap of 4.64 eV is between the bottom of the
throughe,(w) =470 (w)/w, and the real part of the dielec- CB atI” and the top of VB aB. As with a-Al,O, the top of
tric function can be obtained through the Kramers-Kronigthe VB is very flat, indicating a very large effective hole
relation. The energy loss functior Im(1/e), the index of ~mass. The upper VB, consisting mostly of the @-@bitals,
refraction, and the refractivity spectrum can all be obtaineds 7.41 eV wide and is separated from the low ©nd of

from the complex dielectric function.
2.0

IV. RESULTS @)

A. Band structures and total energy 15

The calculated band structures fer and ©-Al,0; along
the high-symmetry lines of the BZ are shown in Figéa)3
and 3b), respectively. For-Al,O3, the calculated band gap
of 6.24 eV is indirect. The bottom of the conduction band
(CB) is atI" and the top of the valence barfyB) is at a
point alongl’— X close tol'. The direct gap af is 6.26 eV.
The difference between the direct and indirect band gaps is
so small that for all practical purposes;Al,O3 is consid-
ered as a direct band gap insulator. The often quoted experi-

—
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TABLE II. Calculated band structures of and©-Al,Os.

-—

TDOS [States/(eV Molecule)]
>

.
[~

NN S NN W NN
-

a-A|203 6'A|203
Band gap(eV) 6.24 (indirect 4.64 (indirech
6.26 (direct 4.98 (direct 0.5

Top of VB close tol’ r
LBJOttomVOBf CBdth V 527 B741 0'0 IIIIIIIll|llll|l|llllIIIIIllIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

pper VB width(eV) : : 20-15-10 -5 0 5 10 15 20 25 30 35 40
0-2s bandwidth(eV) 3.24 3.14
Gap between upper VB 8.63 8.86 Energy (eV)

and O-% band(eV)
FIG. 4. Calculated total DOS aB) a-Al,O3; (b) ©-Al,0s.
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nent.

FIG. 5. Calculated PDOS df) Al in a-Al,Og; (b) Al in
0-Al,0s; (0) Al in ©-Al,Os. Dotted lines stand for the sum sf  calculatiort” gives an energy difference of 42 kJ mblbe-
andd components. tween© and a phases. All the above calculations using dif-

ferent methods show th® phase to have a higher energy

. . . than thea phase. It must be pointed out that some of the

3.14 eV width by a large gap of 8.86 eV. As I'St.Gd In Tabledifference in the total energy may be attributed to the differ-
Il, except for the fact that-Al, O, has a larger direct band ent crystal parameters used in the calculation@eAl,0;.
glap, thAe ctJ)the(; b?ndtparamletelrst_ie rag)?%-pchOB are very  aiso, in the present calculation for the total energy, the ex-
g(;ieHF maerlhosdn\:vca:r%rgzgr?tzdloiz Ref. 2173 L_ﬁ]'gﬁ ?(Ss”ljlt i £erimental crystal structure was used. We expect the differ-
somewhat different from ours. It is not clear to us why Ref. ence in total energy per molecule betweanAl,0; and

O-Al,0O; to be smaller if both structures were optimized
17 used a unit cell containing only ten atoms. The mono-

within the LDA formalism.
clinic cell with a space group o€2/m apparently has no
inversion symmetry, and should contain four molecules in
the unit cell. In contrast to the HF calculation, we find the

inclusion of Al-3d orbitals to be extremely important in the
proper description of bonding in this crystal. Figure 4 compares the calculated total DOSaefAl ,O4

Our total energy calculation shows Al,O; has a lower and©-Al,O;. The curves have been broadened by a Lorent-
energy tham©-Al,O3 by 1.47 eV per molecule. This trans- zian factor of 0.8 to facilitate comparison. The general fea-
lates into an energy difference of 142 kJ mbbetween the tures of the two DOS curves are similar since they all reflect
O and « phases(Here, mol'! is interpreted in the sense of Al-O bonding. The lower valence barilVB) is composed
per formula unitt Wilson et all® have investigated the of the O-2 orbitals, and the upper valence badVvB)
energy differences betwedh and « phases by using a vari- consists mostly of the O42orbitals, with small mixing from
ety of potential models. Their calculated difference rangedl-3s, -3p, and -3 hybridized orbitals. The upper part of
from 27.7 to 156 kJ mol. Their LDA based calculations the UVB corresponds to the Op2nonbonding states, and
show a smaller range, from 55.0 to 76 kJ mol The HF  the lower part is from the O42 bonding states. Al states

