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Infrared spectra in amorphous alumina: A combined ab initio and experimental study
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We present a combined study based on the experimental measurements of an infrared (IR) dielectric function
and first-principles calculations of IR spectra and the vibrational density of states (VDOS) of amorphous alumina
(am-Al2O3). In particular, we show that the main features of the imaginary part of the dielectric function ε2(ω)
at ∼380 and 630 cm−1 are related to the motions of threefold-coordinated oxygen atoms, which are the vast
majority of oxygen atoms in am-Al2O3. Our analysis provides an alternative point of view with respect to
an earlier suggested assignment of the vibrational modes, which relates them to the stretching and bending
vibrational modes of AlOn (n = 4, 5, and 6) polyhedra. Our assignment is based on the additive decomposition of
the VDOS and ε2(ω) spectra, which shows that (i) the band at ∼380 cm−1 features oxygen motions occurring in
a direction normal to the plane defined by the three nearest-neighbor aluminum atoms, i.e., out-of-plane motions
of oxygen atoms; (ii) Al-O stretching vibrations (i.e., in-plane motions of oxygen atoms) appear at frequencies
above ∼500 cm−1, which characterize the vibrational modes underlying the band at ∼630 cm−1. Aluminum
and fourfold-coordinated oxygen atoms contribute uniformly to the VDOS and ε2(ω) spectra in the frequency
region ∼350–650 cm−1 without causing specific features. Our numerical results are in good agreement with the
previous and presently obtained experimental data on the IR dielectric function of am-Al2O3 films. Finally, we
show that the IR spectrum can be modeled successfully by assuming isotropic Born charges for aluminum atoms
and fourfold-coordinated oxygen atoms, while requiring the use of three parameters, defined in a local reference
frame, for the anisotropic Born charges of threefold-coordinated oxygen atoms.

DOI: 10.1103/PhysRevMaterials.7.045604

I. INTRODUCTION

Aluminum oxide (Al2O3) is a technologically relevant
material used in a wide variety of applications [1–6]. In
particular, polymorphs of Al2O3 possess chemical inertness,

*giacomazzi@iom.cnr.it
†n.s.shcheblanov@gmail.com

thermal stability, and high dielectric properties [7]. In recent
decades, the electronic properties of amorphous alumina (am-
Al2O3) have made it an attractive dielectric-insulator material
for use as a high-κ material [5] and for the development
of supercapacitors [7,8]. Also, the nanocomposites based on
the am-Al2O3 matrix have been explored for applications in
harsh environments, for instance to produce fuel cladding for
Generation IV systems [4,9], and as scratch-resistant coatings
[10]. Finally, the heat transport properties of am-Al2O3 are
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also an active field of research [2,11], the understanding of
which is ultimately associated with the correct description of
the vibrational modes.

Al2O3 presents a variety of crystalline phases (e.g., α, γ , δ,
η, θ , κ). This structural polymorphism reflects the predom-
inant ionic nature of the Al-O bond, which entails a large
variability in the O-Al-O bond angle and in local structures,
which can be composed of both tetrahedral and octahedral
Al units. Amorphous Al2O3 can be produced in different
forms, e.g., anodic or evaporated films. The atomic structure
of am-Al2O3 thin films has been the object of many exper-
imental investigations in the past two decades. For instance,
high-resolution solid-state NMR studies have shown that the
fractions of fourfold- and fivefold-coordinated Al atoms (i.e.,
AlO4 and AlO5 units) are dominant in these films reaching
∼92–95% [12–14]. A subsequent first-principles study [15]
confirmed this fact for the densities of model structures of
2.9, 3.1, and 3.3 g/cm3. The fivefold coordination of Al atoms
can be regarded as a fingerprint of the amorphous phase [16],
which eventually might be relevant for catalysis applications
[6]. Crystallization phenomena lead to the formation of edge-
sharing sixfold-coordinated Al polyhedra (i.e. AlO6 units)
together with threefold- and fourfold-coordinated O atoms
(i.e., OAl3 and OAl4 units) while the fivefold-coordinated Al
atoms undergo annihilation [16,17]. Recent structural investi-
gations (x-ray, neutron, and NMR) of amorphous and deeply
supercooled liquid alumina were carried out by Shi et al. [18]
and Hashimoto et al. [19], which also support the presence
of high populations of AlO4 and AlO5 units predominantly
linked by triply shared O atoms.

Unlike various glass-forming oxides (e.g., SiO2, GeO2,
B2O3, P2O5, etc.), for am-Al2O3, as far as we know, there are
still no experimental data on inelastic scattering of neutrons
or x-rays that provide a vibrational density of states (VDOS),
with the exception of nanoparticle shells in the boson peak
frequency range [20]. Infrared (IR) spectroscopy is the most
widely used experimental technique to investigate vibrational
properties in am-Al2O3 thin films [21–25], but despite this
fact, the vibrational bands in the frequency range from ∼300
to 700 cm−1 are still assigned in the literature to not so well
specified AlO4, AlO5, and AlO6 stretching vibrational modes
[26]. Moreover, previous theoretical approaches ranging from
classical and ab initio molecular dynamics (MD) [27–29] to
neural network schemes [30] do not lead to a reliable analysis
for the assignment of the vibrational modes.

To the best of our knowledge, experimentally derived
complex dielectric functions, ε(ω) = ε1(ω) + iε2(ω), for
high-quality am-Al2O3 films have been provided only in a
few cases [21,31]. In particular, in Ref. [21] the dielectric
function was derived from the experimental transmittance
and reflectance data by using Fresnel’s equations. However,
there is a problem with these experimental data, in particular
that these data extrapolate to a rather low static dielectric
limit, ε1(ω → 0) ∼ 7, compared to typical values obtained
for beam-evaporated alumina films (∼8–9) [32–35]. It should
be noted that the technique used in Ref. [21] requires a
nonreflecting substrate, high film homogeneity, low surface
roughness, and sufficiently large thickness to ensure that no
light returns from the inner sample to the sample surface. In
addition, the quality of the experimental data depends on the

proper choice and treatment (subtraction) of the substrate as
well as from the evaluation of the refraction index n = √

ε∞.
All of these factors can be the cause of the aforementioned
inconsistencies. As a result, all these contradictions, both
experimental and theoretical, prompt us to undertake a new
combined numerical-experimental study.

In this work, we primarily focus on the origin of the vi-
brational modes of am-Al2O3 giving rise to the experimental
IR features peaking at ∼380 and ∼600–630 cm−1 in the
ε2(ω) dielectric function. To elucidate the physics behind
these features, we perform a complementary analysis based
on high-quality experimental IR measurements (of am-Al2O3

thin films prepared by using an electron-beam evaporation),
and first-principles calculations based on density functional
theory (DFT). We provide detailed numerical modeling of the
IR and VDOS spectra, and we reveal the contributions of the
chemical species (O and Al) and various atomic units through
additive decomposition approach. In particular, we point out
the primary role of the motions of threefold-coordinated O
atoms in directions normal and parallel to the plane of the
neighboring Al atoms. Such a comprehensive analysis pro-
vides a solid ground for the assignment of the vibrational
modes and specific IR features of am-Al2O3. Based on the
analysis of the calculated Born effective charges, we outline
a parametric model that, despite its simplicity, reflects the
underlying physics and allows us to calculate the dielectric
function at a level comparable to ab initio quality.

This paper is organized as follows. In Sec. II we provide
computational details of the DFT calculations (Sec. II A),
and the physical properties of the am-Al2O3 models used for
this study are discussed in Sec. II B. Experimental details
concerning the synthesis, structural analysis, and IR spec-
tra measurements are given in Sec. II C. In Sec. III A, we
address structural properties such as coordination numbers
and composition of the OAl3 units for threefold-coordinated
oxygen atoms, and we also analyze short- and medium-range
orders using the Al-O bond-length and void distributions. Sec-
tion III B is devoted to vibrational modes, and, in particular,
we present an analysis of the VDOS spectra. In Sec. III C,
we present results for the calculated and measured IR di-
electric functions, and the static and high-frequency dielectric
constants, while in Sec. III D we provide an analysis of the dy-
namical Born charges needed to define a parametric model for
calculating IR spectra. Section IV is devoted to a discussion of
the results. The conclusions of this work are drawn in Sec. V.

