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The electronic structure and interband transitions of 
a-Al,O, have been studied using temperature-dependent 
vacuum ultraviolet spectroscopy from 5 to 43 eV, at tem- 
peratures ranging from 293 up to 2167 K, which is 
approaching the melting point of 2327 K. The energy range 
of the spectra spans the full range of interband electronic 
transitions. Kramers-Kronig analysis has been employed 
to recover the phase information, and the interband transi- 
tion strength (.Jcv) of the valence to conduction band transi- 
tions. Critical p i n t  (CP) anaLysis of Jcv ,  a modeling 
technique based on band structure topology, is then applied 
to the study of temperature-induced changes in the 
interband electronic structure. This approach offers new 
insights into the nature of the electronic structure of 
a-Al,O,-by allowing us to decompose the interband tran- 
sitions into subsets associated with states of 0 2p nonbond- 
ing and AI=0 bonding character, and by allowing us to 
apply partial optical sum rules to these subsets to determine 
changes in their electron occupancy as a function of tem- 
perature. Up to 1700 K the temperature dependence of the 
electronic structure is finear, corresponding to the linear 
behavior of the thermal lattice expansion and the vibra- 
tional Debye-Waller factors. Below 1700 K the absorption 
edge shifts at - 1.1 meV/K while the exciton and band gap, 
decomposed through CP modeling, shift at 0.93 and 0.85 
meV/K with an exciton binding energy of 0.13 eV. The elec- 
tron occupancy of the 0 2p nonbonding CP set decreases 
and the occupancy of the Al=O bonding CP set increases. 
Above 1700 K the temperature dependence of the electronic 
structure is nonlinear, reflecting the interaction of electrons 
with phonons in the anharmonic regime, and related to the 
nonlinearity observed in the vibrational Debye-Waller fac- 
tors. Also above 1700 K, the 0 2p nonbonding and AI=0 
bonding CP sets merge and this is discussed in the context of 
temperature-induced changes in the interatomic bonding. 

I. Introduction 

ECAUSE of its wide range of applications, corundum B (a-Al,O,) is arguably the archetype of ceramic materials 
and has been the subject of many detailed studies. Much recent 
work has focused on developing an experimental and theoreti- 
cal understanding of the properties of a-Al,O, based on room 
temperature or 0 K, studies. Temperature plays a critical role in 
structure-property relationships, and we therefore must have a 
comprehensive understanding of its role. In the current work we 
are trying to extend our understanding of the electronic struc- 
ture through the use of temperature as a simple extrinsic vari- 
able by which to probe and characterize the electronic structure 
and bonding of a-Al,O,. 

The trigonal crystal structure of a-AI,O, (space group R3c)  
may be viewed as a distorted, nonideal hexagonal close packing 
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of anions, with aluminum cations occupying 213 of the octahe- 
dral sites. When compared to MgO, a simpler model ceramic 
material, the effects of these structural distortions on the A1-0 
bonding are reflected in the lower melting point and also the 
greater hardness of a-AI,O,. Increasing temperature alters both 
the time averaged and the vibrational structure of a material, 
and in the case of a-Al,O, both the average interatomic distance 
and the amplitude of atomic vibrations increase. As we probe a 
material at higher temperatures, we explore the relationships 
among the atomic structure, the electronic structure, and the 
interatomic bonding-which together determine the macro- 
scopic properties. To the degree that the process of melting rep- 
resents the destruction of the balance among the 
thermodynamic energies, the interatomic bonding, electronic 
structure and total energies, and other small effects, a direct 
experimental measurement of the interband electronic structure 
at temperatures approaching the melting point is of great inter- 
est. For these reasons, we have extended our high-temperature 
electronic structure studies into this nonlinear regime above 
1700 K and approaching the 2327 K melting point of a-Al,O,. 

In this paper, we present results from room temperature to 
2167 K, with vacuum ultraviolet spectra presented which 
extend from 5 to 43 eV. encompassing all of the valence 
interband transitions. Applying Kramers-Kronig analysis of the 
optical reflectance to determine the interband transition 
strengths (.Icv), we then construct a model using critical point 
(CP) analysis to quantitatively assess the temperature-induced 
changes in the interband transition energies and amplitudes. For 
the first time, we are able to identify sets of interband transitions 
which are associated with orbitals having 0 2 p  nonbonding and 
A1=0 bonding character in a-Al,O, and to decompose the 
interband optical properties so as to determine the electron 
occupancy of each of these characteristic interatomic bonds. 

( I )  Previous Work 
There have been many studies of the electronic structure of 

a-Al,O,,' including electronic structure optical 
absorption studies,'.x as well as more recent work presented in 
this issue. The high-temperature conductivity and defect chem- 
istry of a-Al,O, have been of particular interest because the 
conductivity was thought to be ionic, and hence key to under- 
standing high-temperature mass transport and sintering. 
Because of difficulties in the experiments, the defect chemistry 
and conductivity work were controversial. However, these con- 
troversies have been resolved by recent electronic structure 
work',' which demonstrated from first principles that a-Al,O, is 
predominantly an electronic conductor at high temperature, and 
therefore conductivity-based studies do not present the unam- 
biguous insight into ionic transport that was desired. The elec- 
tronic nature of the conductivity was recently confirmed by 
Will et a/." in high-temperature conductivity measurements of 
a-Al,O,. The importance of the conductivity behavior of 
a-Al,O, has resurfaced with the recent report of a Hodgson 
effect in single-crystal sapphire when it was simultaneously 
subject to radiation, high temperature, and high electric fields- 
as envisioned for applications in fusion reactors.'' a-Al,O, has 
been considered the material of choice because of its low radia- 
tion-induced conductivity and high stability. However, in 
studies combining radiation, temperature, and electric field, 
a-Ai,O, appears to suffer enhanced electrical degradation after 
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an incubation period. At present there is no detailed confirma- 
tion or understanding of these findings, but they present an 
important new area in which a better understanding of conduc- 
tivity and bonding in a-A120, is critical. 

