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Boson peak in ultrathin alumina layers investigated with neutron spectroscopy
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Bulk glasses exhibit extra vibrational modes at low energies, collectively known as the boson peak. The
vibrational dynamics in nanoscale alumina glasses have an impact on the performance of qubits and other
superconducting devices; however, the frequency of the boson peak has not been previously measured. Here
we report neutron spectroscopy experiments on Al/Al2O3 nanoparticles consisting of spherical metallic cores
with a radii from 20 to 1000 nm surrounded by a 3.5-nm-thick alumina glass. A low-energy peak is observed at
ωBP = 2.8 ± 0.6 meV for highly oxidized particles, indicating an excess in the density of states. The intensity
of the peak scales inversely with particle size and oxide fraction, indicating a surface origin, and is redshifted by
3 meV with respect to the van Hove singularity of γ -phase Al2O3 nanocrystals. Molecular-dynamics simulations
of α-Al2O3, γ -Al2O3 and α-Al2O3 show that the observed boson peak is a signature of the ultrathin glass surface
and the characteristic frequency is reduced compared to the peak in the bulk glass.
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I. INTRODUCTION

Amorphous materials are common in nature and their
associated glass transitions have far ranging consequences
from geology to nanoelectronics [1–3]. Despite the structural
differences between oxide, metal, and polymer glasses, there
are striking universal features in their dynamic properties [4].
These include an enhancement in the vibrational density of
states (DOS) at terahertz (THz) frequencies and a correspond-
ing plateau in the heat conductivity at low temperatures [4].
This manifests as an enigmatic feature in Raman and neutron
spectroscopy observable in the THz (meV) frequency range
called the “boson peak” (BP) [2,5]. One characteristic length
scale is defined by the ratio of the speed of sound (v) to the
BP frequency vBP and falls in the range lc ≈ 0.3–5.0 nm for
most glasses [6]. It is interesting to consider the situation for
nanoscopic glasses with dimensions approaching lc since this
can provide clues into the nature of the excitations responsible
for the BP, and the effects of spatial inhomogeneity within
the glass. Only a handful of experiments have explored this
question. For example, when polymer glasses are confined
in spherical nanopores, an asymmetric BP is observable for
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smaller pore dimensions, and vBP can be up-shifted or down-
shifted depending on whether hard or soft boundary condi-
tions occur [7,8]. For supercooled liquid water in nanopores,
a BP can also be observed for some special conditions [9,10].
In oxide glasses, however, the existence of the BP in nanos-
tructures has received less attention. Such materials are widely
used as ultra-thin-film layers (1–3 nm thick) in superconduct-
ing junctions and complementary-metal-oxide-semiconductor
devices. It is expected that the confinement effect on the
BP for ultrathin oxide films will be qualitatively different
from spherical confinement in a pore. To the best of our
knowledge this situation has not been explored to date in
any experiments or calculations. One key difference is that
a thin-film glass has a higher surface area than a glass droplet
in a pore, and may also experience anisotropic vacuum or
substrate interactions that modify the boundary conditions.
On general grounds, interfaces are expected to create a strong
source of inhomogeneity at a spatial scale comparable to lc
which could shift or broaden the BP considerably. To date, a
well-defined BP has been observed at the surface of a SiO2

semi-infinite crystal [11,12], however there appears to be no
similar information available for ultrathin oxide glasses. In
particular, the features of the BP remain unknown for the
important class of alumina (Al2O3) glasses.