II. METHODS

A. Ab initio computational details

All the calculations for am-Al2O3 carried out in this work
are based on DFT, using the generalized gradient approxi-
mation (GGA) [i.e., the Perdew-Burke-Ernzerhof (PBE) [36]
functional] and norm-conserving pseudopotentials for O and
Al atoms [37,38]. The Kohn-Sham wave functions are ex-
panded in a basis of plane waves up to a kinetic energy cutoff
of 70 Ry at the sole 
-point of the Brillouin zone, as justified
by the large size and the large band gap of the considered
system [39].

The structural models of am-Al2O3 (Sec. II B) are relaxed
by adopting a force threshold of 0.0025 eV/Å, which allows
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for a proper harmonic treatment of the vibrational modes. We
calculate the vibrational frequencies and eigenmodes as well
as the high-frequency dielectric constant and the dynamical
Born charges within the linear-response approach [40]. In
addition, the vibrational modes are obtained under the con-
straint that the force constants satisfy the acoustic sum rule.
The codes used here for calculating structural and vibrational
properties are freely available with the QUANTUM ESPRESSO

package [40].

B. am-Al2O3 model structures

In our study, we use several structural models of am-Al2O3.
The first structural model (hereafter named model I) was
generated in Ref. [39] via Born-Oppenheimer MD simula-
tions following a quench-from-the-melt approach. The initial
configuration was obtained by adapting a 160-atom model of
κ-Al2O3 to an orthorhombic supercell. The alumina melt was
equilibrated at 3000 K for 1 ps and subsequently quenched to
300 K in 14 ps. The atomic structure was then further relaxed
by constraining the shape of the supercell and by allowing
the lattice constants to relax freely in order to remove the
residual stress. The final model contains 160 atoms in a (peri-
odic) orthorhombic simulation cell with sides: 11.475, 11.244,
and 12.778 Å, corresponding to a density of 3.3 g/cm3. The
neutron radial distribution function (RDF) calculated for this
model [39] is found in fair agreement with experimental data
from Ref. [41]. For the present work, we have just further
relaxed the atomic configuration (generated in Ref. [39] and
available in Ref. [42]) as explained in Sec. II A.

Two other models, hereafter named model II and model
III, were generated in Ref. [27] (and named there as model
G and model H, respectively). Models II and III both con-
tain 120 atoms in an orthorhombic periodic supercell with
a density of 3.27 and 3.22 g/cm3 [27], respectively. The
models were generated by means of classical MD through a
quench-from-the-melt procedure using the empirical pairwise
potential developed by Matsui in Ref. [43], and then employed
in DFT calculations within the local density approximation
(LDA) to obtain the dielectric response [27,44]. Structure
factors and RDFs of models II and III have been discussed
in Ref. [27], and found to be consistent with other classical
MD results and experiments. In the present work, the atomic
configurations of these models have been only further relaxed
by first-principles as explained in Sec. II A.

To analyze the medium-range-order structure of our am-
Al2O3 models, we perform a void size distribution (VSD)
analysis by using the Zeo++ code [45], an open source
software that carries out a geometry-based analysis of porous
materials and their voids (pores). In this analysis, every atom
is considered as a sphere, and the radii of Al and O atoms
are 1.23 and 0.73 Å, respectively [46]. A probe radius of 0.1
Å is used to scan empty space and find voids, i.e., spheres
that can be inserted in contact with surrounding atoms without
intersecting with them. Thus, the resulting VSD shows us how
much void space corresponds to certain void sizes.

C. Experimental methods

Amorphous Al2O3 films are deposited on the surface of
a 500-μm-thick undoped Si single-crystal wafer by using an

electron-beam evaporation (Angstrom Engineering AMOD)
with the substrate at room temperature and a base pres-
sure of 5 × 10−5 Torr. The evaporation source is high-purity
Al2O3 and the deposition rate is 1 Å/s and controlled by a
quartz crystal microbalance. The nominal thickness is 300 nm
for FTIR spectroscopy measurements and 100 nm for x-ray
reflectivity (XRR) measurements. The high-resolution trans-
mission electron microscopy (HR-TEM) imaging and x-ray
diffraction are used to reveal the amorphous nature of the
Al2O3 film. Applying the XRR technique gives a density of
2.74 g/cm3 and shows a low surface roughness of 1.1 nm.
The reader is referred to Fig. S1 and related text in the
Supplemental Material [47] for more information on film
characterization.

IR spectra are recorded using Bruker Vertex 70V IR spec-
trometer in transmission mode under vacuum. A total of 64
scans are averaged with a resolution of 2 cm−1. A blank
Si wafer is used for background recording. The traces of
atmospheric water and CO2 were removed using atmospheric
compensation in OPUS software (Bruker Optik GmbH). The
spectra are smoothed by using the Savytzky-Golay algorithm
and leveled to zero absorption at 4000 cm−1. In addition to the
broad absorption between ∼100 and ∼1100 cm−1, there is a
weak but broad absorption between ∼3000 and ∼3600 cm−1.
This band pattern can be assigned to the stretching vibrations
of surface hydroxyl groups [48].

For calculating optical constants n(ω) and k(ω), related to
the complex refraction index n(ω) = n(ω) + ik(ω), we follow
the procedure developed by Gerakines and Hudson [49]. This
iterative procedure requires as input a transmission spectrum
with a reference refractive index of the film, its thickness, and
optical constants for the substrate over the same wave-number
range as the transmission spectrum. At each iteration, the
Kramers-Kronig relation is used to obtain n(ω) from k(ω) for
each wave number. The method is preferred in systems where
obtaining a pure substance is challenging (e.g., in thin films),
because it is hard to avoid multiple reflections and inferences
when using reflective substrates.

III. RESULTS

A. Structural analysis

Before addressing the vibrational spectra of am-Al2O3 pre-
sented in the next subsections, we provide here some basic
information about the structure of the am-Al2O3 models used
in this study. In particular, in Table I we provide the co-
ordination numbers of Al and O atoms, which is the most
essential information for describing the local atomic arrange-
ment (short-range order) in am-Al2O3. Model I features a
large fraction (∼70%) of fivefold- and sixfold-coordinated
Al atoms with a smaller content of fourfold-coordinated Al
atoms (∼30%), in contrast to models II and III where the
fraction of fourfold-coordinated Al atoms (∼50%) is compa-
rable to the total amount of fivefold- and sixfold-coordinated
Al atoms. In model I, the vast majority (75%) of the O atoms
are threefold-coordinated (to Al atoms), while the remaining
25% show fourfold coordination. The fractions of O atoms
that are threefold-coordinated are even larger in models II and
III, reaching up to 91.7%, although some of the O atoms in
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TABLE I. Frequency (%) of coordination numbers of Al and O
atoms in the am-Al2O3 models used in this study, obtained after ab
initio relaxation in PBE [50]. Experimental coordination frequencies,
obtained from the 27Al MAS NMR spectra of Ref. [19] (anodized
alumina) and Ref. [17] (PVD film), are also given. The cutoff radius
of Rcut � 2.25 Å is used.