(2) Critical Point Analysis of the Interband Transitions 
In the present work, we apply critical point analysis to our 

experimental spectra to extract quantitative information and 
new insights from these data. CP analysis was developed to aid 
the investigation of semiconductor band structure~.'~-'~ The 
analytical form of a CP model is derived from a parabolic band 
appr~ximation'~ (PBA), in which the valence and conduction 
bands near the critical points or Van Hove singularities are 
approximated with a parabolic k-space dependence, and the 
interband transition strength is calculated for this band struc- 
ture. One important finding of PBA-CP analysis is that the 
dimensionality of the band structure has a dramatic effect on the 
shapes of spectral features in the optical properties. Naka~ '~ . ' '  
has shown that anisotropies in the band structure lead to a 
reduced dimensionality in the interband energy sufaces with 
different characteristic CP line shapes, and different numbers of 
CPs associated with interband transitions between each pair of 
bands. 

Previous CP analyses of well-known materials such as sili- 
con'* focused on individual features and employed modulation 
spectroscopy, resulting in first- or second-order derivative spec- 
tra, which highlighted the local topology of the bands in the 
vicinity of an isolated CP. Unfortunately, the established 
approach of fitting to second derivative data is difficult when 
the band structure and the experimental results are not well 
established, as is the case for most ceramics. Today, with access 
to high-quality experimental data spanning the full range of 
valence-to-conduction band transitions, we desire a model 
emphasizing the global electronic structure over the entire 
range of transitions. By considering the interband transition 
strength as a sum of partial strengths arising from individual 
pairs of bands, and by employing the topological insights of 
Nakao described above, our approach to CP analysis" achieves 
this objective. Specifically, we model the undifferentiated 
optical property, Jcv ,  defined by 

rn2 E2 
e2h2 8 n 2  

J:C'(E) = - - i&*(E) 

where interband transition strength J,, and dielectric function E 
are complex functions, * represents complex conjugation, rn is 
the mass of the electron, e is the charge of the electron, f i  is 
Planck's constant over 2n, and E is photon energy. For compu- 
tational convenience we take the prefactor, rn2e -*K2, as set 
equal to 1. A detailed discussion of the CP analysis methods2* 
and its application to the two-dimensional interband transition 
sets characteristic of A1N2' have been previously published. As 
a tool for quantitative modeling of the global electronic struc- 
ture, CP analysis permits direct comparison of experimental 
and theoretical results for the interband electronic structure. It 
also permits decomposition of the interband transitions into sets 
of differing atomic orbital origins, predominant ionic and cova- 
lent characters. By applying optical sum rulesz2 to these decom- 
posed sets one can determine the electron occupancy of each 
set. These methods are employed in the present paper to extract 
useful information about the changes in the electronic structure 
of a-Al,O, with the approach to melting. 

(3) Temperature Dependence of the Electronic Structure 
Electronic structure studies tend to compare properties deter- 

mined experimentally with band or cluster calculations based 
on first principles. However, the experiments are generally con- 
ducted at some nonzero temperature, usually 300 K, while the 
calculations are generally performed for a static, 0 K, model of 
the material, albeit the lattice parameters used are usually the 
300 K values. Effects arising from vibrations in the material- 
the thermodynamic aspect of temperature-can only be approx- 
imated by such calculations since to include such effects explic- 
itly is beyond current computational capabilities for all but the 

simplest structures. Thus, calculated results generally view the 
electronic structure in isolation. However, in any experiment 
above 0 K, we observe the electronic structure and vibrational 
structure in concert. The electronic and vibrational structures of 
a material are coupled through the electron-phonon interaction 
(EPI), which in the case of ceramics with appreciable ionic 
bonding results in temperature-induced changes that are more 
pronounced than in covalent semiconductors. Because of this 
intimate coupling, by studying the electronic structure at ele- 
vated temperatures we are able to learn much about the atomic 
and vibrational structure of the material as well. 

(A)  Electronic: The temperature dependence of the elec- 
tronic structure is related to two different temperature-induced 
structural changes2'-thermal lattice expansion and thermal 
vibration. Thermal lattice expansion (TLE) leads typically to an 
increase of the average interatomic distances, with a concomi- 
tant decrease in the static orbital interaction or a decrease in the 
orbital overlap integral. Since orbital overlap is responsible for 
band formation in solids, there is a direct connection between 
the average atomic and electronic structures. Thermally 
induced atomic vibrations also affect the overlap integrals, and 
this is referred to as the electron-phonon interaction (EPI). 
Since electronic interactions are much faster than atomic vibra- 
tions, the electrons can be regarded as interacting with quasi- 
static distortions of the atomic structure. We have previously 
used this approach to calculate the individual contributions of 
expansion and vibration in MgO using band structure calcula- 
tions to determine the temperature dependence of the band 
gap.24 We have also studied the temperature dependence of the 
band gap in a-Al20? and also in MgO and MgA1,0,.26 Here 
we extend our focus to the temperature dependence of the entire 
band structure, not just the band gap. 

( B )  Structural: One feature of temperature-dependent 
electronic structure studies is that, by reproducible and revers- 
ible variation of temperature, we can induce a range of static 
(TLE) and quasi-static (EPI) changes in the atomic structure 
and observe how these affect the electronic structure, the 
interband transitions, and the interatomic bonding. One can 
address, for example, the question of whether or not reductions 
in the A1-0 bond lengths lead to greater ionic or covalent char- 
acter of the bonding. As our understanding of temperature 
effects improves, the insights can be applied to understand 
other interesting properties, such as the role of the atomic struc- 
tural distortions of the A1-0 bond lengths in determining 
interatomic bonding and how these are related to the high hard- 
ness and low melting point of a-Al,O, point relative to MgO. 