Alumina glasses are far less studied than the well-known
bulk oxide glasses. Unlike the canonical glasses (e.g., SiO2),
alumina is not an intrinsic glass former under most circum-
stances [13]. However, like the majority of oxides, alumina
can exist as amorphous phases in metastable thin films, and
the surface/interface energy can act to stabilize glassy phases
at the expense of the crystalline phases [14,15]. The latter is
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the case for alumina Al2O3 glass since this is generally only
stable as thin surface layers [15], as small nanoparticles [16],
or in high surface area mesoporous structures [17]. Amor-
phous Al2O3−x layers (usually notated as AlOx) are widely
used as junctions in electronics and superconducting devices.
The lack of a bulk alumina glass means that, to the best
of our knowledge, the frequency and very existence of the
BP has not been measured in any form of glassy alumina.
This basic question has taken on an applied dimension with
the development of superconducting electronics based on thin
Al/AlOx/Al junctions. The stoichiometry in such oxides can
vary yet they often approach the stoichiometry and structure
of the native oxide (Al2O3) [18]. The self-limiting nature
of the oxidation of aluminium provides an ideal fabrication
method for producing uniform, nanoscale insulating layers
which are the key to superconducting quantum interference
devices [19] and superconducting qubits [20–23]. Yet a sig-
nificant drawback of this material is that two-level systems
(TLSs) dominate the low-temperature physics of the alumina
glass below 1 K [24] and limit the coherence, fidelity, and
reproducibility of superconducting devices [3,25]. One candi-
date for the origin of the TLS is the ionic motion of atoms,
or groups of atoms, between two configurations in a double
potential well [3]. The realization of this hypothesis relies on
quantum tunneling at low temperature at GHz frequencies.
It is reasonable to expect that analogous hops may occur
through the same structural motifs at higher temperature
and at higher frequencies (THz), once the thermal energy is
sufficient to overcome the meV-scale energy barrier to allow
classical motion [26]. It is therefore essential to understand the
microscopic atomic dynamics in nanoscale alumina at THz
frequencies. To measure the picosecond dynamics in ultra-
thin alumina, we performed inelastic neutron spectroscopy
on well-characterized Al/Al2O3 structures (Fig. 1). Neutron
spectroscopy is the ideal tool to study atomistic dynamics in
complex structures because it offers both energy and (recip-
rocal) spatial resolution. Time-of-flight spectroscopy is well
suited for studying the meV-scale (THz) spectra of polycrys-
talline nanopowders [27–29] and glasses [30].

II. METHODS

A. Experimental

Spherical aluminium nanoparticles were supplied by U.S.
Research Nanomaterials, where they were produced by a
high-temperature electrical explosive method [31]. The par-
ticles were deliberately exposed to ambient atmosphere to
spontaneously form ultrathin amorphous oxide skins which
are well known to passivate aluminium surfaces. Neutron
spectroscopy was performed using the cold neutron time-of-
flight spectrometer (PELICAN) [32] at the Australian Nu-
clear Science and Technology Organisation operating at in-
cident wavelengths of 4.690 and 2.345 Å. The samples were
mounted in a vanadium can, and the empty can signal was sub-
tracted at each temperature. The detector efficiency in the data
was normalized using a vanadium standard. As moderate heat
treatments are known to lead to crystallization of Al2O3 the
samples were initially studied in the as-exposed state. In the
Appendix, additional data are presented for particles heat

FIG. 1. (a) Schematic illustration of the core-shell structure
formed by the native oxide on aluminium nanoparticles described
by an outer radius R, an inner radius r, and a thickness t . (b) Low
magnification TEM image of the ensemble of spherical Al/Al2O3

particles with 〈R〉 = 35 nm. (c) Energy-dispersive x-ray spectroscopy
(EDS) maps of the aluminium profile in spherical particles and
oxygen profile surrounding the particles. (d) HAADF scanning TEM
image of the interface between the crystalline core and oxide shell.

treated in situ at 450 K. To study the nanostructure morphol-
ogy, some of the powders were dispersed on carbon grids, and
scanning transmission electron microscopy was performed us-
ing a JEOL-ARM200F operating at 200 kV which is equipped
with aberration correction and a high-angle angular dark
field (HAADF) detector. Additional low-magnification TEM
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images were captured using a JEOL-JEM 2010 for hundreds
of particles to obtain a statistical distribution of the radii.
X-ray diffraction was conducted on a PANalytical Empyrean
XRD using Cu-Kα radiation (λ=1.5406 Å) and the excess
peak broadening in the nanoparticles was calculated by refer-
ence to a bulk crystalline Al2O3 resolution standard. Simul-
taneous thermogravimetric-differential scanning calorimetry
was performed using a NETZSCH STA449F3 Jupiter. The
samples were placed in an aluminium pan and heated at 10
K/min under N2 flow at 20 mL/min.