Al O

Coordination 4 5 6 2 3 4

Model I 29.7 53.1 17.2 75.0 25.0
Model II 50.0 39.6 10.4 1.4 91.7 6.9
Model III 52.1 43.7 4.2 8.3 82.0 9.7
Expt. [19] 37.5 52.1 10.3
Expt. [17] 48 ± 4 45 ± 4 7 ± 2

these models are even found to be twofold-coordinated (1.4
and 8.3% in models II and III, respectively). Models II and
III show Al coordination numbers in reasonable agreement
with the experimental estimate of Refs. [13,17,19], with minor
differences with respect to the LDA-DFT results of Ref. [27],
of which the most noticeable one concerns the low number
of fivefold-coordinated Al atoms, which has been found to
increase by 10% upon the generation of model II [27]. On the
other hand, model I shows a larger average Al coordination
due to the larger number of sixfold- and fivefold-coordinated
Al atoms. Incidentally, we note that, in spin-coated am-Al2O3

films, large fractions (∼20%) of sixfold-coordinated Al atoms
have been estimated by using NMR spectroscopy [51]. In-
deed, the structure of am-Al2O3 films depends on the method
of synthesis and on the deposition conditions [17,51,52],
which can lead to structural changes, typically corresponding
to fluctuations up to ∼10% of the coordination frequencies
of Al (see Table I). In particular, am-Al2O3 resulting from
solution processing such as sol-gel and spin-coating can ex-
hibit large fractions of sixfold-coordinated Al atoms due to the
presence of hydroxyl groups, residual hydrogen, or hydration
[17].

The NMR investigation of Ref. [17] provided evidence
that threefold-coordinated O atoms in am-Al2O3 can be dis-
tinguished from threefold-coordinated O atoms in transition
alumina phases, like θ - and γ -alumina. In fact, the threefold-
coordinated O atoms in the crystal structure are found to
form a particular structural motif with one fourfold- and two
sixfold-coordinated Al atoms (i.e., O[4]Al[6]Al2). By contrast,
Ref. [17] suggests that in am-Al2O3 the dominant configu-
rations are O[4]Al[5]

2 Al and O[4]Al[5]Al2, while the occurrence
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FIG. 1. Ball and stick models [53] of the dominant OAl3 units as
found in the investigated am-Al2O3 models: (a) an O[4]Al2

[5]Al unit,
(b) an O[4]Al[5]Al2 unit, and (c) an O[4]Al[5]Al[6]Al unit. Oxygen atoms
(red balls) and aluminum atoms (gray balls) are shown. For clarity,
only atoms belonging to the OAl3 unit are displayed.

of configurations featuring only sixfold-coordinated Al atoms,
such as O[6]Al3, should be negligible.

In Table II we give the results of the analysis of OAl3 units
in our models, and in particular we confirm that the dominant
configurations (Fig. 1) in am-Al2O3 models are O[4]Al[5]

2 Al
and O[4]Al[5]Al2 as they sum up to ∼50% of the OAl3 units
(∼56% in model III). Yet, we also find an important frac-
tion of O[4]Al[5]Al[6]Al units, which have to be considered as
typical of the amorphous phase because of the occurrence of
a fivefold-coordinated Al atom, and which could be relevant
in the context of crystallization [17]. The low concentration
of O[4]Al[6]Al2 in our models indicates a marked structural
difference with respect to θ - or γ -alumina crystalline phases,
and it is consistent with the amorphous nature of our model
structures [17].

The threefold-coordinated O atoms are found to approxi-
mately lie on the plane of their three Al neighbors. To evaluate
the planarity of these units, we define the ratio πd as obtained
by dividing the sum over the three Al-O-Al angles by 360◦,
which at most equals 1 for an ideal planar unit. About 80%
of OAl3 units in our models show a quite high degree of
planarity, with a πd larger than 0.95 (i.e., with a sum of angles
of 342◦), comparable to the degree of planarity of OAl3 units
in θ -alumina. In particular, we find that O[4]Al3 and O[4]Al[5]

2 Al
are highly planar with an average πd of 0.987 and 0.978,
respectively.

The mean Al-O bond lengths for models I, II, and III are
1.88, 1.85, and 1.84 Å, respectively. The average Al-O bond
lengths for models II and III are in rather good agreement with
the peak of the experimental neutron RDF of Ref. [19] located
at 1.81 Å. Compared to the LDA-DFT simulation [27], we
register a slight increase (by ∼0.10 Å) of the mean Al-O bond
length for models II and III. Moreover, the calculated average
Al-O bond-lengths of the AlO4, AlO5, and AlO6 polyhedra in
our models are 1.79, 1.89, and 1.96 Å, respectively. Hence, the

TABLE II. Composition (%) of OAl3 units by the coordination number of neighboring Al atoms of the central threefold-coordinated O
atom. Minor fractions related to OAl3 units with only highly coordinated Al atoms (i.e., O[6]Al3) are omitted for clarity. For each type of OAl3

units, the average degree of planarity πd is indicated. The cutoff radius of Rcut � 2.25 Å is used.

[4]Al3
[4]Al[5]

2 Al [4]Al[5]Al2
[4]Al[6]

2 Al [4]Al[6]Al2
[4]Al[5]Al[6]Al [5]Al3

Model I 2.8 11.1 36.1 4.2 4.2 15.3 11.3
Model II 9.1 18.2 22.7 15.2 3.0 22.7 3.0
Model III 8.5 30.5 25.4 8.5 1.7 11.9 11.9
πd 0.987 0.978 0.961 0.972 0.957 0.969 0.972
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FIG. 2. (a) Distribution of O-Al bond lengths for threefold-
coordinated oxygen atoms for models I, II, and III. (b) Void size
distribution for the same models.

slightly longer mean Al-O bond length of model I reflects the
higher number of AlO6 polyhedra and the smaller number of
AlO4 tetrahedra in this model as compared to models II and
III (see Table I). On the other hand, the calculated average
O-Al bond lengths in our models for twofold-, threefold-,
and fourfold-coordinated O atoms are 1.72, 1.85, and 1.95
Å, respectively, with some minor variations among models
(∼0.01 Å) and with a rather large spread of about 0.04 Å in
the bond distributions.

In Figs. 2(a) and 2(b) we provide the distribution of O-Al
bond lengths for threefold-coordinated O atoms and the void
distribution analysis for the three alumina models. The Al-O
bond-length distributions of models II and III show peaks at
∼1.82 and ∼1.78 Å, respectively. The Al-O bond distribution
of model I shows a shift towards longer bonds, as indicated by
its peak located at ∼1.86 Å with respect to the distributions
of models II and III. This value overestimates by 0.05 Å the
experimental bond length [19]. This is also consistent with
the differences between the mean Al-O bond lengths in our
models, indicating that threefold-coordinated O are still rather
well representing the O-Al bond distribution.

The density of alumina films may vary due to its porosity
and this can affect the dielectric function [31]. Although a
discussion of porosity in alumina is beyond the scope of the
present paper, it is of some interest to evaluate the distribution
of voids in our models. This will also give a measure of the
“openness” of the alumina network structure. Despite the fact
that all the models have similar material densities, although
slightly smaller in model III than in model I, we note that the
VSD shown in Fig. 2(b) is substantially different in the three
models. Moreover, from the positions of the main peaks of

FIG. 3. Total VDOS (solid black) with its decomposition, as
defined by Eq. (2), in terms of the contribution of aluminum (solid
yellow), threefold-coordinated (solid red), and fourfold-coordinated
(solid green) oxygen atoms. Analysis made for the model I of
Ref. [39]. A Gaussian broadening of 20 cm−1 is used.

the VSDs in Fig. 2(b), one is brought to assume that a greater
porosity corresponds to longer bonds, i.e., that the population
of bond lengths correlates with the VSD.