The atomic structural and vibrational parameters of a-Al,O, 
are well known from room up to the melting 
point from both high-temperature X-ray3' and neutron diffrac- 
tion" studies. These studies have been performed to understand 
the approach to melting, the nonlinear changes in the structural 
parameters, and the anomalous changes in cation diffusivities 
observed at high temperatures. They form a basis to correlate 
observed temperature-dependent TLE and EPI effects with the 
atomic structural changes. In Table I the literature values of the 
thermal lattice expansion and the atomic vibrational ampli- 
tudes, calculated from the Debye-Waller factors, are summa- 
rized for temperatures of 293, 1763, and 2173 K. Recall that the 
oxygen anions comprise a near, but not ideal, hexagonally 
close-packed structure. At room temperature, this is manifest in 
the fact that a-A120, has two A1-0 bond lengths (BL) of 0.1852 
and 0.1971 nm due to the nonideal shape of the sextet of oxy- 
gens coordinating the aluminum atom. At room temperature, 
the sum of the A1 and 0 Debye-Waller factors corresponds to 
maximum vibrational displacements of 6.8% of the AIL0 BL. 
Between 300 and 1763 K, the TLE increases the BLs by 0.7% 
and 1.7% whereas the Vibrational displacements determined 
from the Debye-Waller factors almost double, reaching 11.5% 
of the room-temperature BL. Therefore, the vibrational dis- 
placements and EPI effects show a profound temperature 
dependence. From 1763 to 2173 K, a range of only 400 K, 
the TLE increases dramatically to 1.2% and 2.2% of the BL, 
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Table I. Debye-Waller Factors, B, and Temperature- 
Induced Bond Length Variations a-Al,O, Calculated 

from the Li terat~re~’’~  
293 K 

B(A1) ( X  lo-’ nm’)‘ 0.32 
Disp. Al (nm) 0.0064 
B ( 0 )  ( x nm’)’ 0.33 
Disp. 0 (nm) 0.0065 
Total disp. (nm) 0.0129 
AI-0 bond length (nm) 0.1852 
A1-0 bond length (nm) 0.1971 
Vibr. (% of BL) 7.0/6.5 
TLE I% of RT) o/o 

1763 K 2173 K 

1.14 
0.0120 
0.84 
0.0103 
0.0223 
0.1865 
0.2006 
12.0/11.1 
0.711.7 

1.94 
0.0157 
1.35 
0.0131 
0.0288 
0.1874 
0.2014 
15.4A4.3 
1.2f2.2 

‘B = 8n2u2 where u is the mean thermal displacement. 

with the shorter AI-0 BL most strongly affected, correspond- 
ing to changes in the distorted octahedral coordination. Over 
this 400 K range, where we are approaching the melting of 
a-Al,O,, the vibrational displacements also increase much 
more rapidly, to 14.9% of the BL. 

11. Methods 

( I )  Samples 
The samples were basal-plane, single crystals of undoped 

a-Al,O,, supplied with a chemical-mechanical polish by the 
Union Carbide Co.” These UV-grade samples had high surface 
quality with low dislocation density. With the approach to melt- 
ing, local evaporation and melting of the sample occurred dur- 
ing the 4 h of the VUV measurement. At 1925 K, local 
evaporation created a faceted sample surface with hexagonal 
terraces. At 2167 K, we observed transient surface melting of 
some regions of the sample surface, due to CO, laser power 
fluctuations. The melted regions solidified as hemispherical 
droplets, on the top surface of the sample, which then became 
faceted because of evaporation. These effects did not occur in 
the exact location where the reflectance was being recorded, but 
still resulted in variations in the measured reflectivity. 

(2) Spectroscopy 
VUV spectroscopy has become an established technique for 

electronic structure studies of large band gap, insulating ceram- 
ics. It has the advantage of covering the complete energy range 
of the valence interband transitions” and is not plagued by the 
sample charging that attends electron spectroscopy on insula- 
tors. The VUV spectrophotometer includes a laser plasma light 
s o ~ r c e ’ ~  and the details of the instrument have been discussed 
p rev io~s ly .~~  The energy range of the instrument is from 1.7 to 
44 eV, or from 700 to 28 nm, which allows us to extend beyond 
the air-cutoff of 6 eV and the window-cutoff of 10 eV. The res- 
olution of the instrument is 0.2 to 0.6 nm, which corresponds to 
16-meV resolution at 10 eV or 200-meV resolution at 35 eV. 

The temperature range of the instrument is from 15 to 2350 
K. Below room temperature a flowing helium cryostat is used, 
while above room temperature a 150-W continuous wave CO, 
laser is used. The CO, laser allows the sample to be heated 
without the encumbrance or contamination hazards of 
in-chamber heaters. Temperature measurement of laser-heated, 
transparent samples in a cold wall fumace is not a trivial task. 
Hence, we employ several methods to determine the sample 
temperature. The CO, laser is under proportional band control 
of the laser power level where the sample temperature is mea- 
sured on the top surface using an IR pyrometer operating at 
4.5 pm with a spot size of 5 mm which is used for the active 
feedback control. This 4.5-pm IR pyrometer is coupled with a 
1-pm microfocus IR pyrometer which measures the edge of the 
sample in a 0.016-in. area, and is automatically recorded, while 
a microfocus optical pyrometer is also used to measure sample 
temperature. The laser power is also monitored and recorded, 
and all four of these methods are cross calibrated to a 0.003-in. 

thermocouple embedded in a sapphire calibration sample and 
measured up to 1900 K. 

(3) Analytical 
Once the incident and reflected signals are acquired from the 

sample, the reflectivity is calculated for each of the nearly 50 
overlapping spectral regions and these are concatenated to pro- 
duce the spectral reflectance of the sample. At the highest tem- 
peratures, some scaling of the spectral regions was required to 
produce the final reflectivity, due to the effect of sample evapo- 
ration on the surface. Once the complete spectral reflectivity, R ,  
was determined, it was analyzed using an FFT-based Kramers- 
Kronig method36 to recover phase information, 0, and from the 
pair {R ,O)  all other optical properties, such as the dielectric 
function, E ,  + ie,, and interband transition strength, Jcv ,  can be 
calculated. 

