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Correlation between interatomic distances and the x-ray-absorption near-edge structure
of single-crystal sapphire
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The high-resolution Al L-edge x-ray-absorption near-edge structure from single-crystal sapphire has
been recorded by measuring the total-electron yield and x-ray-fluorescence yield with synchrotron radia-
tion. The edge structures up to 11 eV from the absorption edge are assigned in terms of the transitions
of Al 2p electrons to empty levels using molecular-orbital calculations. The post-edge features between
11 and 60 eV above the Al L» absorption edge were found to correlate very well with the interatomic
distances from the absorbing atom to its neighboring atoms as predicted by the multiple-scattering mod-
el.

I. INTRODUCTION

Single-crystal sapphire is a good insulator with a band
gap about 9 eV. ' It is chemically stable and remains
transparent even after exposures to high doses of y radia-
tion and high-energy electron beams. These properties
have led to its use in technological applications including
such electronic devices as hot-electron tunnel transistors.
In addition, single-crystal A1203 is a model compound for
chemisorption studies of oxygen on aluminum and the
oxidation of aluminum metal. For years, its electronic
structure has been the subject of numerous experimental
investigations.

The Al L-edge absorption spectrum of single-crystal
A1203 is rich in structure. Interpretation of its absorp-
tion features has been the topic of numerous theoretical
studies. ' ' The earliest information on the electronic
energy levels of single-crystal A1203 is provided by self-
consistent-field Xa scattered-wave calculations on the
[A106] cluster by Tossell. ' However, this calculation
fails to give the total width of the occupied and unfilled
states obtained from soft-x-ray emission (SXE), x-ray-
photoelectron spectroscopy, and electron yield measure-
ments. Band-structure calculations have also been
performed using the semiempirical Mullikin-Rudenberg
method' and the tight-binding method. ' ' These calcu-
lations give reasonable values for the widths of the con-
duction band and some of the more prominent features in
the SXE spectrum. However, there are some difhculties
in defining the absorption spectrum using these band
models, since they neglect the presence of unoccupied Al
3d orbitals in the basis set. These states are known to hy-

bridize with empty aluminum states of s- and p-orbital
symmetry and contribute significantly to the conduction-
band density of states. ' By employing the complete-
neglect-of-differential-overlap (CNDO) approximation on
the [A106] cluster, Balzarotti et a/. provided a realistic
picture of electronic energy levels of A1203 to interpret
the edge structures up to 11 eV above the Al L23 absorp-
tion edge. ' But, to date, both band-structure and
molecular-orbital calculations have failed to describe the
post-edge region (-10—50 eV above the edge). '

A more refined description of the post-edge structure
of single-crystal A1203 can be accomplished by construct-
ing multiple-scattering states. At present, no comprehen-
sive theory is available for the interpretation of the entire
range of Al L-edge x-ray-absorption near-edge structure
(XANES) spectrum of single-crystal sapphire. In this
study, we apply the multiple-scattering model of Bianconi
and Natoli to correlate the post-edge features in the
XANES spectrum with the interatomic distances.

II. EXPERIMENTS

These experiments were performed on the 6m toroidal
grating monochromator (TGM) beamline at Synchrotron
Radiation Center (SRC), University of Wisconsin—
Madison, in an ultrahigh vacuum chamber at a pressure
of 2X10 ' Torr.

The experimental details have been reported previous-
ly, so only pertinent details will be given here. The
total-electron yield (TEY) spectrum and x-ray-
Iluorescence yield (XFY) spectrum were measured by a
simple microchannel plate (MCP) detector. The MCP
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detector consists of a dual set of MCP's (25-mm diam)
with three electrically isolated grids mounted in front of
them. The MCP detector was located -5 cm from the
sample and oriented parallel to the sample surface. Pho-
tons were incident at an angle of 45' with respect to the
sample normal. The samples were 1-mm-thick, 12-mm-
diam single crystal (0001) sapphire disks purchased from
Meller Optics, Inc. , which were polished by the
manufacturer to one microinch or better. After rinsing
with methanol, the samples were mounted in the
chamber. No further surface preparation was made. The
reference beam intensity (Ip) was measured simultaneous-
ly with a 90% transmission Ni mesh. All measurements
were normalized to Ip. The Lp3 absorption edge (73.1S
eV and 72.72 eV) of an Al filter was used to calibrate the
photon energy to within +0. 1 eV. The 6m TGM beam-
line was operated with 200-pm slits, which corresponds
to a theoretical resolution of 0.25 eV at 100 eV.
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III. RKSUI.TS AND DISCUSSION