B. DOS, PDOS, and comparison with ELNES
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FIG. 7. Comparison of the calculated As{d) PDOS (solid FIG. 8. Comparison of the calculated DPDOS(solid lines of

lines) and the experimentdRef. 32 Al L, 5 spectra(dotted line$ O and the experimentéRef. 32 O K edge spectrédotted linegin
in (a) a-Al0g; (b) ©-Al05. The AlL;z0f y-AlOzis used as an  (a) a-Al, 03 (b) O-Al,0s The OK spectrum ofy-Al,Os is used
approximation toO-Al,0;. as an approximation t6-Al,0s.

contribute mainly to the CB DOS. Subtle differences in the
total DOS ofa- and©-Al,O5 can be seen. The Osdeakin 29 eV inO-Al,Oz is lower by 2 eV than ink-Al,05. This is
O-Al,0; is lower than that ine-Al,O; by 1.0 eV. In the consistent with the discussion on total DOS. The peak at 21
UVB region, O-Al,0; has a more broadened 32non- eV in ©-Al,0;, which is also contributed by Al-8 orbitals
bonding peak with a lower intensity. The three-peak strucis nonexistent inx-Al,Os. Instead, there is a plateaulike re-
tures in the lower portion of the CB DOS are similaran  gion between 21 and 26 eV. On the other hand, the differ-
and ©-Al,05, though with different intensities. Another no- ence between the PDOS of Al and Al in ©-Al,0; is
ticeable difference in the CB occurs at a higher energymuch larger. The CB edge in the PDOS of,Als much
There is a sharp peak at 31 eVdnAl,O;. The same peak is more steep. There are extra sharp peaks located at 8.5, 16.5,
shifted to 29 eV inO-Al,O; and is more broadened. As and 25 eV. The peak at 29 eV in Figip is shifted upward
would be explained later, both are derived from Ad-8rbit-  to 30 eV and has a lower intensity. These features are indi-
als. cated by arrows in Fig. 5. In the VB region, the PDOS of
The essential difference betweanand©-Al,O3 is that Al in both a- and©-Al,O3 have very similar features. The
a-Al,03 has only Al atoms, whileO-Al,O; has both Al;  sums of Als and Al-d components contribute to the two
and Al atoms. It is of interest to investigate the PDOS of Al peaks at—2 and —7 eV. This feature is not present in the
at different sites. These are shown in Figd)%nd 5c). For  PDOS of Al
comparison, the PDOS of octahedral Al arAl,O;z is also Figure 6 shows the PDOS of;00,, and Q in ©-Al,0s.
shown in Fig. %a). Also shown as dotted lines are the sum of O; is fourfold coordinated and £ O; are threefold coordi-
Al-s and Al-d components, which can be compared with nated. For comparison, the PDOS of QdpAl,O3 is shown
experimental AlL, ; edge spectra to be discussed later. Then Fig. 6(@). The dotted lines represent the Deomponent.
PDOS of Al in both o- and ©-Al,05 are similar. Still, The differences in the PDOS of different O atoms occur in
there are some subtle differences. Near the CB edge, a pedtke VB region. Figures @) and &b) show the same O42
at 10 eV ina-Al,05 is absent in@-Al,O5. This results in a  bonding and nonbonding characteristics since they corre-
less sharp absorption edge @Al,O;. The Al-3d peak at spond to the same O-Atoordinations ina- and ©-Al,0s.
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FIG. 9. Calculated valence charge densityrofind©-Al O3 in
three planes(a) a plane containing two O and one Al #Al,O3; FIG. 10. Calculated optical properties ©f Al ,O5: (a) dielectric
(b) a plane containing © O, and Al in ©-Al;05 and(c) aplane g nction: (b) energy loss functiontc) index of refraction: andd)
containing Q, O, and Al in ©-Al,0;. Contour lines are from  ofectivity. Solid (dotted lines stand for the perpendiculgparal-
0.01 to 0.16 in the interval of 0.005 electréaml)®. lel) component.