A CP model of the interband transition strength, Jcv, is con- 
structed from one or more sets of related CPs, each set having 
dimensions appropriate to the topology of a given pair of 
valence and conduction bands. For a-Al,O,, the CP model 
comprises one zero-dimensional (OD) set consisting of a single 
CP describing the exciton, and three three-dimensional (3D) 
sets describing valence-to-conduction band transitions. A 3D 
set has four individual CPs { M,, M ,  , M,, M, ) which represents 
the four comers of the observed spectral line shape correspond- 
ing to the onset (band gap), saturation, decrease, and exhaustion 
of the transitions between a pair of bands. These CPs are 
indexed in Eq. (2) by their angular phase, +. Each CP has an 
energy ( E ) ,  amplitude (A), and width (r), but in any one set of 
CPs there is a conservation relation among these variables so as 
to assure that for each set, the contribution to the interband tran- 
sition strength is finite. The other variables in Eq. (2) are the 
dimensionality exponent, n, which takes values of { - 1, - 1/2, 
0 (logarithmic), and + 112) corresponding to {OD (excitonic), 
ID, 2D, or 3D) line shapes, and k, which simply indexes all the 
CPs in the model. Finally, C is a complex constant and the 
asterisk, *, represents complex conjugation. For the CP models 
presented in this paper, which are converged with no fixed 
parameters, there were 33 free parameters in the fit; however, 
because of the conservation rule discussed above, the model is 
constrained to a limited domain in this parameter space. By 
examining the variation in these fit parameters with tempera- 
ture, we can quantitatively determine the electronic structure 
changes from the experimental data. 

The model was fitted to the data using a computerized opti- 
mization routine employing either the Levenberg-Marquardt” 
method of steepest descent or, alternatively, the simulated 
annealing method.’* Simulated annealing is particularly useful 
in testing the fit parameters for robustness and in avoiding the 
obvious hazard of finding only a local minimum in the multi- 
dimensional fit space. The a-Al,O, CP model was fitted at room 
temperature and then those parameters were used as the starting 
values for the fit to the data at the next highest temperature and 
in this way the model was successively refined to fit succes- 
sively higher temperature results. This was done to help speed 
convergence of the model at each temperature since the compu- 
tational analysis of this quantity of experimental data was time- 
consuming. In cases where the variation of a CP parameter with 
temperature seemed unstable, it appeared to arise from experi- 
mental artifacts in the data, and not arbitrariness of the fit. 

The completed model provides a decomposition of the elec- 
tronic structure into sets of transitions arising from pairs of 
valence and conduction bands. A partial interband transition 
strength can be calculated for these sets individually and, just as 
the total Jcv must satisfy the optical sum rules, so each partial 
J, ,  also satisfies these rules. The following sum rule is usually 
stated in terms of the plasma frequency, but can be used 
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to determine the number of valence electrons per unit cell 
involved in each of the decomposed CP sets, nsi:  
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where me is the rest mass of the electron, m* is the effective 
mass factor, e is the electronic charge, h is Planck’s constant 
divided by 2n, vCd, is the volume of the unit cell, E is energy, 
and E, is the imaginary part of the dielectric function. 

111. Results 

(1)  Room Temperature 
The room-temperature reflectance of a basal surface of 

single-cystal a-Al,O, is shown in Fig. 1. The room-temperature 
interband transition strength is shown in Fig. 2 ,  calculated from 
the results of Kramers-Kronig analysis of the reflectance. 
Figure 3 shows the a-Al,O, CP model fitted to the room- 
temperature data. In Table I1 the energies of the CPs are given, 
linearly extrpolated to a temperature of 0 K, along with the lin- 
ear temperature coefficients. The partial and total sum rules of 
a-Al,O, for the experimental data and the CP model with its 
decomposed sets are shown in Fig. 4. 

(2) High Temperature 
The temperature-dependent VUV spectra are shown in Fig. 5 

and represent one consistent set of data. A separate set of data 
was taken at an earlier date, but exhibited larger variability in 
y-axis amplitudes, and also greater experimental temperature 
instabilities. It was after these initial results that we imple- 
mented the active feedback control on the CO, laser and also 
fully automated data acquisition so as to reduce instrumental 
drift during the data acquisition for any one temperature. As a 
result of these improvements, the spectra for all but the highest 
two temperatures overlapped perfectly in amplitude, and we 
were able to use the exact value of the visible index (n = 1.767 
at 633 nm) and the same high energy wing exponent for the 
Kramers-Kronig analysis of R at all temperatures. These find- 
ings demonstrate the high quality of this data set, and it appears 
that only at the highest temperature (2167 K) might the spectral 
shape be altered because of the evaporation of the sample and 
subsequent deposition on the spectrophotometer’s VUV optics. 

6 1 0  1 4  18 22 26 30 34 38 42 
Energy (eV) 

Fig. 1. 
range of the interband transitions. 

Reflectivity of single-crystal a-Al,O, at 293 K in the energy 

Energy (eV) 

Fig. 2. Interband transition strength .Icv = ( E * / 8 ~ r ~ ) i ( e ,  + i~,)* of 
single-crystal a-Al,O, determined by Kramers-Kronig analysis of the 
reflectivity. The upper spectrum (a) is the real part of Jcv which corre- 
sponds to absorption, while the lower spectrum (b) is the imaginary 
part of Jcv ,  corresponding to dispersion. 

With increasing temperature one can see in Fig. 5(a) that the 
CPs or slope discontinuities, in the interband transition 
strengths shift in energy, and that the characteristic shapes of 

the spectra persist to very high temperatures. The temperature- 
induced changes in the interband transition strength are 
revealed in the CP models shown as a function of temperature 
in Fig. 5(b), and one sees that the refined CP models give a good 

R 

Energy (eV) 

Fig. 3. Critical point (CP) model for a-Al,O, fitted to the room-tem- 
perature interband transition strength JLv. The model has one exciton 
CP followed by three three-dimensional CP sets, each consisting of the 
appropriate four CPs. The approximate orbital origins of the transitions 
have been used to label the individual CP sets. 
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Table 11. Energies and Temperature Coefficients of the 
Interband Critical Points of ol-Al,O, 

Temp coeff 
Critical mint  Energv for T = 0 K (eV) (meV/K) 

Exciton 
0 2p nonbonding Mo 
0 2p nonbonding M ,  
0 2p nonbonding M2 
0 2p nonbonding M ,  
A1=0 bonding M,, 
A1=0 bonding MI 
A1=0 bonding M ,  
A1=0 bonding M ,  
0 2s M" 
0 2s M ,  
0 2s M2 
0 2s M ,  

9.44 
9.57 

11.54 
13.17 
19.67 
16.10 
17.13 
20.57 
26.00 
24.85 
30.38 
34.32 
43.38 

- 0.93 
- 0.85 
- 0.20 
- 0.74 
- 0.03 
- 1.56 
- 0.52 

0.44 
0.28 

0.24 
- 0.73 

- 0.23 
- 0.98 

representation of the observed changes in the electronic transi- 
tions with temperature. 

