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Transmission electron microscopy (TEM) and local density functional theory (LDFT) are combined
to analyze the microscopic structure of the rhombohedral twin interface in a-Al,O3;. LDFT provides

interfacial energetics and atomic and electronic structures for three competing models.

With high-

resolution TEM the atomic structure at the interface is imaged quantitatively along two orthogonal zone
axes. Electron energy loss spectroscopy in TEM with nanoscale spatial resolution yields the interfacial
electronic structure. Both experiments confirm the theoretically preferred model quantitatively.
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L. Introduction.—Transmission electron microscopy
(TEM) is one of the most powerful experimental ap-
proaches to study extended structural defects such as
dislocations or grain boundaries buried in the interior of
real materials [1,2]. Various structural and functional
properties of technologically important materials, with
polycrystalline or layered microstructures, are controlled
or influenced by the atomistics, bonding, and energetics at
the internal boundaries. Therefore, it is of high importance
to characterize and understand the atomistic and electronic
structure at an atomic scale not only of single-crystalline
compounds but of interfaces as well.

Interfacial electronic structures can be explored with
scanning transmission electron microscopy by electron
energy loss spectroscopy (STEM-EELS) with high
resolution, of both about 1 nm spatially and 0.5 eV
energetically [2]. The energy-loss near-edge structures
(ELNES) in EELS provide characteristic features about
the local elemental composition, electronic states, bond-
ing, and coordination.  Alternatively, first-principles
electronic-structure and total-energy calculations based on
the local density functional theory (LDFT) [3,4] provide
very accurate and predictive theoretical information about
structures and properties of bulk crystals, surfaces, and
interfaces [5,6]. Local electronic structures for com-
parison with ELNES are derived from the one-electron
eigenvalues and wave functions via site and angular-
momentum projected densities of states (PDOS), which
are related to the double differential cross section for
inelastic electron scattering [7,8]. Theoretically pre-
dicted atomistic structures are quantitatively compared
to high-resolution transmission electron microscopy
(HRTEM) images via image simulation [9,10].

In the present study, first-principles LDFT calcula-
tions, employing a mixed-basis pseudopotential approach
[11-13], and STEM-EELS experiments are employed
to investigate the atomic arrangement and electronic
structure at an interface in @-Al,O3 (sapphire, corundum).
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PACS numbers: 61.72.Bb, 61.72.Ff, 71.15.—m, 73.20.-r

Quantitative HRTEM is used to verify the atomic arrange-
ment. The considered interface is the rhombohedral twin
boundary. It is aligned parallel to a (1012) plane of the
corundum structure. The rhombohedral twin, alternatively
to the basal twin, is of major interest for plastic twinning
deformation of @-Al,O3 crystals.

In a recent LDFT study of the rhombohedral twin inter-
face [14] three metastable configurations were found which
represent local energy minima with respect to axial and
lateral translations of the two grains. The twin configu-
ration with the lowest interface energy, Ei,, = 0.63 J/ m2,
is terminated by the “vacant” octahedral interstitial cation
positions in the oxygen sublattice, i.e., those not occupied
by Al cations (cf. Ref. [14]). The two grains are mutu-
ally related by screw-rotation symmetry. Thus, this struc-
ture is denoted as S(V) (screw-rotation symmetry with
“vacancy” termination). Another twin structure with va-
cancy termination and glide-mirror symmetry, G(V), has
a high interface energy E;, = 3.34 J/m>. The third twin
interface, G(O), is terminated by an oxygen layer, shows
again glide-mirror symmetry, and has an interface energy
of Ejn = 1.35 J/m?. Therefore, the structure S(V) and
its electronic states are predicted to be most favorable
by LDFT. The structural details of the three interface
models are displayed in Figs. 1, 4 and 6 of Ref. [14].
The unrelaxed interface model proposed earlier in Fig. 2
of Ref. [15] corresponds to the high-energy model G(V)
(cf. Fig. 4(b) of Ref. [14]).

This case study of the rhombohedral twin demonstrates
the progress achieved in the field of experimental ELNES.
Only recently LDFT based calculations of ELNES for ce-
ramic materials have reached a level of accuracy sufficient
for interpretation of measured bulk spectra [8,16]. Mean-
while, experimental ELNES investigations have matured
to a degree that allows one to distinguish and decide be-
tween different structure models of a grain boundary, the
results being consistent with results of LDFT based struc-
ture calculations and with HRTEM results.
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II. Electron energy loss spectroscopy in a STEM.—For
STEM-EELS and HRTEM studies, a rhombohedral twin
bicrystal was made by diffusion bonding [17] of two suit-
ably oriented crystals of highly pure sapphire in ultra-high
vacuum. No contamination at the interface was detectable
by energy-dispersive x-ray spectroscopy in the STEM.
Electron and x-ray diffraction measurements indicated de-
viations of ~0.1° off the perfect orientation relation. The
TEM specimens were prepared using diamond wire saw,
grinding polisher, dimple grinder, and ion milling. The
specimens used to determine the results presented here
were ion milled at only 2.5 keV in order to minimize their
susceptibility to irradiation damage in the TEM. More
conventional milling at higher energies resulted in speci-
mens for which the eventual radiation damage inhibits a
meaningful comparison between experimental and theo-
retical grain-boundary ELNES.