B. Vibrational density of states

The vibrational density of states ρ(ω) is calculated as

ρ(ω) = 1

3N

∑
n

δ(ω − ωn), (1)

where N is the total number of atoms in the model and ωn

is the vibrational frequency of the nth vibrational eigenmode
ξn

I . In addition, we consider the atomic contributions of the Al
and differently coordinated O subpopulations:

ρα (ω) = 1

3N

∑
n

∑
I∈α

∣∣ξn
I

∣∣2
δ(ω − ωn), (2)

where α = Al or O and the index I enumerates the atoms.
In Fig. 3, we show the total VDOS for model I of the am-

Al2O3 along with its decomposition in terms of oxygen and
aluminum contributions as defined in Eq. (2). The calculated
VDOS spectrum extends up to ∼950 cm−1. Several bands
can be discerned and interpreted thanks to the atomic de-
composition. The two bands peaked at ∼320 and ∼590 cm−1

reflect underlying features related to threefold-coordinated O
atoms. The central band peaking at ∼470 cm−1 corresponds to
the contribution of fourfold-coordinated O atoms to the total
VDOS. The localization of vibrational modes is studied by
using the mode participation ratio [54,55], which is shown in
Fig. S2 in the Supplemental Material [47]. It can be noted
that the modes between 200 and 400 cm−1 are not spatially
localized on individual OAl3 units, while the stretching modes
above 500 cm−1 show a tendency to become much more
spatially localized.

In Fig. 4, we consider threefold-coordinated O atoms, and
we demonstrate that there is a correlation between the O-Al
bond lengths associated with these O atoms and the O-Al
stretching frequencies ωmax. These frequencies are calculated
by first finding the projections POAl(ω) of the oxygen dis-
placements, ξn

I , onto the O-Al directions for each one of
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FIG. 4. Stretching frequency vs O-Al bond length for models I
(yellow disks), II (blue disks), and III (green disks) (see text for more
details). The solid (red) line corresponds to a linear fit of all the data.

the three neighboring Al atoms, and then by looking at the
frequency position of the peak of POAl(ω). The linear inter-
polation obtained by fitting the stretching frequencies ωmax

for all threefold-coordinated O atoms of the three models
under study shows that the O-Al stretching frequency ωmax

decreases with increasing bond lengths with a slope of ≈
1250 cm−1/Å. Since Al atoms with increasing oxygen co-
ordination show longer Al-O bond-lengths (Sec. III A), this
correlation allows us to explain the redshifts of the stretching
bands in the spectra of our models as discussed in Sec. III C.

C. Infrared dielectric function

The real and imaginary parts of the dielectric response
function, ε1(ω) and ε2(ω), are calculated here with the fol-
lowing expressions [56,57]:

ε1(ω) = ε∞ − 4π

3


∑
n

|Fn|2
ω2 − ω2

n

, (3)

ε2(ω) = 4π2

3


∑
n

|Fn|2
2ωn

δ(ω − ωn), (4)

where 
 is the volume of the periodic simulation cell, and
ε∞ = 1

3 Tr(ε∞) is the high-frequency (electronic) dielectric
constant. The oscillator strengths Fn can be calculated from
the Born charges Z∗

I and eigenmodes ξn
I as

Fn
j =

∑
I

Fn
I j =

∑
I

∑
k

Z∗
I, jk

ξ n
Ik√
mI

, (5)

where mI is the atomic mass of the atom I . We also introduce
a coupling function as follows:

CIR(ω) = ε2(ω)/ρ(ω), (6)

where ρ(ω) is the VDOS given by Eq. (1).
Similar to the Raman additive decomposition (see

Refs. [55,58]), the IR spectrum can be recast as

ε2(ω) = 4π2

3


∑
n

∑
α

{Fn}2
α

2ωn
δ(ω − ωn), (7)

where

|Fn|2 =
∑

α

{Fn}2
α =

∑
α

{∑
α′

(
Fn

α · Fn
α′
)}

, (8)

TABLE III. Density, � (g/cm3), static dielectric constant, ε0,
high-frequency dielectric constant, ε∞, and lattice contribution, εlat ,
as calculated for models I, II, and III of am-Al2O3 in this work.
The experimental data are presented for am-Al2O3 films obtained by
various methods. Data for � are taken from Refs. [31,60,61], those
for ε0 from Refs. [32,33,62], and those for ε∞ from Refs. [34,35,63].

� ε0 εlat ε∞

Model I 3.30 11.44 8.26 3.18
Model II 3.27 10.33 7.21 3.12
Model III 3.22 11.11 8.01 3.10
Expt. 2.5–3.4 8–11 2.5–2.9
Expt. (present) 2.74 ∼9 ∼2.72

with the αth oscillator strengths given by

Fn
α = Fn

α j =
∑
I∈α

Fn
I j . (9)

We evaluate the static dielectric constant ε0, which can be
written in terms of the electronic ε∞ and lattice εlat contri-
butions [57] as

ε0 = ε∞ + εlat, (10)

εlat = 4π

3


∑
n

|Fn|2
ω2

n

. (11)

The dielectric function described above gives access to all
the dielectric properties. In particular, to access longitudinal
optical modes, we hereafter address the so-called energy loss
function, which can be written in terms of the complex dielec-
tric function ε(ω), by using directly Eqs. (3) and (4):

−Im

[
1

ε(ω)

]
= ε2(ω)

ε2
1 (ω) + ε2

2 (ω)
. (12)

However, the loss function can also be obtained through a
direct calculation [56,59] by using the longitudinal modes as
follows:

−Im

[
1

ε(ω)

]
= 4π2


(ε∞)2

∑
n

(q̂ · Fn)2

2ωn
δ(ω − ωn), (13)

where Fn is calculated by using ωn and ξn
I obtained by diag-

onalizing the full dynamical matrix Dq→0
Ii,J j [59]. For isotropic

systems, the energy loss function in Eq. (13) can be averaged
over all directions q̂. Here, we use the three Cartesian direc-
tions for this average. In Table III, we give the static dielectric
constants calculated for models I, II, and III, together with
the high-frequency dielectric constants and the lattice con-
tributions, in comparison with experimental data. The values
of the static dielectric constant given in the literature depend
on the method of preparation, e.g., ε0 is 8.3 for electron-
beam evaporated films [32–34], while Ref. [64] gives values
ranging from 9.8 to 13.3 for barrier-type aluminum oxides.
For films obtained by atomic layer deposition (ALD), one
finds in Ref. [62] a value of 11, while Kübler [32] provides
≈9.0 below 10 Hz at room temperature for films prepared
by ion-assisted evaporation. The densities of am-Al2O3 films
also vary significantly depending on the production method,
e.g., densities of ∼3.1–3.4 g/cm3 have been reported for
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magnetron-sputtered alumina films [60,61], while a value of
2.45 g/cm3 has been measured for sol-gel prepared alumina
films [31]. Beam-evaporated alumina films, such as those
investigated in this study, typically show a density range of
∼2.6–3.1 g/cm3 [32,65]. The experimental values of the high-
frequency electronic dielectric constant ε∞ of am-Al2O3 films
range from 2.5 to 2.9, which corresponds to a high-frequency
refractive index n between ∼1.6 and ∼1.7 (at wavelengths
around 1 μm) [34,35,61,63], with slight variations depending
on the preparation method.

The calculated density of the studied am-Al2O3 models is
about 3.2–3.3 g/cm3 and lies in the range of experimentally
recorded densities (Table III). The electronic dielectric con-
stant ε∞ shows only minor variations between models (∼3%),
which have slightly different densities (see Table III). Also,
the PBE-DFT results for models II and III show only minor
differences (�1.5%) compared to the LDA-DFT results [44].
In contrast, the lattice contribution εlat is quite sensitive to the
details of the VDOS, as indicated by the rather large differ-
ences between the models in Table III (see also Ref. [27]).
Compared to the LDA-DFT results of Ref. [27], we have an
increase of about 20% for the εlat in model III, while for model
II we register a decrease of ∼2%, likely due to the fact that our
VDOS does not show the strong peaks in the frequency range
50–100 cm−1 found for the corresponding model G [27,44].
In Ref. [64], by using finite electric fields, a value of 3.03
was found for the high-frequency permittivity ε∞ of model I,
which only slightly underestimates the linear-response result
in Table III. This is consistent with the results obtained with
different methods for models containing about 100 atoms
[66].