IV. Discussion 

Initially, the electronic structure of a-Al,O, was studied in an 
effort to understand the conductivity in terms of its electronic 
and ionic components. With recent advances in experiment and 
theory, a greater emphasis is placed on understanding the 
interatomic bonding and band structure of the material in terms 
of its atomic and electronic structure. This is because the elec- 
tronic structure is one of the intrinsic properties with the great- 
est influence on the macroscopic characteristics and behavior of 
the material. With new quantitative analysis tools, we can study 
the interband transitions associated with interatomic bonds and 
bond stabilization, ionicity and covalency, and the causes and 
effects of how thermally induced changes in atomic structure 
couple to changes in the electronic structure. This electronic 
structure and interband transition perspective supplies funda- 
mental information about a-Al,O, which serves as the frame- 
work for understanding and applying the material in many 
areas. It also prepares the way for materials design, where one 
wants to construct a particular combination of interatomic 
bonding, ionicity , and covalency and interband transitions at 

26 I 

6 10 14 18 22 26 30 34 38 42 
Energy (eV) 

Fig. 4. Valence electron sum rules for the interband transitions of 
c-u-Al,O, calculated for the experimental data, the sum of the CP sets 
(the CP model), and each individual interband transition set, showing 
the number of valence electrons involved in these transitions. 

particular energies. It is the basis for understanding the elec- 
tronic structure of surfaces as relate to bonding, metallization, 
and surface reconstructions, and chemical activity. It serves as 
the basis for understanding interfacial electronic structure- 
currently being applied to spatially resolved electron energy 
loss spectroscopy in the scanning transmission electron micro- 
~cope~~-and to understand the equilibrium thickness of grain 
boundary glass films determined by the van der Waals 
attraction and Hamaker constants in  ceramic^.^^^' 
( I )  Room-Temperature Interband Transitions 

Initially, let us survey the room-temperature interband elec- 
tronic structure of a-Al,O,, by focusing on the CP sets, since 
this is the basis for our electronic structure parameterization and 
also the reference for all of the temperature-induced changes 
observed. The CP model that we have developed for a-Al,O, 
consists of an exciton and three 3D sets of interband transitions 
as shown in Fig. 3. The 13 CPs in these CP sets correspond to 
the observed CP slope discontinuities in the experimental data. 
The first CP set is for the excitonic transition (9.44 eV at 0 K) 
which is almost degenerate with the band gap (9.57 eV at 0 K). 
The next set of CPs has a 3D character and consists of four CPs. 
M, is the interband gap described in the literature, while the 
next three CPs in the 3D set are the M,, M,, and M 3  CPs. Band 
gap values reported from experiment are fitted results which 
vary depending on the fitting method or conventions used. Band 
gap values are usually fitted to plots of the absorption coeffi- 
cient in units of cm- ' determined from reflection and transmis- 
sion or relative transmission measurements, and using direct or 
indirect band gap models. For the case of a-Al,O, we have pre- 
viously reported a direct band gap energy at room temperature 
of 8.8 eV. Because a-Al,O, exhibits an excitonic peak superim- 
posed on the fundamental absorption edge, an absorption edge 
fitting routine yields a band gap energy which is necessarily less 
than the exciton peak energy since it is truly fitting the low- 
energy edge of the exciton peak, not the band gap directly. In 
the present work we are using CP analysis to decompose the 
band gap and exciton analytically, and therefore correctly find 
that the exciton peak energy lies below the M, band gap CP and 
the exciton is properly bound to this band gap. This point will 
be discussed further. 

The atomic orbital origins of the different 3D CP sets can be 
determined by considering the orbitally decomposed density of 
states. The first 3D set corresponds to electronic interband tran- 
sitions from the top of the valence band, which is of 0 2p non- 
bonding character, to the A1 3p conduction bands and is labeled 
0 2p + A1 3p or 0 2p nonbonding. The second 3D set corre- 
sponds to electronic interband transitions which arise from 
bands lower in energy in the upper valence band and having 
mixed aluminum and oxygen orbital character. These valence 
band states of mixed character are related to the hybridization 
of the A1 and 0 orbitals corresponding to the covalent bonding 
present in ci-Al,O,. Transitions from these bands to the Al 3p 
conduction bands give rise to the second 3D CP set which is 
labeled A k 0  - Al3p or A1=0 bonding. The third 3D CP set is 
at much higher energy and corresponds to transitions from the 
0 2s lower valence band to the conduction band and is labeled 
as 0 2s. Ching et a1.4' have a more detailed discussion of the 
orbital character and origins of the valence and conduction 
bands of a-Al,O, in their recent paper on the calculated band 
structure and optical properties of a-Al,O,. The labeling of 
these CP sets by the orbital origins of the interband transitions is 
approximate, but greatly simplifies the discussion of the vary- 
ing behavior of the various interband CPs with increasing 
temperature. 

The refined CP model represents a self-consistent decompo- 
sition of the experimentally determined interband transition 
strength into four overlapping sets of interband transitions. The 
room-temperature electron occupancy, determined from the 
valence electron optical sum rule, is shown in Fig. 4 for the 
experimental data, the total CP model (sum of all sets), and the 
four constituent CP sets. We find 0.9 e- in the excitonic set. 
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Fig. 5. Temperature dependence of the interband transition strength for a-Al,O, from 293 to 2167 K. Both results calculated from experimental data 
(a) and the refined CP model results (b) are shown for each temperature. Note how the individual identity of the two major sets of transitions at 13 and 
18 eV (the 0 2p nonbonding and the A F O  bonding bond) are maintained up to 1700 K, but above this point their individual identity is lost. 

15.6 e- in the 0 2p set, 4.9 e- in the A k 0  set, and 2.7 e- in the 
0 2s set. It is pleasing to note the reasonableness of these val- 
ues. One electron is excitonic, and 76% of the electrons from 
the upper valence band are involved in the 0 2p to Al3p transi- 
tions, while 24% of the valence electrons are in the hybridized 
or covalent interband transitions. This is consistent with the 
estimate of 70% ionic character for the AI-0 bond based on 
Pauling’s electronegativity. 