The EELS experiments were performed with a dedicated
STEM (VG HB501UX), run at 100 kV and equipped with
a parallel EELS spectrometer. Bulk and interfacial EELS
were acquired in a spot modus, with an energy disper-
sion of 0.1 eV per channel and an effective electron beam
diameter of about 1.7 nm passing through the specimen.
(The nominal spot diameter of the beam entering the spec-
imen is 1.0 nm.) For every measurement, spectra were
recorded at the interface region and in more remote bulk
areas on both sides of the interface. Neither the spectra
nor the subsequently recorded dark-field images indicated
any evidence for specimen damages by electron irradiation.
From the low-loss spectra local specimen thicknesses of 20
to 40 nm were determined.

All experimental sets of O K-ELNES showed the same
features as the set of bulk and interfacial spectra displayed
in Fig. 1. The interfacial spectra have lower intensities at
the prominent peaks (marked by arrows) and rise already
about 0.2 eV below the bulk edge onset. Applying the spa-
tial difference method for interfaces [18], 85% of the bulk
spectra were subtracted from the interfacial spectra, ac-
counting for the number fraction of bulklike oxygen atom
columns in the electron spot region. This resulted in in-
terfacial ELNES like curve (b) in Fig. 1. This interface-
specific part of the spectrum shows a splitting of the first
peak around 540 eV and a broad feature between 550 and
560 eV energy loss. The shape of the difference spectrum
does not change significantly for bulk subtractions within
a range from about 80% to 90%. Also it is not merely
an artifact of a subtraction of energy-drifted bulk spectra.
Furthermore, LDFT results for all three interface models
indicated that only the O-PDOS from sites directly at the
interface differ strongly from the bulk O-PDOS. Thus, by
a count of the O columns within a circular beam region
of 1.7 nm diameter, with the interface crossing the cen-
ter of the circle, a ratio of 83% bulk and 17% interface O
columns for all three models is estimated. This ratio lies
well within the given range of significance for the experi-
mental spatial difference spectra.
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FIG. 1. Experimental oxygen K-edge energy-loss near-edge

spectra of a-Al,Os: (a) bulk (black line) and interface (grey
line) spectrum as measured (no background subtracted); (b) spa-
tial difference spectrum obtained by subtracting 85% of the bulk
spectrum from the interface spectrum of (a) (background sub-
tracted). The prominent peaks are marked by arrows.

Assuming the dipole approximation for the inelastic
scattering of electrons, in a one-electron approach like the
LDFT the O p-PDOS of the unoccupied bands are related
directly to the ELNES at the O K-edge [8]. Final-state ef-
fects of the 1s core holes formed by the excitation of core
electrons to the conduction bands are incorporated by the
Z + 1 approximation, where the excited oxygen atom O*
is mimicked by a fluorine atom [16].

Figure 2 displays the comparison of calculated p-PDOS
of an excited O* atom in bulk sapphire with an O K-edge
ELNES obtained by EELS. In this and the following calcu-
lated p-PDOS a Gaussian broadening of 1.6 eV is applied,
which gives the best visual agreement between calculated
and measured spectra for bulk sapphire. The PDOS includ-
ing final-state effects and the ELNES agree with respect to
the number and energy positions of characteristic features
[8] and also in their spectral strength [16]. Finer structures
are hidden in this calculated p-PDOS. Their presence is
illustrated in Fig. 2 by the other p-PDOS with a broaden-
ing of only 0.8 eV.

For a consistent determination of the interfacial struc-
ture from ELNES and LDFT, O* p-PDOS were calculated
for oxygen positions at the interface planes in the three
metastable interface models of Ref. [14], in the same way
as for the bulk O* p-PDOS displayed in Fig. 2. In Fig. 3
the LDFT results are compared with the experimental in-
terfacial O K-edge spectrum (cf. Fig. 1). Three indepen-
dently acquired spatial difference spectra were added, and
the sum spectrum was smoothed with a low-pass filter of
1 eV. A comparison of PDOS with ELNES excludes the
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FIG. 2. Oxygen K-edge energy-loss near-edge spectrum of
bulk a-Al,O3: (a) experimental spectrum; (b) calculated
O* p-PDOS of unoccupied conduction-band electron states
with Gaussian broadening of 1.6 eV (solid line) and 0.8 eV
(dashed line).

interface model G(V) because its PDOS displays too large
a splitting of the two peaks around 540 eV. The interface
model G(O) should be ruled out because the broad feature
around 555 eV is split into two peaks in the calculated
PDOS, but not in the experimental ELNES. Only the O*
p-PDOS of model S(V) agrees with the experimental O
K-edge spectrum in the energy range up to 30 eV above
the edge onset. Hence, with EELS it is possible to assess
experimentally the structure and electronic states predicted
by LDFT.