B. Theoretical

Molecular dynamics (MD) simulations were performed
using the General Utility Lattice Program [33]. Calculations
of the atomic trajectories were conducted for crystalline α

and γ phases, and large amorphous-AlOx cells. All calcula-
tions used periodic boundary conditions. Models of Al/AlOx

surfaces were also studied by constructing metal/metal-oxide
bilayers and including a vacuum boundary in one direction.
The force fields between atoms were modeled via the Streitz-
Mintmire empirical potential [34] which includes an elec-
tronegativity correction [35]. To produce amorphous oxides
with a reduced density of 0.8 times the density of crystalline
Al2O3, in accordance with previous computational [36,37]
and experimental [38] works, cubes were cut from the α-
Al2O3 crystal with a side length of 16 Å. The cell parameters
and atomic coordinates were then scaled to the final size of 20
Å cubed. These structures were then simulated at 4300 K for
10 ps to create disorder before the temperature was linearly
reduced to 300 K over a further 10 ps to quench the structure
in an amorphous configuration. Surfaces were prepared by
adding an aluminium crystal layer to the simulation cell
and performing a geometry optimization to reconstruct the
Al/AlOx interface. The resulting structures were simulated
for a total of 50 ps at 100 K where the equations of motion
were solved using a time step of dt = 1 fs. The intermediate
neutron scattering function was calculated from the spatial
coordinates of the MD trajectories, and Fourier transformed
to get the simulated coherent scattering function S(ω, q) us-
ing the NMoldyn software [39]. This was weighted by the
coherent neutron scattering cross sections for Al and O, which
is the dominant contribution. To obtain S(ω), the resulting
S(ω, q) was integrated over the same E/q window as acces-
sible in experiment. The observable window is determined
by the energy and momentum conservation constraints on
the neutron:

q2h̄2

2mn
= 2Ei − h̄ω − 2

√
Ei(Ei − h̄ω)cos(2θ )

where mn is the rest mass of the neutron, Ei is the kinetic
energy of the incident neutron, h̄ω is the energy transfer dur-
ing the neutron scattering event, and θ is the scattering angle
limit set by the detector coverage. To model the PELICAN
data, we adopted 10◦<2θ < 110◦[32] and the same incidence
energies as in the experiment. The MD only simulate the ther-
mally populated classical dynamics, which result primarily
in energy-gain processes for the neutron (characterized by a
negative energy-transfer h̄ω). However, neutron spectroscopy
is also sensitive to neutron-energy-loss processes where the

neutron creates the excitation. In order to simulate the effect of
thermal population on the asymmetry in neutron energy loss
or energy gain processes, we multiplied the simulated S(ω, q)
by the Bose-Einstein factor to give the classical approximation
to the detailed balance factor in the spectra, such that

S(−ω, q) = e−h̄ω/(2kBT )S(ω, q).

III. RESULTS AND DISCUSSION

The ambient exposure of the Al particles results in core-
shell nanoparticles [Fig. 1(a)] where t is the thickness of the
oxide skin, and R is the total radius. Past studies reported
that the surface oxide has a thickness between 2 and 4 nm
which varies slightly for different aluminium facets [14,40].
This was directly confirmed in the spherical particles using
transmission electron microscopy for the exposed Al samples
[Figs. 1(b)–1(d)], indicating the oxide shell has t = 3.5 ± 0.5
nm with excellent uniformity across the different particles.
Three nanopowder samples were measured, each consisting
of an ensemble of spheres [e.g., Fig. 1(b)] characterized by
different average radii of 〈R〉 = 35 ± 18, 45 ± 20, and
350 ± 55 nm, where the error bar is the standard deviation.
Atomic resolution imaging shows that the aluminium core
is crystalline, whereas the external region is amorphous, as
can be seen in the HAADF image in Fig. 1(d). Figure 2
shows the x-ray diffraction for the various samples. The only
Bragg reflections that can be detected are those of crystalline
Al from the core regions, indicating the thin oxide layer is
amorphous. The inset highlights the peak broadening caused
by the finite size of the particles. Fitting to the Scherrer
formula is challenging because the finite-size broadening
is very subtle and near the instrument resolution, however
this is consistent with the particle dimensions obtained from
the TEM. A comparison of the largest and smallest sam-
ples is shown in the superposition of two TEM images
[Fig. 2(b)]. Energy-dispersive x-ray spectroscopy mapping
of the largest samples shows that the oxide skin is the
same thickness as in the small samples [Fig. 2(c)]. This
indicates that, while there is significant polydispersity in the
aluminium core sizes, the thickness of the oxide shell layers
is monodisperse.