The bonding in a-AI,O, is thus of mixed ionic and covalent 
nature. We find this by considering only the bonding, nonbond- 
ing, and antibonding bands associated with 0 2p and Al3s and 
3p electrons. 0 25,  which constitutes the lower valence band, is 
relatively far from the Fermi energy; therefore, the dramatic 
effects of bond stabilization are less in evidence. The 0 2s band 
shows the more muted effects typical of the lower-lying core 
levels. The exciton, since it is a bound electron-hole pair 
formed below the band gap, is the most sensitive probe of ther- 
mal disorder. Exciton-phonon scattering is quite sensitive to 
the thermal dynamics of the crystal, and as shown in Figs. 6 
and 7, the exciton ceases to exist at temperature above 1000 to 
1400 K. The three-dimensional CP sets, corresponding to the 
interband transitions from 0 2p A1 3p nonbonding and 
A k 0  Al 3p bonding, are much more robust with regard to 
their temperature dependence. As the partial sum rules demon- 
strate, the first and second 3D CP sets can be associated with 
bonding of an ionic and covalent nature, respectively. These 
two CP sets are a useful diagnostic for a-Al,O, electronic struc- 
ture, representing the two very different characteristics of the 
bonding: the 0 2p lone pair bands, which exhibit minimal cova- 
lent bond stabilization but represent appreciable ionic electro- 
static attraction of 02- and A13+; and the A1=0 bands, which 

have substantial covalent bond stabilization and therefore 
reside in the bottom of the upper valence band of a-Al,O,. 

(2) Electronic Structure up to 1700 K 
The temperature dependence of the electronic structure can 

be separated into two regions: below 1700 and above 1700 K. 
The behavior in these two temperature regions is clearly differ- 
ent, as evidenced in the temperature-induced structural parame- 
ter changes summarized in Table I and also in the Debye- 
Waller factors presented by Aldebert et aL3’ These differences 
are also evident in our experimental data, where the 0 2p and 
A1=0 3D sets persist in their individual character up to 1700 K. 
Above 1700 K the behavior and independent character of the 0 
2p and A1=0 CP sets is destroyed and very different behavior of 
the electronic structure is seen from 1700 K up to the melting 
point. 

With the persistence of the 0 2p and A1=0 CP sets up to 
1700 K one can see in Fig. 5 that the sets, and the individual 
CPs within the sets, shift smoothly with increasing temperature. 
Up to 1700 K, the variation of all the observed CPs can be accu- 
rately described with a linear temperature dependence, with 
these temperature coefficients presented in Table 11. Note that 
the coefficients of the CP energy positions vary dramatically 
from - 1.56 to + 0.44 meV/K, with some CPs shifting to lower 
and other CPs shifting to higher energies. From previous band 
structure calculations on TLE effects on the band gap of Mg023 
we found that thermal lattice expansion produces a linear shift 
of the band gap energy; therefore, we also expect that in this 
regime, the TLE-induced changes of 0.7% and 1.7% in the 
AI-0 bond lengths contribute only a linear component to the 
observed temperature coefficients. The much larger source of 
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the observed CP temperature coefficients arises from the elec- 
tron-phonon interaction, since the vibrational displacements of 
7% and 6.5% of the A1-0 bond length at room temperature 
increase to 12% and 11.1%, respectively, at 1700 K. 

These large atomic displacements must contribute to ther- 
mally induced changes in the bonding because both the electro- 
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Fig. 7. Temperature dependence of the exciton and band gap energies 
of a-Al,O,. The exciton shifts at -0.93 meV/K while the Mo band gap 
CP of the 0 2p * A1 3p transition set shifts at -0.85 meV/K. Above 
1436 the exciton is no longer visible, and (b) the valence electron sum 
rule shows the temperature-induced exciton scattering whereby the 
exciton formation ceases as the temperature increases. 

static attraction basis of ionic bonding and the wave function 
overlap integral basis of covalent bonding depend strongly on 
interatomic distance. Estimates of the Debye temperature of 
a-Al,O, lie in the range of 700 to 1000 K,' and this has typically 
been considered the temperature which defines the upper limit 
of the harmonic regime. However, both the experimental tem- 
perature dependencies of spectral features and Debye-Waller 
factors are linear from 300 to 1700 K, suggesting that the har- 
monic approximation remains essentially valid over a wider 
range than predicted by the Debye model. 

( A )  Temperature Dependence of the Band Gap: The fun- 
damental band gap, and excitonic states associated with it, play 
an important role in many physical processcs, and these have 
been the subject of much analysis. The competition between the 
exciton, a localized electron-hole pair, and the free electron and 
hole at the band gap is one of the fundamental competitions 
between localization and delocalization processes in solids.43 
Analysis of excitons at the band gap, using methods such as the 
exciton line shape analysis of Toyozawa," have been per- 
formed for the alkali halides.45 These exhibit large exciton bind- 
ing energies (- 1 eV) with exciton peaks well separated from 
their associated band edge. In such materials, the study of the 
temperature dependence of excitons has produced much insight 
into the interaction of phonons with localized electronic excita- 
t i o n ~ . ~ ~  Exciton analysis reveals the nature of the bonding 
because these localized excitations arise very differently in 
covalent and ionic systems, because of the very differing 
degrees of wave function localization present in the two cases:' 
Previously, the analysis of mixed bonding systems, such as 
a-Al,O, where the exciton peak overlaps the band edge, was 
difficult. 