A. Low-energy region ( & 11 eV above the edge)

The structure from threshold to 11 eV above threshold
has been thoroughly discussed previously. In particular,
O' Brien et al. have recently discussed the effects of inter-
mediate couplings in the L2 and L3 core exciton ' and
compared theory and experiment for the other peaks near
threshold. For completeness, we will discuss pertinent
aspects of the low-energy region in the following para-
graphs.

The high-resolution Al L-edge TEY spectrum and
XFY spectrum from single-crystal sapphire at 298 K in
the 76—92 eV region is presented in Fig. 1. There is a
pronounced doublet splitting of the Al L, 2 and L, 3 com-
ponents (78.80 eV and 78.38 eV) and a few superimposed
features (peaks b f). Separation of—the Al L23 edge com-
ponents yields a spin-orbit splitting of 0.42+0.02 eV.
This value agrees with the absorption results of Al by Co-
dling and Madden', with the emission data of Al by
Skinner, and with theoretical splitting of 0.48 eV ob-
tained from a Hartree-Fock calculation.

In Table I we list the energies of significant experimen-
tal peaks in the XANES spectrum of single-crystal A1203.
The peak energies were determined by curve fitting the
peaks to Gaussian functions after subtracting a polyno-
mial background. The errors were determined from es-
timated uncertainties in the curve fitting. These peak po-
sitions agree very closely to the values from Ref. 19 and
estimated from Refs. 7 and 13. The absorption features
in the TEY and XFY spectra in Fig. 1 are similar, but are
much better defined in the 1atter. In addition, it can be
seen that the 1.3 absorption peak to the below-edge back-
ground ratio is much enhanced in the XFY spectrum.
This is due to the fact that the x-ray fluorescence is avail-
able only if there is an Al(2p) hole, so the x-ray emission
is zero below the edge, and above the edge its probability
is proportional to the photoionization cross section of the
Al(2p) level. In Fig. 1, the length of the arrows located at
76 eV in each curve represents an increase of 20% of the
signal level at 76 eV. For the TEY the strong peak at

78.8 eV is only 17% greater than the background level at
76 eV, while for XFY the peak is 200% greater. Further-
more, there is an increasing background in the TEY spec-
trum, which we believe is due to increased charging at
energies above the Al I. edge.

As calculated from the x-ray-fluorescence spectrum
shown in Fig. 1(b), the observed L~/L2 intensity ratio is
0.36, which is less than the statistical value of 2. Ono-
dera and Toyozawa showed in a model for the electronic
transition p —+p s in the alkali halides that the branch-
ing ratio is fairly sensitive to the electron-hole exchange
energy. When the core-hole spin-orbit interactions c is
much greater than the electron-hole exchange interaction
6 in the final state, jj coupling is obeyed. In jj coupling,
the relative L3/L, 2 intensity for an excitation of the type
p ~p s will have the statistical value of 2/1. In the in-

TABLE I. Positions of the absorption peaks of Al L-edge
XANES spectrum of single-crystal sapphire. The energies are
expressed in eV.

Present work Ref. 7' Ref. 13' Ref. 19

h

l

J
k

78.38, 78.80
81.5+0.2
82.6+0.2
85.0+0.2
87.6+0.2
90.0+0.2
94.7+0.3
98.6+0.3
102.3+0.3
124.0+0.3
128.6+0.3

78.9
81.5
82.7
85.3
87.7
90.1

95.4
99.4

78.9
82.1

83.7
86.3
87.9
90.0
96.0

100.8

78.9
82.0
83.0
85.2
88.2
90.0
95.9
98.0

101.0

'Estimated from this reference.