In Figs. 5(a) and 5(b), the dielectric functions ε1(ω) and
ε2(ω) calculated for the three am-Al2O3 models are com-
pared with the experimental ones obtained from the data
on the transmittance and reflectance by using the Fresnel
equations [21], and those measured in this work. While the
experimental ε1(ω) of Refs. [21,67] gives a static limit of ∼7,
the data measured in this work entail a larger value ∼9. The
shapes of the ε1(ω) spectra shown in Fig. 5(a) are similar for
both sets of experimental data, with a rather smooth step at
∼360–380 cm−1 and a very broad minimum at ∼800 cm−1.
The dielectric function ε1(ω) calculated for all three mod-
els is rather noisy due to the finite-size effect, which limits
the number of vibrational modes at low frequencies. For all
the models, the static limit (∼10–11) is considerably larger
than the experimental ones, because of (i) the slightly larger
density, which may account for an increase of ε∞ by ∼0.4
(Table III), and (ii) the finite size of our models, which leads
to vibrational modes being less accessible at low frequencies
(�50 cm−1, i.e., boson peak region). Despite these limitations,
the shape of the ε1(ω) spectrum obtained by averaging over
the three models agrees reasonably well with the experimental
data.

The experimental ε2(ω) spectrum reported in Refs. [21,67]
shows a very broad peak with a maximum at ∼630 cm−1

together with an additional feature at ∼380 cm−1. The experi-
mental data obtained in this work present similar broad bands:
the main band forming a plateau from ∼570 to 620 cm−1,
peaking at ∼585 cm−1, and the additional band showing a
peak at ∼370 cm−1. The intensity of both bands turns out to be

FIG. 5. (a) The real part of the dielectric function, ε1(ω), for
model I (yellow curve), model II (blue curve), model III (green
curve), and averaged over the three models (red). Experimental data
from [21,67,68] (violet circles) and this work (black empty circles).
(b) The same notations as in (a) but for the imaginary part, ε2(ω).
(c) The same notations as in (a) but for the energy loss function,
−Im[1/ε(ω)], calculated by using Eq. (12). The inset in panel
(c) shows a zoom of the loss function averaged over the three models
calculated by using Eq. (12) (red curve) and Eq. (13) (brown curve).
A Gaussian broadening of 20 cm−1 is used in all calculations.

significantly increased compared to previous measurements
[21]. The main features of the ε2(ω) spectrum calculated for
model I comprise a double peak at 305 and 370 cm−1 and a
principal band peaked at ∼570 cm−1, which exhibits a redshift
with respect to the experimental data displayed in Fig. 5(b).
The average Al-O bond length in model I is larger than in
models II and III by about 0.03 Å. Because of the trend shown
in Fig. 4, this produces a redshift in the stretching region (500–
900 cm−1) of the ε2(ω) spectrum of model I, compared to the
spectra of the other two models. The spectra of models II and
III show the first band at ∼320 cm−1 and the second band
extending from ∼500 to ∼700 cm−1, the main peaks of which
are located at ∼600 and 670 cm−1 in models III and II, respec-
tively. The dielectric response for models II and III should
be compared with the LDA-DFT results of Ref. [44], since
our GGA-PBE models II and III are obtained by relaxation

045604-7



LUIGI GIACOMAZZI et al. PHYSICAL REVIEW MATERIALS 7, 045604 (2023)

of the LDA-DFT models (see details in Sec. II B). For model
III, the results are very close to those reported in Ref. [44].
By contrast, for model II, our results do not show either any
strong peak below ∼100 cm−1, as was found in Ref. [44],
or any important feature at ∼480 cm−1. We attribute these
differences to minor structural changes that occur upon the
structural relaxation described in Sec. III A and to the different
DFT setups. In addition, we note that porous am-Al2O3 can
exhibit features in the ε2(ω) spectrum at low frequency, i.e.,
∼100 cm−1, but these do not occur in high-quality films of
am-Al2O3 [31]. Overall, averaging over the three models gives
an ε2(ω) spectrum in good agreement with the experimental
one, except for a slight underestimation of the frequencies of
the main peaks (by ∼10%) and an overestimation of the band
intensities, which is typical for amorphous models of such size
[69].

In Fig. 5(c), we show the loss function, −Im[1/ε(ω)],
calculated through Eq. (12). The transverse and longitudinal
modes are revealed by the frequency position of the maxima
in ε2(ω) and −Im[1/ε(ω)] spectra, respectively [70]. A dom-
inant high-frequency peak of −Im[1/ε(ω)] at ∼900 cm−1 is
clearly visible for all models. In models II and III, the peaks
occur at very close frequencies (920 and 915 cm−1), while
model I exhibits a peak at a slightly redshifted frequency 890
cm−1, as a likely consequence of the trend explained above
for the ε2(ω) spectrum. The peaks obtained by averaging the
spectra [calculated by Eqs. (12) and (13)] over all models [see
the inset in panel (c)], are located at ∼900 cm−1, which is in
good agreement (within ∼7%) with our experimental position
of the high-frequency peak at ∼970 cm−1 obtained by using
Eq. (12). Moreover both the experimental data obtained in this
work and in Ref. [21] produce peaks at close frequencies at
about 950–970 cm−1.

In the remainder of this subsection, in order to discuss
the origin of the IR vibrational bands, we provide an atomic
decomposition of the IR spectrum by using Eqs. (6) and (7).
Next, we analyze the two main components underlying the IR
spectrum: (i) the IR coupling functions given by Eq. (6); (ii)
the squared displacement spectra in terms of relative weights
of partial VDOSs given by Eq. (2). In Fig. 6(a), we show
such a decomposition focusing on the imaginary part of the
dielectric function, ε2(ω), of model III, the results for the other
two models being similar. It can be seen that the main features
come from contributions of in-plane and out-of-plane (per-
pendicular) motions of threefold-coordinated O atoms, the
plane being defined by the three nearest-neighbor Al atoms.
The vibrations related to the out-of-plane motion of these O
atoms occur in the range �500 cm−1 (dash blue), and they
give a maximal contribution to ε2(ω) around ∼320 cm−1.
Vibrational modes featuring in-plane motions of threefold-
coordinated oxygens cover the range �400 cm−1 (dash red)
and become dominant above ∼500 cm−1. The distinct separa-
tion of these contributions is due to different force constants
associated with motions of threefold-coordinated O atoms in
parallel (stiff) and perpendicular (soft) directions. Al atoms,
being highly coordinated, do not possess prominent features
and contribute to the ε2(ω) spectrum rather uniformly over
the entire frequency domain (∼50%). Twofold-coordinated
O atoms provide a small contribution for frequencies below
400 cm−1, and also at about 800 cm−1 (O-Al stretching mo-

FIG. 6. Results for model III. (a) Decomposition of ε2(ω)
into contributions from Al atoms (yellow) and from twofold-
coordinated (solid light-gray), fourfold-coordinated (solid green),
and threefold-coordinated O atoms. Contribution of the latter is split
into out-of-plane, i.e., perpendicular (dashed, blue) and in-plane,
i.e., parallel (dashed, red) motions. (b) Decomposition of the IR
coupling function CIR(ω) with the same notations as in panel (a).
(c) Comparison between the contributions of out-of-plane (blue) and
in-plane (red) motions of threefold-coordinated O atoms in terms of
the relative VDOS (solid) and relative IR coupling function (dashed)
spectra.

tions). Fourfold-coordinated O atoms also give a rather minor
contribution to the ε2(ω) spectrum in the frequency range
going from 400 to 700 cm−1. Thus, twofold- and fourfold-
coordinated O atoms do not produce specific features in the
ε2(ω) spectrum, because of their rare occurrence in all our
am-Al2O3 models (as compared to threefold-coordinated O
atoms, see Table I) and also because of the wide O-Al bond
distribution associated with fourfold-coordinated O atoms, as
indicated by its large spread of 0.04 Å.