By using neutron spectroscopy to study the fine core-shell
oxidized Al particles, we detected an inelastic excitation in
the q-integrated neutron scattering intensity S(ω) [as shown
in Fig. 3(a)] which is not found in aluminium or crystalline
alumina. This is attributed to the oxide shell which constitutes
a large fraction of the overall signal. According to simple
geometric arguments, the volume fraction of the oxide shell is
given by VF = (t3 + 3R2t − 3Rt2)/R3, and the mass fraction
of the oxide is increased by the higher mass density of the
oxide. Thus, in smaller particles where R ≈ 20–60 nm, a
substantial fraction of the overall mass is in the oxide skin
(20–70%). The coherent neutron scattering cross section for
oxygen (with a scattering length of bO = 5.803 fm) is also
nearly twice that of aluminium (bAl = 3.45 fm), thus the
oxide signal is estimated to be enhanced by a further factor
of ρAlO(bO+bAl )

ρAlO(bO )
MAl

MAlO
≈ 2 where ρ is the mass density and M is

the molar mass. The observed inelastic neutron spectroscopy
(INS) feature attributed to the alumina glass is very similar to
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FIG. 2. (a) X-ray-diffraction patterns for the various samples
show the Bragg peaks at the positions of the metallic Al refer-
ence. The inset shows an enlarged region near the (111) Al Bragg
reflection, indicating the subtle Scherrer broadening from finite
size. (b) TEM image for the 〈R〉 = 35 nm Al nanoparticles (red)
superimposed on an image of the 〈R〉 = 350 nm particles (gray).
(c) Energy-dispersive x-ray spectroscopy map showing the oxide
thickness of 3.5 nm on a large particle from the 〈R〉 = 350 nm
ensemble (left).

FIG. 3. (a) Inelastic neutron scattering intensity S(ω) at several
temperatures. The solid lines are fits including the detailed balance
factor. The theoretical spectrum calculated from the MD calcula-
tions is offset below for clarity. (b) Generalized DOS measured
by inelastic neutron spectroscopy for 〈R〉 = 35 nm particles at
100 K scaled by w−2. The shaded regions are those calculated from
the MD of an Al/Al2O3 interface and a hypothetical bulk Al2O3.
(c) Snapshot of a MD configuration of the 3-nm-thick glass interface
on a crystalline substrate. (d) Calculated neutron elastic structure
factor from the MD models compared with previously published
experimental data.

the spectral signature of the BP in bulk amorphous SiO2 [30],
however the frequency is reduced by 40%. By using neutrons
with an incident energy of 14.89 meV, the feature can be
resolved in both the neutron energy-loss and energy-gain
modes, thereby allowing for observation of the temperature-
dependent asymmetry. As shown by the solid black lines in
Fig. 3(a), the spectra can be fitted using a combination of two
Lorentzians and a Gaussian, weighted by the thermal balance
factor. The latter indicates the spectrum obeys Bose-Einstein
statistics, a key signature of a bosonic excitation common
to all glass BPs. Figure 3(b) shows the generalized DOS
measured in the neutron spectroscopy in reduced units scaled
by ω−2. This exhibits an excess of modes centered on ωBP =
2.8 ± 0.6 meV, as found for BPs in glasses, and van Hove
singularities (vHs) in crystals.

