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Although it is a minor component by mass, cosmic dust plays an outsized role in the universe, contributing to star and planet for-
mation, stellar evolution, andmolecule formation to name but a few [1-3]. Optical response is themainmechanism to determine the
chemical composition and crystal structure of this cosmic dust. However, many of the dust analogs studied in the laboratory uses
materials that are generated in environments very unlike those in space, e.g. [4]. Here we investigate materials created as smoke con-
densates in systems similar to those expected to generate dust in space to understand their initial structure and how they evolvedwith
annealing. One of themajor sources of cosmic dust is Asymptotic Giant Branch (AGB) stars [5]. These stars have beenwell studied in
infrared spectroscopy over the past several decades, but several spectral features remain mysterious or at least controversial. One of
the important compounds expected to form around AGB stars in alumina (Al2O3). Alumina is a major player in dust condensation
mechanisms [6-9]; and is found in presolar grains; meteoritic grains whose isotopic compositions indicate the stellar sources from
which they originate [10]. However, since Al is much less abundant than Fe, Si or Mg, alumina’s contribution is often overlooked,
with the assumption being that its contribution is negligible. Understanding the optical response of Al-O compounds, and how these
evolve with annealing is the key to fully understanding dust formation and evolution. The tetrahedron illustrated in figure 1 shows
the multiple class of compounds in which oxygen is combined in different forms such asMg-Al-O,Mg-Al-O-Si, Fe-Al-O, Mg-O-Si,
Ca-Al-O, etc. Figure 1B shows the laboratory with sections of precursor used on vapor phase condensates to produce aluminum
oxide compound smokes prepared at the Astrochemistry Branch at NASA’s Goddard Space Flight Center.
In this work, we have studied aluminum oxide with no other element added to register experimental evidence of optical prop-

erties from the amorphous to themost stable crystalline structure alpha-Al2O3. The samples were annealed two times, at 900˚C for
one hour and 1200˚C under a rapid thermal annealing. Electron diffraction was performed on the samples before and after anneal-
ing shown in figure 2A, 2B and 2C using a JEOL ARM 200F operated at 200kV. The first annealing indicates a crystallization
process inwhich gamma-Al2O3 is found, while the second annealing produces the corundumphase, where the number n of clusters
(Al2O3)n increases, which leads into the crystalline bulk limit (n→∞) [11]. Optical properties of the three samples were measured
using electron energy loss spectroscopy (EELS) registered in a JEOL JEM-ARM 200CF microscope operated at 200 kV with cold
field emission gun operated in TEM mode with a post-column Gatan imaging filter spectrometer (GIF Quantum 956ER).
The electronic structure of a specimen, which essentially dictates its optical properties, can be determined through the analysis

of the outer shell electrons in the low loss region of an EELS spectrum. By applying appropriate deconvolutionmethods to remove
the zero-loss peak, valuable insights into the bandgap region can be obtained while the Kramers–Kronig (K-K) transformation
infers the dielectric properties from the measured energy loss function (ELF). The known Al2O3 refraction index (1.76) [12]
was considered during the application of K–K sum rule to normalize the energy loss function (ELF) and measure thicknesses.
There is a relation between the dielectric function (ϵ) and the energy-loss function, ELF(E) = Im (-1/ ɛ(E)), in which ϵ1 and ϵ2
can be measured and where Im indicates imaginary part. ELF represents the response of a material to fast electrons traveling
through it, as occurs in a TEM–EELS measurement. The dielectric function is a fundamental characteristic that is related in
how the material responds to the incident electromagnetic radiation by describing the dielectric constant of a material and the
energy dissipation. The energy dependence of the real and imaginary parts of the dielectric function, ϵ1 and ϵ2 are shown in figures
3A and 3B. For the complex dielectric function, ϵ1 is near to unity while the value of ϵ2 is very small in the high energy edge; ɛ1
equivalent to dielectric constant and ϵ2 corresponds to optical absorption spectra, which provides information of interband tran-
sition in the low energy edge, the maxima of ɛ2 show predominant transitions. Both real and imaginary parts of the dielectric
constant decrease with increasing of photon energy (increasing transmission) as shown in figure 3A and 3B. The ELF spectra
can be used to elucidate optical spectra and clearly exhibit the energy range associated with the electronic excitation.
Figure 3C shows the ELF spectrum of different configurations of AlO after zero loss peak elimination. The highest peak of the
energy loss function is called the plasmon peak of thematerial. The energies of the plasmon peaks are shift to higher energy during
the phase transformation of AlO from amorphous to polycrystalline and crystalline structures. ELF directly reveals the onset of
the bandgap energy of AlO samples. In the range of 0 to 10 eV, no definite maxima are observed in the energy loss spectrum due to
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the large ϵ2 in figure 3B. Density-functional theory calculations were performed using theWIEN2k code [13] in order to calculate
the frequency dependent dielectric function and compare with EELS measurements. The calculations were performed within the
Generalized Gradient Approximation (GGA) exchange-correlation energy in the Perdew-Burke-Ernzerhof (PBE) approach.
Calculated real and imaginary parts of dielectric function, as well as energy-loss function are included in figure 3C, where it is
evident that the simple annealed at 1200˚C give results close to the calculated one at that temperature. Furthermore, the ϵ1 plots
show a zero-crossing with positive slope, indicating a plasmon oscillation at 26.2 eV in the energy-loss function, corresponding to
26.2 eV in calculations. The structural and optical properties measured in the present work are used to be compared with optical
properties of aluminum oxide cosmic dust [14].

Fig. 1. A) Tetrahedron of aluminum oxygen-rich environments found in asymptotic giant branch (AGB) stars. B) Laboratory of the vapor phase condensate
system at the Astrochemistry Branch at NASA’s Goddard Space Flight Center.

Fig. 2. Structural analysis using electron diffraction of aluminum oxide smokes A) as grown, b) annealed at 900˚C for one hour and C) annealed at 1200˚C
under a rapid thermal annealing.

Fig. 3. Optical propertiesmeasured from the EELS spectra on the three samples, no annealed, annealed at 900˚C for one hour and annealed at 1200˚C to a
rapid thermal annealing. Calculated properties using alpha-Al2O3 are also included in the graphs. Complex dielectric function ɛ(E)= ɛ1(E) + iɛ2(E) including
(A) real part ɛ1 and (B) imaginary part ɛ2, (C) shows the energy loss function (ELF).
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