II1. Quantitative high-resolution TEM.— HRTEM im-
ages of the bicrystal were recorded with the microscopes
JEM 4000EX and JEM ARM-1250 [19], operated at
400 kV and 1250 kV, respectively, and with point reso-
lutions of 0.17 nm and 0.12 nm, respectively. The same
TEM specimens as for the EELS measurements were
used. To differentiate between the three structure models
HRTEM observations have been made along [1210] and
[1011], which are orthogonal axes in the interface plane.

Figure 4 displays a section of an HRTEM image of the
boundary projected along [1011]. The position of the in-
terface is marked by the vertical line. It illustrates the
very high quality of the diffusion-bonded bicrystal by dis-
playing exactly the same image contrast patterns on both
sides of the boundary. The interface can hardly be recog-
nized in Fig. 4. Its location can be seen well by a small
difference in brightness on the original image. The trans-
lational periodicity of the pattern does not change across
the interface. According to the LDFT prediction this is
consistent with only the models S(V) and G(O) and rules
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FIG. 3. Comparison of the experimental oxygen K-edge
energy-loss near-edge spatial-difference spectrum at the in-
terface (bottom curve, obtained by averaging three sets of
spectra, cf. Fig. 1, and applying a low-pass filter of 1 eV for
noise reduction) with calculated O* p-PDOS of unoccupied
conduction-band electron states at the oxygen sites closest to the
interfaces (with Gaussian broadening of 1.6 eV) for the three
models S(V), G(O), and G(V). The calculated curves are shifted
in energy to match the first peak of the measured spectrum
at 538 eV.

out the high-energy interface model G(V), for which a pat-
tern with a mirror symmetry plane at the interface should
appear (cf. Fig. 6(b) in Ref. [14]).

The HRTEM image of the bicrystal along [1210] al-
lows one to discriminate between the other two interface
models. The quantitative analysis of this HRTEM image,
displayed as panel (A) in Fig. 5, involves a matching with
simulated images [20]. For optimum agreement, the imag-
ing parameters (e.g., defocus, specimen thickness, lens
aberrations, and transfer function of the recording medium)
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FIG. 4. High resolution transmission electron microscope im-
age of the rhombohedral twin grain boundary along the [1011]
zone axis. The position of the interface plane (1012) is indicated
by the vertical line. There is no apparent change in the image
pattern across the interface. The length of the scale bar is 1 nm.
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FIG.5 (color). High resolution transmission electron mi-
croscopy images of the rhombohedral twin grain boundary
along the [1210] zone axis. The interface is located vertically in
the middle of each image. (A) The experimental image (same
left and right); (B) the best matching simulated image for the
structure models G(O) (left) and S(V) (right); (C) the difference
image, enhanced by a factor of 6, between experiment and
corresponding simulation. The color scale marking relative
image intensities from O to 1 (from left to right) is shown at
the bottom. The length of the white scale bar in the left panel
(C) is 0.1 nm.

were determined by variation [9,10]. Three separate op-
timizations were performed, employing the three theo-
retical interface models to initialize the image-parameter
refinement. A measure of the success of a quantitative im-
age matching is the cross correlation factor (XCF) in the
pixel-by-pixel comparison of experimental and simulated
images (XCF = 1 means both images are identical). The
optimizations yielded XCF = 0.987 for the model S(V),
0.981 for G(V), and 0.973 for G(O). Since the struc-
ture G(V) was ruled out by inspection in Fig. 4, the better
match indicates that model S(V) is the most likely one.
This can also be seen in panel (C) of Fig. 5 where the dif-
ference between experimental [panel (A)] and simulated
[panel (B)] HRTEM image for G(O) is considerably larger
than for S(V) at the interface. Additionally, the image pa-
rameters determined by variation for G(O) are not consis-
tent with the known and fixed instrumental conditions of
the TEM during the image recording. Thus, quantitative
HRTEM determines the structure S(V) for the bicrystal.
This independent result is in complete agreement with the
previous conclusions of LDFT and of STEM-EELS; i.e.,
the structural model S(V) is the most appropriate one for
the rhombohedral twin interface.

1V. Conclusion.—This study evaluates the feasibility to
predict and to measure the electronics of an interface struc-
ture at an atomic level. By comparison of calculated pro-
jected densities of electronic states and measured ELNES a
consistent and unequivocal decision about the microscopic
interfacial structure is achieved that is verified by quanti-

tative HRTEM. This is demonstrated here for the case of
the rhombohedral twin interface in sapphire.

Of three proposed structure models, S(V) is the pre-
ferred interface structure owing to its theoretically lowest
interface energy, to its agreement of the experimental O
K-edge ELNES with the theoretical O* p-PDOS at the in-
terface, and to the quantitative HRTEM image matching
along two orthogonal zone axes parallel to the interface
plane. These results illustrate that LDFT and ELNES can
determine quantitatively the electronic structure as well as
the geometric translation state and local atomistics of in-
terfaces with high precision.
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