The G, and Q, atoms with different coordination i®-Al,O;  excited atom subject to the dipole selection rule, is a reason-
show very different bonding and nonbonding features. Inable approximation to the observed ELNES spectra. We shall
Fig. 6(c), the O-2 bonding peak is sharper and has a highercompare the published AL, ; edge (transition originates
intensity than the nonbonding peak. However, the ®adn-  from the Al-2p core leve] and the OK edge (transition
bonding peak in Fig. @) is very sharp and has a much originates from the O-4 core leve], with the calculated Al
higher intensity, and the Of2bonding peak is almost invis- (s+d) PDOS and the @ PDOS in the CB region. Since no
ible. The difference can be attributed to that QAbond is  ELNES data for©-Al,O3 is available, the data foy-Al,O;
longer than the O-A), bond, and @ has two O-Aj,, bonds are used insteat.

and G has only one O-Al; bond. It is clear that the PDOS We compare the calculated CB PD@&im ofs andd

of Al and O are very much dependent on the short rangeomponentsof Al in a-Al,O; [Fig. 7(@] and in ©-Al,04
order, or the local coordinations in alumina polymorphs.  [Fig. 7(b)] with the measure AL, 3 spectra>? For easy com-

In recent years, the use of electron-energy loss spectrogarison, the first major peak in the experimental curves have
copy (EELS) with transmission electron microscope for ma- been aligned with that of the PDOS. FarAl,O;, the cal-
terials research has greatly expanded. In particular, energyulated PDOS shows two distinct peaks at 14 and 30 eV. The
loss near edge spectroscof.NES) measures the energy ELNES spectrum also has two major peaks in the similar
loss due to a transition of a specific core electron to the CBocations. The discrepancy occurs at the energy region be-
of the solid® The technique has been applied as a fingertween these two main peaks. The ELNES spectrum shows
printing of specific bonding types, especially for internal in- almost no intensity, while the calculated PDOS has addi-
terfaces and grain boundaries. Because the core level statdgsnal structures in this region. A possible explanation for
are localized, the symmetry-projected PDOS at the site of théhis is the neglect of the matrix element effect in approximat-
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TABLE lll. Calculated effective charges, bond orders, and static dielectric constantsamid O - Al ,05.

a-Al,04 6-Al,0;
Alye 1.90 (+1.10) Al 1.95
Al 1.77
Effective chargg Average: 1.86¢1.14)
O: 6.74 (—0.74) O: 6.73
O, 6.81
O3 6.75
Average: 6.76(0.76)
Bond orde?
t: 0.2641.710
0.14%1.745
0.1151.81)
Average: 0.1911.749
o: 0.101(1.85% o: 0.0931.897
0.081(1.969 0.2221.909
Average: 0.0911.913 0.0841.936
0.1612.025
Average: 0.1571.948
Static dielectric constant;(0)° 1 3.27 3.01

I: 2.98

#The numbers in parentheses are the effective valence charges.

®The numbers in parentheses are corresponding Al-O bond lengths titpfcorresponds to tetrahedral
(octahedral bond.

°L(ll) are the perpendiculdparalle) component of static dielectric constant.

ing the PDOS for the ELNES spectrum. The experimentalvhere C{, are the eigenvector coefficients for the state
curves also show a very sharp peak at the edge which coulgith atomic and orbital specifications efandi, andS;, ;4
originate from a core-hole excitohthat was not included in  is the overlap matrix of the Bloch function. The bond order
the calculation. For©-Al,O; [Fig. 7(b)], the calculated which qualitatively describes the strength of the bond be-
PDOS of Al has major structures roughly at 12, 14, 21, andween a pair of atoms can be defined as

29 eV. The AlL, 3 of y-Al,O3 shows three major peaks.