FIG. 1. Comparison of the electronic energy levels shown as
vertical bars on the top of figure according to the calculations of
Balzarotti et al. ' with the present Al L-edge absorption spectra
from single-crystal sapphire obtained using (a) TEY and (b)
XFY. The length of the arrows at 76 eV represents an increase
of 20% of the signal level at that energy.
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termediate region (0 & b, & E), the branching ratio deviates
considerably from 2/1 when the exchange energy in-
creases. The statistical ratio gradually changes to the ex-
treme intensity ratio of zero when the core-hole spin-
orbit interaction is reduced to zero (LS coupling). This
model now has been widely applied. Recently, this
theory has been expanded to include crystal-field
effects. ' In addition, using the Onodera model, the ex-
change energy can be calculated according to the follow-
ing equation:

I(L3)/I(L2) =tan [arctan2'~ —
—,'arctan8'~ b /(3e —6)] .

Here, v=0. 42 eV. The obtained electron-hole exchange
energy is 0.35 eV, which agrees closely to the value calcu-
lated from reAection spectrum of sapphire. '

Many theoretical studies in the past have concentrated
on interpretation of the first few peaks (a f) of the—
XANES spectrum of single-crystal sapphire. ' ' Re-
cently, Balzarotti et al. have performed CNDO calcula-
tions on the [A106] molecule to explain the Al(2p) ab-
sorption spectrum of a-A1203. ' The CNDO method has
proven to be a valuable approximation for calculating the
electronic energy levels of many solid materials. ' It is
therefore relevant to compare the present Al I.-edge ab-
sorption features with energies predicted from the calcu-
lation of Balzarotti et al. The theoretical energy level
positions are indicated as vertical bar shown on the top of
Fig. 1. The value of the photoconduction threshold is
79.1 eV as determined in Ref. 21.

Since the main features of XANES of sapphire, such as
a, b, c, d, etc., appear in SXE, this indicates that they
must be due to localized resonant excitations. As seen
from Fig. 1, the two spin-orbital coupling pairs of the Al
L-edge XANES spectrum lie in the band gap' (about 9
eV) and are therefore interpreted in terms of exciton ab-
sorption. Similar structures have been observed in the

vacuum ultraviolet (VUV) optical' and soft-x-ray-
absorption spectra. According to the calculation of
Balzarotti et al. , the exciton peaks originate largely from
Al 3s levels pulled down into the band gap from the bot-
tom of the conduction band by the core-hole potential.
The feature at position b has primarily Al 3p character,
which is dipole forbidden and is therefore not observed.
A corresponding pronounced maximum exists in the
electron-yield Al K-edge spectrum of single-crystal A1203
(Ref. 7) and in the Al IC-edge photoabsorption spectrum
of y-A1203. The next structures, peaks d f, are d-erived

mainly from the Al 3d orbitals (rI, „d„»,d 2, d „and
d, ). However, the calculation of Balzarotti et al. fails
to describe the structures corresponding to peaks g-k in
Fig. 2. '

B. Interatomic distance correlation

Recently, many papers have pointed out that including
multiple scattering effects is essential for interpreting the
higher-energy post-edge structure in the XANES spec-
trum. ' ' Using multiple scattering theory, Bianconi and
Natoli have shown that the post-edge absorption features
can be correlated with interatomic distances. There
was some initial success in the application of the model.
For example, Bianconi et al. correlated the nearest-
neighbor distance in a series of 3d compounds, includingTi, V+, and Cr+ (all tetrahedrally coordinated to ox-
ygen) with a broad peak in the E-edge XANES spectrum
of the metals. Lytle, Greegor, and Panson correlated
some of the transitions in the XANES region to the bond
lengths in certain metal oxides. In the case of NiO,
they were able to identify and assign the Ni E-edge
features to long-range interatomic distances up to the

j k

N

Q)
~ ~

~ ~ ~
/

~ ~ ~ ~
$

~ ~ ~ ~
/

~ ~ ~ ~
/

~ ~ ~ ~
/

~ ~ ~ ~
/

~ ~

75 85 95 105 115 125 135

Photon Energy (ev)

FIG. 2. Al L-edge x-ray-absorption near-edge structure from
single-crystal sapphire in the energy range 76—140 eV obtained
using XFY. The length of the arrows at 76 eV represents an in-

crease of 20% of the signal level at that energy.

FIG. 3. The atomic structure in the unit cell of single-crystal
sapphire. Each Al atom is surrounded six oxygen atoms, three
[Al(4)-O(1), Al(4)-O(3), and Al(4)-O(5)] at a distance of 1.84 A,
and the other three [Al(4)-O(2), Al(4)-O(4), and Al(4)-O(6)] at a
distance of 1.98 A.
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TABLE II ~ Peak assignments and interatomic distances for
the post-edge peaks in the XANES spectrum of single-crystal
sapphire.