The atomic decomposition of the coupling function,
CIR(ω), given by Eq. (6), presented in Fig. 6(b), shows that
the amplitude relations for the contributions of twofold-,
threefold-, and fourfold-coordinated O atoms are quite similar
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to the ones displayed by the ε2α (ω) in Fig. 6(a), consistent
with the fact that the VDOS is rather constant, without show-
ing prominent peaks in the range from ∼300 to 800 cm−1.
In Fig. 6(c) we show the relative partial VDOSs (or squared
displacement spectra) |ξα (ω)|2 = ρα (ω)/ρ(ω) that highlights
the frequency ranges of in-plane and out-of-plane motions of
threefold-coordinated O atoms. We also display the relative
coupling functions [i.e., CIRα (ω)/CIR(ω) = ε2α (ω)/ε2(ω)],
which present a substantial similarity to the relative partial
VDOSs. The good agreement between the curves highlights
(i) the dominant role of the pure in-plane and the pure out-of-
plane vibrations, i.e., the interference effect, given by Eq. (8),
is marginal, and (ii) the minor influence of the anisotropy
and the orientation of the Born effective charge tensors.
Thus, the functional dependence of the IR spectrum ε2(ω) on
frequency is mainly determined by the weighted squared dis-
placement spectra Zα

2|ξα (ω)|2 and VDOS ρ(ω), i.e., ε2(ω) =
ρ(ω)

∑
α CIRα (ω) ∼ ρ(ω)

∑
α Zα

2|ξα (ω)|2. Equivalently, we
can recast ε2(ω) as a superposition of weighted partial VDOS
spectra, i.e., ε2(ω) ∼ ∑

α Zα
2
ρα (ω), where Zα

2
are average

Born effective charges corresponding to α species, and where
the O contribution can be further decomposed into in-plane
and out-of-plane contributions. The next subsection is devoted
to a detailed discussion of the Born effective charges.

D. Born charge tensors and parametric model

We analyze here the Born charges and discuss a parametric
model that allows for the straightforward calculation of IR
spectra provided that the atomic configuration, the vibrational
modes, and their frequencies are available.

The overwhelming majority of O atoms in am-Al2O3 are
threefold-coordinated with Al atoms (see Table I), while the
O atom lies in the plane of its Al neighbors (see Sec. III A).
Then, to analyze their Born charge tensors Z∗, it is convenient
to introduce the following local reference frame: the first basis
vector is chosen along the bisector of an Al-Al-Al angle (x
direction) of the triangle with the Al neighbors at the vertices;
the second basis vector is taken along the direction perpen-
dicular to the plane defined by the three nearest-neighbor Al
atoms (y direction); the last one can be found by the cross
product of the first two basis vectors (z direction). Thus,
OAl3 units have an approximate trigonal symmetry (C3v), with
the symmetry axis lying in the y direction, according to our
definition above. In this local reference system, we calculate
Z∗ for the threefold-coordinated O atom (hereafter [3]O) as an
average over the three possible choices of the basis and over
the three models:

Z∗
[3]O =

⎛
⎝−2.11 0.00 0.01

0.00 −1.46 0.00
0.00 −0.01 −2.07

⎞
⎠. (14)

The average isotropic charge, i.e., Z∗
iso = 1

3 Tr(Z∗), is found
to be ≈ −1.89. For each [3]O atom, we perform a decomposi-
tion of its Born charge tensor in terms of the representations
of the spatial rotations [71]:

Z∗
[3]O = Z∗

�=0 + Z∗
�=1 + Z∗

�=2, (15)

TABLE IV. Average isotropic Born charges 1
3 Tr(Z∗) for Al

atoms (Z∗
Al ) with four-, five-, and sixfold coordination and for O

atoms (Z∗
O) with two-, three-, and fourfold coordination. The given

values correspond to the average values over atoms of all three
models. The Born charges of [3]O atoms are described by the matrix
given by Eq. (20). Standard deviations are given in parentheses.

Al 4 5 6
Z∗

Al 2.73(0.1) 2.84(0.08) 2.93(0.07)

O 2 3 4
Z∗

O −1.82(0.03) −1.89(0.05) −1.95(0.03)

where the first term Z∗
�=0 is the isotropic term,

Z∗
�=0 = Z∗

isoδi j, (16)

and the two traceless terms Z∗
�=1 and Z∗

�=2 are given by

Z∗
�=1 = 1

2

(
Z∗

[3]O − Z∗
[3]O

T )
, (17)

Z∗
�=2 = 1

2

(
Z∗

[3]O + Z∗
[3]O

T ) − Z∗
�=0, (18)

with the superscript T indicating the transpose matrix. We
adopt a standard matrical norm (or matrix norm) [57] to quan-
tify the respective weights of each � component in Eq. (15).
On average, we find that Z∗

�=1 is negligible (weight ∼0.03%),
while the traceless symmetric term Z∗

�=2 (weight ∼3%) is well
described by a diagonal matrix

Z∗
�=2 =

⎛
⎝λ 0 0

0 μ 0
0 0 −(λ + μ)

⎞
⎠. (19)

By averaging over all [3]O atoms in our models and also
keeping into account the three possible local bases for each
O atom, we obtain the values λ = −0.23 and μ = 0.42 with
standard deviations of ≈0.1. Due to the approximate trigonal
symmetry −(λ + μ) � λ, which leads to the fact that the
tensor Z∗ can be regarded as isotropic in the xz plane. Hence,
we adopt the following Born charge tensor for [3]O atoms,
defined in their local reference frame:

Z∗
[3]O =

⎛
⎝−2.1 0 0

0 −1.5 0
0 0 −2.1

⎞
⎠. (20)

For fourfold-, fivefold-, and sixfold-coordinated Al atoms,
the isotropic component (� = 0) accounts on average for
98.9%, 99.2%, and 99.6% of the norm of the Born charge
tensors Z∗

Al, respectively. For fourfold-coordinated O atoms,
the average isotropic component accounts for 98.5% of the
Born charge, which is noticeably higher than for [3]O atoms
(96.6%). It was found that the average isotropic dynamical
charge of fourfold-coordinated O atoms Z∗

iso = −1.95, which
is close to typical values given in the literature for O atoms
in α-Al2O3 [72]. Since the twofold-coordinated O atoms are
rare [73] in am-Al2O3 (see Table I), we just retain here, for
the sake of simplicity, their average isotropic Born charge
(Z∗

iso = −1.82). All average isotropic charges of Al and O
atoms to be used as parameters in the evaluation of IR spectra
are given in Table IV.
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FIG. 7. The dielectric function ε2(ω) for model I calculated by
using three alternative sets of Born effective charges: ab initio result
(red, solid), parametric model (Z model) with values from Table IV
(blue, dashed), and fully isotropic model (iso model) with Z∗

O =
−1.91 and Z∗

Al = 2.85 (green, dot-dashed).

By taking advantage of Eqs. (15) and (19), and by assum-
ing an isotropic charge for fourfold-coordinated O atoms and
for Al atoms, it is possible to define a basic parametric model
for the calculation of the Born charge tensors in am-Al2O3. In
Fig. 7, we show ε2(ω) spectra calculated with the parameters
given in Table IV compared with the ab initio result. For con-
venience, the spectrum achieved with the parametric coupling
is also compared with the result from a calculation with sole
average isotropic charges, i.e., Z∗

O = −1.91 and Z∗
Al = 2.85

for all O and Al atoms, respectively. As we can see, the
isotropic model is qualitatively correct, which is also implied
by Sec. III C, but it overestimates the band at ∼350 cm−1

and underestimates the band at 570 cm −1, showing quite
large discrepancies from 8% to 15% relative to the parametric
model, which accurately reproduces the intensity of all the
main features of the ab initio spectrum. The higher accuracy of
the parametric model compared to the isotropic one is due to
the fact that the parametric model accounts for the difference
in coupling charges of [3]O atoms for in-plane and out-of-
plane motions (the plane defined by its Al neighbors). As can
be seen in Eq. (20), this difference amounts to ∼30%, with
the coupling charge along the out-of-plane (normal) direction
being smaller than along in-plane directions. As a result, in
the ε2(ω) spectrum, the anisotropic Born charge of [3]O atoms
[see Eq. (20)] leads to a lowering of the band intensity at
∼300–370 cm−1 with respect to that at 570 cm−1 (see Fig. 7).