With the advent of CP analysis, one can perform detailed line 
shape analysis to explicitly decompose the overlapping exciton 
from the band gap of cy-Al,O,, using a symmetrical exciton line 
shape (phase 4 = 0) and quadratic 3D M ,  line shapes. This 
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yields a value for the exciton binding energy (EFxn2EE) of 
a-Al,O, extrapolated to 0 K of 

(4) 

0.13(eV) = 9.57 - 9.44 

as determined from the band gap energy (EOzpM ) and the exci- 
ton energy (EExclIon). The 0 K value of Eo,p,+,, 9.37 eV, found in 
the present work compares favorably to the value of 9.6 eV 
obtained by conductivity measurements." 

presented here corresponds to the Coulombic contri- 
bution to the electron-hole binding in an undistorted lattice- 
that is the energy arising from the hydrogenic binding of the 
electron and hole. After the prompt interband transition and 
electronic relaxation, a free exciton with a 0.13-eV binding 
energy is produced in a time frame of s. After a much 
longer time (10- s) the lattice can relax in the vicinity of the 
exciton, and this lattice relaxation leads to formation of a 
phonon cloud around the exciton resulting in a self-trapped 
e x c i t ~ n ~ ~ - ~ ~  (STE). The STE has a larger binding energy than 
the purely Coulombic binding of the free exciton and this STE 
binding energy can correspond to the Stokes shift seen in fluo- 
rescence measurements. For a-Al,O, a VUV fluorescence peak 
which may correspond to exciton annihilation is seen at 7.5 
eV5'-53 corresponding to a Stokes shift and STE binding energy 
of 2.5 eV at 0 K. In the present work we only consider interband 
excitation-fluorescence processes being excluded by instru- 
mental design-and therefore only the Coulombic contribu- 
tions to the exciton binding in an undistorted lattice. 

In previous studies of the temperature dependence of the 
band gap we did not independently address the presence of the 
exciton at the band gap and instead reported the band gap tem- 
perature coefficient of a-Al,O, to be - 1.1 meV/K, while in the 
present work the 0 2p M ,  CP temperature coefficient that we 
report is - 0.85 meV/K. These two apparently contradictory 
findings can be understood by virtue of the different ways that 
they were determined. The previous result was determined by 
measuring the shift to lower energy of the experimental edge 
shown for example in Fig. 6(a). The results presented in Table 
I1 are instead for the decomposed components of the electronic 
structure shown in Figs. 6(b) and (c) for the exciton and band 
gap. Therefore, the previous reported band gap temperature 
dependence, which we will now refer to as the temperature 
dependence of the experimental edge (dE,,,ldT), can be seen 
to consist of three terms, being the sum of the 0 2p Ma band gap 
temperature dependence (dE ozpMn/dT), the relative increase in 
the exciton temperature dependence (A(dEE,,,,,ldT) and one 
half of the exciton broadening (dT,,,,ton/dT). 

E 

(5 )  dEEdge - dEoZpMO +A-+-(-) dEExciton drExcltan 

dT dT dT 2 dT 

To a first approximation the exciton is presumed to shift rig- 
idly with the band gap. This would correspond to the case of a 
temperature-independent exciton binding energy. Instead we 
find that the energy difference between the band gap and the 
exciton increases with increasing temperature corresponding to 
an increase in the exciton binding energy at high temperature. 

(B) lonicity and Al=O Bonding Bond Occupancy: The 
temperature dependence'of the individual CP sets shown in Fig. 
8 demonstrates that all three CP sets broaden and decrease in 
amplitude with increasing temperature. More surprisingly, the 
behavior of the 0 2p and A1=0 sets differs such that these sets 
approach each other in amplitude as the temperature increases 
(as is most easily seen in Fig. 5). As the amplitudes of these two 
sets, which represent the competition in the bonding in a-Al,O,, 
equalize, the A1=0 set is also broadening in energy as shown 
dramatically in Fig. 9. The partial sum rules demonstrate that 
these combined effects correspond to a net increase of the elec- 
tron occupancy of the A1=0 set by 0.3 electron at the same time 
that the 0 2p set loses 0.4 e-. Therefore, we find that with 
increasing temperature the electron count in the hybridized 

A k 0  interband transition increases corresponding to an 
increase in the covalency at high temperature. 

This can be understood by considering the functional depen- 
dence of the covalent overlap integral as a function of bond 
length. The ionic contribution to the cohesive energy varies as 
r - *  while the covalent overlap integral typically has a func- 
tional dependence stronger than r -*  for r values shorter than 
equilibrium. The results in Table I indicate that increased tem- 
perature excites phonon modes which both lengthen and 
shorten interatomic bonds. These are 3 or 4 times larger than the 
magnitude of the thermal lattice expansion. The time-averaged 
expansion leads to a decrease in the Madelung potential at the 
lattice sites with a concomitant reduction in the electrostatic 
contribution to ionic bonding. But this time-averaged expansion 
results from transient atomic vibrations, the compressive por- 
tion of which increases the covalent bond overlap. This in turn 
increases the time-averaged covalency and covalent bond occu- 
pancy. Therefore, these two contributions of increasing temper- 
ature lead to both a time-averaged reduction in the electrostatic 
attraction and a transient increase in the covalent bond overlap 
and may result in decreased ionicity and increased covalency, 
respectively. 

(3) Electronic Structure above I700 K 
Above 1700 K, the interband transition strength changes 

rapidly in shape, amplitude, and temperature dependence (see 
Fig. 5). Even at 1700 K, the 0 2p and A1=0 CP sets remain dis- 
tinct in the raw spectra, with their characteristic CP slope dis- 
continuities. However, in all data taken above 1700 K the 
individual character of the 0 2p and A1=0 sets disappears and 
these sets blend together completely. This loss of the individual 
0 2p and A1=0 CP sets demonstrates the tremendous increase 
in structural disorder present in a-Al,O, at these temperatures. 

This structural disorder arises when the anharmonic terms in 
the vibrational potential can no longer be disregarded. The ther- 
mal lattice expansion shows only a slight quadratic behavior at 
high temperature, but the Debye-Waller factors, and therefore 
the phonon amplitudes, show a strong break from linear to qua- 
dratic behavior above 1700 K. This is evident in Table I, where 
the vibrational displacements increase from 7% at 300 K to 
12% at 1700 K but in the next 410 K interval to 2173 K they 
increase to 15.4% of the A1-0 bond length. 

Similar behavior is observed in the temperature dependence 
of the CP energies. When we fit the temperature dependence for 
each of the CP sets (see Fig. 9(a) for 0 2p and Fig. 9(b) for 
A1=0 CP sets), we find that the CP energies can be fitted lin- 
early below 1700 K but that the dependence is strongly qua- 
dratic when all of the data up to 2173 K are considered. The 
band gap energy (0 2p M,  CP) continues to decrease linearly, 
but the other CPs of the 0 2p set show some curvature. This is 
more evident in the A1=0 set, which is associated with the 
hybridization of a-Al,O,. Here the A1=0 M ,  CP is increasing its 
negative temperature coefficient at high temperature, while the 
M2 and M, CPs are shifting to higher temperature. The A k 0  M ,  
CP which at low temperatures shifts to lower energy (a negative 
coefficient) reverses direction and shifts to higher energies 
(with a positive coefficient). 