40- Shell Peak
Ep-E,h'

(eV)
R (A)b
Calc.

R (A)
Present

20-

Ri
R2
R3
R4
Rs

49.5
44.9
23.2
19.5
15.6

1.84
1.98
2.73
2.80
3.49

1.85+0.01
1.94+0.01
2.70+0.02
2.95+0.02
3.30+0.03

10
0.05

I

0.15
I

0.25 0.35

Eth is 79.1 eV determined in Ref. 2 1

Calculated from crystal structure according to Ref. 17.

1/R (A )

FIG. 4. Correlation plot between AE and 1/R for Al L-edge
XANES of single-crystal sapphire.

fourth coordination sphere. Investigating the S L-edge
XANES spectra of sulfide minerals, including ZnS, MoS2,
and PbS, Kasrai et al. were able to assign all the peaks
between 10 and 45 eV above the edge to interatomic dis-
tances. They have also successfully correlated the Cl
L-edge XANES of alkali halides (-10—50 eV above the
absorption edge) with interatomic distances. There is
now a growing number of empirical observations that
support the peak energy-distance correlation.

It was shown by Natoli that the energy of an absorp-
tion peak above the photoconduction threshold is in-
versely proportional to the separation R, from the ab-
sorbing atom to a neighboring atom, according to the fol-
lowing equation:

(E~ —E,h)R =DER =C, (2)

where E~ is the energy of the peak of interest, E,h is the
photoconduction threshold energy, and C is the constant
for absorbing material. It can be shown that for a free
electron the value of C is 150.4 eV A . In practice C is
determined by fitting the experimental data to Eq. (2).

Single-crystal sapphire has a rhombohedral symmetry
(D3d space-group symmetry) with two A1203 units in the
primitive cell. The minimum (A1203)2 cluster of sapphire
is shown schematically in Fig. 3. In this structure, each
Al atom has three nearest-neighbor atoms at a distance of

0
1.84 A and three next-nearest atoms at a distance of 1.98
A. Viewed from an oxygen site, it appears to be sur-
rounded by four Al atoms, two at a distance of 1.84 A
and the other two at a distance of 1.98 A. Calculated
from crystal structure of Alz03, the distances for Al(1)-
Al(4), Al(2)-A1(4), and Al(3)-Al(4) are 2.73, 2.80, and 3.49
A, respectively. '

It is obvious from the energy and distance relationship
in Eq. (2) that the shorter the interatomic distance, the
higher the energy of the corresponding absorption peak.

After locating the peak corresponding to the first-
nearest-neighbor shell in the region of 30—50 eV above
the edge, the other peaks can be correlated sequentially.

A plot of AE against 1/R, as shown in Fig. 4, reveals
a linear correlation with an intercept of -0.28 eV. The
value of C calculated from the slope of this plots is 169.4
eV A . Deviation of the constant C from the free-
electron value is related to changes in the phase shift dur-
ing backscattering. In Table II, we summarize the results
of the correlations and compare the derived distances
with the experimental values. Looking at Fig. 4 and
Table II, we notice that the correlation between the ex-

O

perimental and derived distances is within 0.04 A for the
first three peaks and 0.16 A for the other two peaks. In
addition, it can be seen from Fig. 2 that the intensity of
peaks g —i is stronger than that of peaks j and k. This is
because the scattering between the Al atoms is greater
than that between Al atoms and oxygen atoms.

IV. CONCLUSION

In this paper, we report the Al L-edge XANES spectra
from single-crystal sapphire obtained using TEY and
XFY. The signal-to-background of the XFY spectrum is
enhanced compared to the TEY. This result shows that
XFY measurement is a powerful method to measure the
bulk extended x-ray-absorption fine structure (EXAFS)
and XANES for structural information, especially for in-
sulating sample. The experimental structures up to 11 eV
from Al Lz3 absorption edge are interpreted in terms of
the transition of electrons to empty levels of Al ion of
predominant s, p, and d character according to the
molecular-orbital calculations on the [A106] cluster by
Balzarotti et al. ' The post-edge features between 11 and
60 eV above the Al L23 absorption edge correlate well
with the interatomic distances as predicted by the multi-
ple scattering model of Bianconi and Natoli.
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