While the overall agreement is reasonable, the calculated

PDOS again shows more structures than the ELNES data, n o~n

especially in the region between the major peaks. qﬂﬂ:nZOCC ,zj CiaCipSiaiin- )

The ELNES of the OK edges ofa- and 6-Al,O; are
shown in Fig. 8 together with the calculated@OPDOS in
the CB. The main peak of & edge ofa-Al,O; is broader We have carried out separate minimal basis calculations
and has a slightly different shape than thatiefAl ,O;. Our  for the effective charges and bond order in both crystals. It is
calculated PDOS’s do reproduce this feature. Beyond thevell known that the Mulliken scheme is more valid when the
first major peak, the agreement between the general shape lgésis functions are localized. Table Il lists the calculated
calculated PDOS of O and ELNES IO edge spectra is also effective chargesgor equivalently, the effective valencand
guite reasonable. bond orders ofa- and O-Al,0;. The average effective
charges for both Al and O in the two crystals are quite close.
However, Al in ©-Al,O; has more charge than Al in
o ) i ) a-Al,0;, and Al has less charge than Alin ©-Al,0,.

The nature of bonding in AD; is an important issue and e O atom in ©-Al,0; has a similar effective charge as
can be investigated quantitativel_y or semiqugntitatively. _'”the O atom ina-Al,Os, because of a similar fourfold coor-
the OLCAO method, the Mulliken population analysis gination. The threefold coordinated,@nd Q have larger
scheme provides the effective valence charge on each orbitgkative charge than O In sum, there is a larger charge
pai Of the atoma, and on each ator@j, as transfer to O from Al in tetrahedral coordination than for an

Al in octahedral coordination. For the crystal as a whole, the
N ~n ionicity of ©-Al,05 is comparable to that af-Al,O5. As far
Pai:n%m% CiaCigSiaip 3 as bond order is concerned, the average bond order in
O-Al,0; is larger than those im-Al,O,, because of the
much shorter Al-O bonds in th® phase. In general, bond
*=> p.i, (4) order increases when the coordination decreases, and bond
« g7 length decreases. However, there can be exceptions. One of

C. Effective valence charge and bond order
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[> ]

the AI-O bonds of Al in ©-Al,05 is uncharacteristically
large due to a more distorted nature of the octahedral coor- 6 (a)
dination.

Figure 9 shows the calculated valence charge density of
a- andO-Al,0; in three planes(a) a plane containing two O
and Al in a-Al,Og; (b) the plane containing Q O;, and
Al,, and (c) a plane containing © O,, and Al in

€1
i €2
2
O-Al,0;. The difference in the charge distribution between

a- andO-Al, 053 with Al in octahedral coordination is hardly LR L B LU S AL B

visible. On the other hand, the valence charge distribution (b)

around the Al in the tetrahedral coordinatipiRig. 9(c)] is
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noticeably different from that in octahedral coordination

[Fig. Ab)], and is consistent with a higher charge transfer at
the tetrahedral site. Highly ionic features are evident for both
crystals.
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D. Optical properties g
The anisotropic optical properties in-Al,O; are very § 2]
important becausea-Al,O; single crystal is optically E ]
uniaxial. Experimentally, Tomiket al® and Frenchet al° o ]
presented detailed investigations on this topic. In the earlier ¥ 1
work of Ching and Xu! the calculated optical properties of E ]
a-Al,0; have been presentédThe emphasis of the present ]
work is to focus on the anisotropy, and to compare with that 43 N R A
of ©-Al,O5 for which there is no experimental data. Figure -
10 shows our calculated dielectric function, energy loss func- ¥ 30 -
tion, index of refraction, and reflectivity af-Al,O; up to a E’ .
photon energy of 32 eV. The anisotropic features of these g 20 o
functions are demonstrated by the difference between the s.f':: 1
perpendicular(in solid lineg and parallel(in dotted line$ & 10 4

components. The perpendiculgraralle) component corre-
sponds to the quantities measured for the electric field of
light normal (paralle) to thec axis of a-Al,O3. It is shown
that the main differences between the parallel and perpen- Energy (eV)

dicular components occur at the photon energy region of less

than 12 eV. They are almost identical in the region greater FIG. 11. Calculated optical properties@tAl,Os: (a) dielectric
than 20 eV. The most prominent difference in the calculatiorfunction; (b) energy loss function(c) index of refraction; andd)

is that the parallel component ef has a much sharper ab- reflectivity.