For the first time, with access to temperatures above 1700 K, 
our studies of the electronic structure of a-Al,O, have uncov- 
ered the nonlinear temperature dependence of the electronic 
structure which arises from the anhaimonicity of the phonon 
vibrations. Just as excitonic mechanisms are now being under- 
stood for their role in atomic defect creation, we will hopefully 
gain more understanding of the role of the EPI in the anhar- 
monic regime in the increased diffusivities, dislocation motion, 
evaporation, and melting above 1700 K in a-Al,O,. 

(4) Temperature- and Pressure-Dependent Studies 
With increasing temperature, the electronic structure of 

a-Al,O, shows a decrease in the electron occupancy of the 0 2p 
lone pair band, and an increase in the occupancy of the A1=0 
bonding bands. These findings suggest increased covalency in 
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seen to shift to both lower and higher energies with increasing tempera- 
tures, and that some CP shifts are nonlinear, with a strong quadratic 
dependence representative of anharmonic electron-phonon coupling. 

a-Al,O, up to 1700 K. At the same time the linear temperature 
dependence seen below 1700 K becomes nonlinear above 1700 
K, which correlates with changes in the vibrational amplitudes 
in a-Al,O,, and in this nonlinear regime the individual 0 2p and 
A k 0  CP sets are seen to combine together, losing their individ- 
ual character in the interband transition strengths. 

Since we have correlated these electronic structural changes 
to the atomic structural changes, considering both static (TLE) 
and dynamic (vibrational) components, it is interesting to con- 
sider whether pressure-induced structural changes cause similar 
electronic structural effects. For properties which depend only 
on the static atomic structure, TLE is analogous to hydrostatic 
pressure based studies. In these cases, the common wisdom is 
that increased pressure is similar in effect to cooling of a sam- 
ple; that is, TLE produces contraction of structural parameters 
with decreasing temperature. However, electronic interband 
transitions are instantaneous when compared with the time 
scale of both TLE and phonon vibrations. It is the superposition 
of the static and vibrational changes which determines the elec- 
tronic structure changes. Any commonality between pressure- 
dependent studies and temperature-dependent studies may help 
elucidate the complex relationship between atomic structure 
and electronic structure. 

In this situation the recent work by Binggelli et al. on SiO, is 
of great interest. SiO, is structurally different from a-Al,O, 
since it is a network of interconnected, corner-sharing SiO, tet- 
rahedra rather than interconnected, edge-sharing A10, octahe- 
dra. Nevertheless, their detailed pressure-dependent band 
structure calculations for SiO, are still instructive for us. They 
studied standard pressure and also proposed 30- and 60-GPa 
structures and note various phenomena which are consistent 
with the present work. With increasing pressure up to 30 GPa, 
the large structural deformations lead to an increase in the 
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hybridization of the bonding between Si and 0. These changes 
can be seen in differential charge density maps where more 
charge appears in the region between atoms. This is consistent 
with our observation of the increased electron occupancy of the 
AGO hybridized CP set up to 1700 K. They note that the pres- 
sure dependence of the band gap is linear up to 5 GPa while 
above 10 GPa the band gap pressure dependence becomes 
highly nonlinear, again analogous to our observed temperature 
dependence up to 1700 K and above 1700 K. They also report 
pressure-induced charge density variations from four places in 
the upper valence band, at the top and bottom of the 0 2p non- 
bonding band and the top and bottom of the Si=O bonding 
band. These valence band points correspond to the interband 
critical points, where the top of the band gives rise to the M, CP. 
With the increase from 30 to 60 GPa in their study, the separa- 
tion between the bottom of the 0 2p and top of the Si=O VB 
disappears and the valence bands blend together. They find that 
these changes occur most dramatically in the overlap region of 
the 0 2p and Si=O valence bands; the analogous location in the 
transitions of a-Al,03 is the region from the 0 2p and Si=O 
valence bands; the analogous location in the transitions of 
a-Al,O, is the region from.the 0 2p M3 and the A1=0 M, CP, 
exactly the region where the CP sets blend together at tempera- 
tures above 1700 K. Obviously these correlations are not defin- 
itive-as a-Al,O, and SiO, are structurally dissimilar and 
pressure and temperature are not pure analogues-but these 
observations do highlight some interesting areas for further 
work in advancing our understanding of the electronic structure 
of materials. 

V. Conclusions 

The temperature dependence of the electronic structure of 
a-Al,O, has been determined up to 2167 K by VUV reflectance 
and CP analysis. It is characterized by the broadening and shift- 
ing of the interband transitions which reveal the changes in the 
bonding of the material with the approach to melting. Interband 
transitions from the 0 2p nonbonding and A1=0 bonding bands 
are seen centered at -13 and 18 eV, respectively. Changes in 
these interband transitions are seen with increasing temperature 
by the broadening and related decrease in amplitude of the 0 2p 
nonbonding set relative to the A1=0 bonding band, but both sets 
retain their independent character up to at least 1700 K. 

Decomposing the interband transition strength, .I,, , into sets 
of CPs permitted us to separate the exciton and band gap, which 
exhibit 0 K energies of 9.44 and 9.57 eV and temperature 
dependencies of - 0.93 and - 0.85 meV/K, respectively. The 
other three CPs of the 0 2p nonbonding set also have negative 
temperature coefficients. Fqr the second set of interband transi- 
tions, the A1=0 bonding set, the temperature coefficients of the 
four CP energies are both negative and positive corresponding 
to the substantial broadening of this covalent bonding band. 
Correlated with the temperature dependence of Debye-Waller 
factors, above 1773 K nonlinear behavior is seen and we 
observe the breakdown of the independent transitions from the 
0 2p and A1=0 valence bands, with both merging into a single 
set of interband transitions. With the approach to melting, the 
large increases in vibrational displacements, anharmonicity and 
anisotropy result in profound changes in the electronic structure 
of ~t-Al,O3. 
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