IV. DISCUSSION

IR spectroscopy is a common technique for analyzing am-
Al2O3 films. In particular, absorption or transmission spectra
are typically collected in the mid- and far-IR regions. These
spectra are underlain by the dielectric function, the knowledge
of which is essential for the correct description and interpre-
tation of the features that appear in the experimental spectra.

Relying on the decomposition shown in Figs. 3 and 6, we
associate the two main features of the ε2(ω) spectrum with
the motions of [3]O atoms. In particular, the band peaking
at ∼380 cm−1 reflects the occurrence of oxygen motions in
the direction normal to the plane of its Al neighbors (out-
of-plane motions) in the OAl3 units, while the band peaking

at ∼600–630 cm−1 mainly results from in-plane motions of
the same O atoms (i.e., from O-Al stretching vibrations).
Hence, the ε2(ω) function (or equivalently, the absorption) of
am-Al2O3 shows the presence of two main bands, and not of
three bands, as, e.g., in other oxides glasses, such as vitreous
silica [74]. This is clearly a consequence of the dominant
occurrence of OAl3 subunits in the structure of am-Al2O3 (see
Table I). We note that the presence of triply coordinated O
atoms ([3]O) in am-Al2O3 was recently discovered by using a
special NMR-spectroscopy study [17]. This study shows that
these [3]O atoms carry detailed NMR characteristics that are
peculiar to am-Al2O3 and differ substantially from those of
[3]O atoms in crystalline counterparts, such as γ -alumina. In
accordance with the remarks made in Ref. [17], we find here
that in our models the dominant OAl3 subunits contain one or
two fivefold-coordinated Al atoms (see Table II), which do not
occur in crystalline systems. Subunits containing threefold-
coordinated atoms also critically affect the shape of the ε2(ω)
spectrum in other materials, such as, e.g., amorphous Si3N4,
where nitrogen atoms are mostly threefold-coordinated with
silicon atoms [69]. As in am-Al2O3, the ε2(ω) spectrum in
amorphous Si3N4 exhibits two bands, located at ∼480 and
∼820 cm−1 [69]. These bands are sharper than those of am-
Al2O3, which can be explained by the fact that the structure of
amorphous Si3N4 is dominated by silicon-centered tetrahedra,
while the structure of am-Al2O3 is more complex, with several
competing types of Al-centered polyhedra.

Even if the ε2(ω) spectrum in am-Al2O3 might at first
glance resemble that of α-Al2O3, which consists of several
sharp features located in the ranges 380–440 and 570–635
cm−1 [75], the origin of the vibrational modes at ∼380 cm−1

in am-Al2O3 is essentially different. In α-Al2O3 all the O
atoms are fourfold-coordinated, while the vast majority of O
atoms in am-Al2O3 are threefold-coordinated, which leads to
the appearance of a broad band peaking at ∼380 cm−1 in the
ε2(ω) spectrum and featuring oxygen motion in the direction
normal to the plane of three Al neighbors. The modes at
∼380 cm−1 in am-Al2O3 inevitably differ from the modes
arising upon bending modes of single AlO6 octahedra in α-
Al2O3 [76], where there are no [3]O atoms. In fact, all bending
modes of the AlO4, AlO5, and AlO6 polyhedra present in
am-Al2O3 should be considered, but a detailed analysis based
on all vibrations of polyhedra is beyond the scope of this work.
Nevertheless, the presence of structural motifs characteristic
of the α-Al2O3 phase, i.e., edge-sharing polyhedra and sixfold
Al polyhedra, in particular, can accidentally lead to a spatially
local analogy between the vibrational modes of crystalline
phases and the vibrational modes observed in the amorphous
phase.

Among the transition alumina phases [15], θ -alumina fea-
tures the largest fraction (50%) of AlO4 tetrahedra and AlO6

octahedra, and, rather similarly to the amorphous phase, it
also features a remarkable fraction (66%) of [3]O atoms (OAl3
units in θ -alumina are of the O[4]Al[6]Al2 and O[4]Al[6]

2 Al
kinds showing a degree of planarity of 0.96 and 0.99, re-
spectively) and a rather similar density (∼3.6 g/cm3 [77]).
IR-spectroscopy studies of transition alumina phases assign
a doublet with features at ∼330 and 370 cm−1 in the ab-
sorbance spectrum to the occurrence of the θ -alumina phase
[76,78,79]. Considering that θ -alumina and am-Al2O3 have
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some structural similarity, as noted above, one can conclude
that vibrational modes around ∼330 cm−1 in θ -alumina [76]
should have similar characteristics. In fact, in the present work
we find (Figs. S3 and S4 in the Supplemental Material [47])
that in the frequency range 280–340 cm−1 the vibrational
modes of the θ -alumina show significant out-of-plane mo-
tions of [3]O atoms. In our IR calculations (PBE-DFT), the
highest frequency peak of the peculiar doublet is underesti-
mated by about 40 cm−1 (i.e., 11%) [76,80]. We thus infer
that the peak position (∼320 cm−1) related to out-of-plane
O motions, as found in our calculations (see Figs. 5 and 6),
may suffer from a redshift of ∼40 cm−1 with respect to the
experimental frequency. This further supports the assignment
of the 370 cm−1 band in ε2(ω) to out-of-plane motions of
[3]O atoms.

A comparison between the various IR spectra of the models
discussed here does not allow one to estimate the concen-
tration of fourfold-coordinated O atoms. However, based on
Fig. 5, several considerations can be made. First, the Al-O
bond-length distribution of model I is shifted towards longer
bonds compared to other models. Since the distribution re-
flects the variety of structural motifs present in model I, the
shift can be explained by an excessively frequent occurrence
of fivefold- and sixfold-coordinated Al atoms, as well as of
fourfold-coordinated O atoms, which leads to an increase in
the average Al-O bond length (see Sec. III A). Second, the
trend (see Fig. 4) that correlates the Al-O bond lengths and
the stretching frequencies, together with the distributions of
Al-O bond lengths (see Fig. 2), implies that, in the ε2(ω)
spectrum of model I, the stretching bands will be redshifted
compared with those of models II and III, thus explaining the
lower frequency of the main peak (570 cm−1) and rapid decay
of ε2(ω) spectrum above ∼650 cm−1.

On the other hand, the out-of-plane oxygen band peaking
at ∼320 cm−1 in model II is too sharp [see Fig. 5(b)], which
probably indicates an excess of OAl3 units in the model.
Among the three models, the model that gives the values of
ε2(ω) closest to the experiment in terms of the positions of
the bands and the overall shape of the spectrum is model III.
In terms of the global shape of the spectrum, however, we
achieve the best description of ε1(ω), ε2(ω), and −Im[1/ε(ω)]
by averaging over all our models. This indicates that the set of
models used in the present work is sufficiently representative
of am-Al2O3, although none of the adopted models provide
such a good agreement individually. On the whole, as regards
the intensities of the bands and the positions of the peaks,
we have a better agreement between the calculated average
IR spectra and those measured in this work compared to
Ref. [21].