sorption edge than the perpendicular component. The elec-

tronic part of the static dielectric constant, taken as the zero

frequency value ok, is about 0.3 smaller for the parallel ~ Figure 11 shows the calculated optical properties of
component than the perpendicular component. To compar@-Al,O;. The general features of the optical properties-of
the calculated anisotropy with the experimental davee ~ and ©-Al,O; appear to be similar. Subtle differences in the
focus one,. The experimental data of Tomikit al. show a  structure can be identified. Thg curve of©-Al,O; is more
much larger anisotropy, not only in the region close to abfroad and has a smaller amplitude than thataefl,0s.
sorption edge but also in the 10—-20 eV region. The paralleThis is due to the band gap difference of about 1.6 eV and
component has two major peaks located at 13.11 and 16.9¢ther differences in the electronic structure due to the pres-
eV and the perpendicular component have three peaks ance of the tetrahedral sites @-Al,O;. The plasmon peak
13.32, 14.91, and 17.35 eV. These fine features are not réa the energy loss function @-Al,0; is located at 22.6 eV,
produced by our calculation, although our calculatéedioes  which is at a lower energy than the 23.5 eVarAl,,05. The
reproduce the difference in the region closer to the absorpsalculatedx, y, andz components of the static dielectric
tion edge. It is possible that this less than satisfactory agreeonstant ofO-Al,O; are found to be 3.01, 3.04, and 2.97,
ment is related to the inaccuracy of the wave functions obrespectively. Therefore the anisotropic feature in the optical
tained from the LDA calculation at high energies in the CB.properties of©-Al,O; is much less distinct than those in
On the other hand, French and co-work@rssed two inde- a-Al,O;. The averaged static dielectric constanBofAl ,O,
pendent methods, VUV and EELS, to determine the opticals 3.01, which is about 0.16 smaller than thatfAl ,O;.
properties ofa-Al,O;. The measured reflectivity is close to This means the estimated values of the ordinary refractive
the data of Tomikiet al. (Ref. 9. Our calculated optical indices of 1.78 and 1.73 fa- and O-Al,O5, respectively.
spectra are in reasonable agreement with the experiment@ihe lower refractive index fo®-Al,0; is consistent with its
data of Frenctet al. lower density. For the reflectivity, the value 6f-Al,O; is

0 Illl[lllllllllIIIIIIIIIIIII‘III
0 5 10 15 20 25 30
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about 10% larger than that af-Al,O; within the photon experimental ELNES spectra of-Al,O5; and y-Al,O;. An

energy region from 10 to 25 eV. optical properties calculation di-Al,O5 shows it to be less
anisotropic, and reflects the differences in the electronic
IV. SOME CONCLUSIONS structure witha-Al,O;. The anisotropy in the optical prop-

) erties of a-Al,0O; occurs mainly at the low photon energy
We have presented a comparative study of the electronlf:egiOn of less than 12 eV.
and optical properties af- and ©-Al,05 by means of first- The present study has been motivated by the desire to
principles calculations. Our results show tatAl,O5 has a supply useful information about the-Al,O, system. Being
smaller band gap thar-Al,O; but with comparable band 5 strycturally disordered system, the electronic and optical
s:trugture parameter.s. The difference in the electronic Propekroperties ofy-Al,O5 is much more difficult to calculate in
ties is due to the different crystal structure and local shortyne ap intio fashion. The present study is a step forward to a
range order in the two crystals. Total energy calculation premore comprehensive investigation on the structure and prop-

dicts an energy difference of 1.47 eV per,@ molecule  grties of y-Al,05 a system of considerable technological
between theé and a phases, accounting for the relative Sta‘importance.

bility of the two phases at 0 K. Analysis of site- and orbital-
resolved PDOS shows significant dependence of the PDOS

f(_)r bo?h Al and O atoms on th_eir local coordinatio_ns, espe- ACKNOWLEDGMENT
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