The averaged ε1(ω) spectrum shows a very strained and
stretched S-like shape, reminiscent of the one in silica [81].
From the high-frequency limit of the calculated ε1(ω) we de-
rive a refractive index n = √

ε∞ of ∼1.7, which is consistent
with the upper values pertaining to very compact am-Al2O3

films [60]. In the low-frequency limit, we obtain for ε0 a value
of ∼10–11, which belongs to the upper side of the typical
experimental range ∼8–11 (see Table III).

While the formation of am-Al2O3 is thermodynamically
quite unfavorable, it can be stabilized by applying interface,
surface, or bulk stress. Indeed, producing thin films and

nanoparticles was shown to be a successful approach to sta-
bilize am-Al2O3 [7]. In the present study, the electron-beam
deposition technique at extremely low deposition rate is used
to prepare homogeneous, void-free am-Al2O3 as indicated by
Tane et al. [82]. We note that other kinds of am-Al2O3 thin
films, e.g., prepared by rf sputtering, are known to have a
grainy structure, which consequently introduces a source of
scattering that affects the recorded IR spectra, while ALD
prepared films contain carbon and chlorine impurities, which
are absent in high-quality electron-beam deposited alumina
films. Furthermore, a background subtraction processing is
crucial to obtain a correct dielectric function. In our study, a
transmission spectrum of a blank Si substrate is subtracted,
allowing one to calculate the dielectric function taking ad-
vantage of the absence of IR absorption in the substrate. The
ability to avoid measuring the reflectance eliminates the need
to correctly indicate the intensity of the reflectance, which
is usually related to Au (see Ref. [21]), and in fact differs
from the reflectance at the substrate interface, thereby intro-
ducing a systematic error. However, in the case of thin films,
it is particularly challenging to extract the dielectric function
through the Kramers-Kronig relations, because of the multiple
reflections and inferences arising from light interaction at the
film-substrate interfaces and grain boundaries. Additionally,
systematic errors in reflectivity measurements can occur by
choosing, storing, and measuring a suitable reference for the
reflectivity measurements [83]. In this work, we demonstrate
that using the iterative procedure developed in Ref. [49] is
an efficient way for obtaining the dielectric function from a
single transmission spectrum. The value of the dielectric func-
tion in the mid-IR range nicely follows the experimental data
previously reported by Eriksson et al. [21], while in the far-IR
range Eriksson’s data show lower values. The origin of the
discrepancy might arise from the processing method used to
prepare the thin films [52]. The intensity in the ε2(ω) spectrum
around 580 cm−1 measured in this work is larger compared
with Eriksson’s data. In light of our theoretical analysis, this
may be attributed to a larger content of AlO6 octahedra in
the films used in the present work. Also, the films obtained
by evaporation are not necessarily stoichiometric [21], which
leads to some variability in the proportions of AlO4, AlO5,
and AlO6 polyhedra.

V. CONCLUSIONS

In this paper, we investigate the vibrational spectra, IR,
and VDOS spectra in am-Al2O3 by means of first-principles
calculations and experimental measurements. We validate our
numerical results by carrying out a critical comparison of
our calculated vibrational spectra with two sets of experimen-
tal data for the dielectric function of am-Al2O3, taken from
the literature [21] and measured in this work. In particular,
the comparison between the latter data set and the dielectric
function obtained through ab initio calculations results in an
improved agreement with respect to the data by Eriksson et al.
[21].

We show that the main features of the ε2(ω) spec-
trum peaking at ∼360–380 and ∼600–630 cm−1 arise from
the motions of threefold-coordinated O atoms, which form
the vast majority of O atoms in am-Al2O3. By using an
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atomic decomposition analysis, we show that the oxygen
motions at ∼370 cm−1 occur along a direction normal to
the plane defined by the three Al nearest neighbors, i.e.,
out-of-plane O motions. At frequencies above ∼500 cm−1,
Al-O stretching vibrations, which for threefold-coordinated
O atoms correspond to in-plane motions, occur and underlie
the broadband peaking at ∼600–630 cm−1. Al atoms and
fourfold-coordinated O atoms give a fairly uniform contribu-
tion to the VDOS and ε2(ω) spectra in the frequency range of
300–700 cm−1 without manifesting specific features. Essen-
tially, by conducting this comprehensive analysis we disclaim
earlier hypotheses that relate the observed vibrational modes
from ∼200 to ∼400 cm−1 in am-Al2O3 to stretching vibra-
tional modes in AlOn (n = 4, 5, and 6) polyhedra.

Finally, we demonstrate that the IR spectrum can be suc-
cessfully modeled by assuming isotropic Born charges for Al
atoms and fourfold-coordinated O atoms, while in the case
of threefold-coordinated O atoms, the anisotropy of the Born
charges can well be captured through the use of only two
extra parameters in the local reference frame. The scope of
the proposed Born charges model is quite wide, which allows
modeling the spectra of much larger alumina models com-
pared to ab initio ones, since it allows for a direct calculation
of IR spectra requiring only the atomic configuration, vibra-

tional modes, and frequencies, i.e., obtained by using classical
MD simulations.

ACKNOWLEDGMENTS

L.G. and A.M. acknowledge financing of the Slovenian
Research Agency (ARRS) through the Research Core Fund-
ing No. P2-0412. A.M. also acknowledges ARRS support
through Project No. J2-2498, and L.G. acknowledges support
through the CEA-ARRS Project No. 0018. Y.L. acknowl-
edges the financial support from the National Natural Science
Foundation of China (22279013, 21872019). N.S.S. acknowl-
edges support from the French government (ANR) through the
national program Investments for the Future, Grant No. ANR-
11-LABX022-01 (LabEx MMCD project). We acknowledge
H. Momida (Osaka University) for providing us with models
of Ref. [27]. We acknowledge EPFL for providing access to
hpc facilities at EPFL (SCITAS) and I. Jerman from National
Institute of Chemistry (Slovenia) for recording IR spectra.
L.G. thanks N. Salles (CNR-IOM) for providing a θ -alumina
supercell, J. Kurtovic for test calculations, and S. de Gironcoli
(SISSA) for usage of computational resources at CINECA and
useful discussions.

[1] C.-C. Hung, L. Yu, N. Foroozani, S. Fritz, D. Gerthsen, and
K. D. Osborn, Probing Hundreds of Individual Quantum De-
fects in Polycrystalline and Amorphous Alumina, Phys. Rev.
Appl. 17, 034025 (2022).

[2] E. A. Scott, J. T. Gaskins, S. W. King, and P. E. Hopkins, Ther-
mal conductivity and thermal boundary resistance of atomic
layer deposited high-k dielectric aluminum oxide, hafnium ox-
ide, and titanium oxide thin films on silicon, APL Mater. 6,
058302 (2018).

[3] J. Reuna, A. Aho, R. Isoaho, M. Raappana, T. Aho, E. Anttola,
A. Hietalahti, A. Tukiainen, and M. Guina, Use of nanostruc-
tured alumina thin films in multilayer anti-reflective coatings,
Nanotechnology 32, 215602 (2021).

[4] F. García Ferré, A. Mairov, L. Ceseracciu, Y. Serruys, P.
Trocellier, C. Baumier, O. Kaïtasov, R. Brescia, D. Gastaldi,
P. Vena, M. G. Beghi, L. Beck, K. Sridharan, and F. Di Fonzo,
Radiation endurance in Al2O3 nanoceramics, Sci. Rep. 6, 33478
(2016).

[5] J. Robertson and B. Falabretti, Band offsets of high K gate
oxides on III-V semiconductors, J. Appl. Phys. 100, 014111
(2006).

[6] Z. Zhao, D. Xiao, K. Chen, R. Wang, L. Liang, Z. Liu, I. Hung,
Z. Gan, and G. Hou, Nature of five-coordinated Al in γ -Al2O3

revealed by ultra-high-field solid-state NMR, ACS Central Sci.
8, 795 (2022).
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