Precise comparisons can be made between the INS ex-
periments and the MD calculations using a well-established
framework discussed in Ref. [39]. An example of the
crystal-glass Al/Al2O3 surface model is shown in Fig. 3(c).
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Figure 3(d) compares the glass elastic structure factor in the
simulations with past experimental data [41] showing good
agreement for both the pure Al2O3 and Al/Al2O3 simulations.
The shaded area in Fig. 3 compares the calculated inelas-
tic neutron spectra for a 3-nm oxide skin interface on an
aluminium substrate at 100 K, where the main experimental
features are well captured by the model (the theory curve is
offset for clarity). The vibrational DOS G(ω) calculated from
the velocity autocorrelation functions, normalized to Debye
units scaled by ω−2, is shown in Fig. 3(b). While both pure
amorphous Al2O3 and Al/Al2O3 MD simulations predict a
BP between 0 and 20 meV, the models predict a sharp BP in
the ultrathin oxides with a lower frequency (ωBP = 3 meV). In
contrast, a broad BP is predicted in the hypothetical bulk glass
(ωBP = 10–20 meV). The calculations for thin Al/Al2O3

layer match well with the present experiment. While our bulk
calculations are broadly in agreement with past ab initio MD
calculations [42], there is no direct experiment available for
bulk amorphous alumina.

To assess the dispersion of the excitation in the nanoscale
alumina, Fig. 4(a) shows the experimental S(ω, q) powder-
averaged neutron scattering map for small (〈R〉 = 35 nm)
particles at 100 K in terms of the reciprocal space vector
magnitude (q) and the energy transfer. In the section on the
right of the figure, the diffraction pattern is plotted where
the latter was extracted from the zero-energy (elastic) slice
of the data. Although the nanoglass is easily concealed in
the diffraction measurements, which are dominated by the
crystalline aluminium peaks, it shows up as a strong feature
in the inelastic neutron spectroscopy with a peak at ωBP = 2.8
± 0.6 meV. The energy of the low-energy feature (2.8 meV)
is independent of q as shown by the dashed line in the
figure, although the intensity does vary with q. The absence
of dispersion indicates a quasilocalized mode. The intensity
is present over a broad streak of q, as expected for a glass
feature, and not sharply modulated at the metal’s Bragg points,
indicating it originates from a different spatial scale. Indeed,
the scattering intensity increases from 3 to 4 Å−1, which is
the characteristic Al-O distance in the glass tetrahedra. In
common with the BP in SiO2, the inelastic signal peaks at
the second elastic maxima in the glass static structure factor
because the first maximum in S(q) corresponds to length
scales of connected tetrahedra that are less rigid than one tetra-
hedron, leading to a less pronounced peak [2]. For the largest
particles (〈R〉 = 350 nm) the feature is only barely detectable
when plotted on the same scale and normalized by mass
[Fig. 4(b)], yet the aluminium diffraction peaks are sharper
and stronger. This is consistent with the tiny oxide fraction
(<1%) in the bigger particles, which is expected as the oxide
skin has almost the same uniform thickness, whereas the
aluminium cores are very different sizes [Figs. 2(c) and 2(d)].
Theoretically, the thickness of the skin is determined by the
thermodynamic stability criteria of the oxide which depends
on surface energy and tends to disfavor growth beyond 3–4
nm [15,16]. The different shell-core ratios explain why the
intensity of the observed feature scales using the volume-
fraction and neutron enhancement factors discussed earlier.
We note that the ωBP for the peaks in all of the samples are
similar within ≈1 meV of each other, which is essentially

FIG. 4. (a) S(ω, q) map for the 〈R〉 = 35 nm Al nanopowder
showing the q dependency of the excitation with the diffraction
pattern (right) extracted from the elastic channel. (b) S(ω, q) map
for 〈R〉 = 350 nm with the (E = 0) diffraction pattern (right).
(c) q-integrated S(ω) normalized by sample mass for the different
Al/Al2O3 nanopowders.

within uncertainty determined by experiment resolution and
fitting procedure. Generally it is believed that the substrate-
strain interactions, or curvature, can introduce effective pres-
sure in crystalline particles [43], which can shift vibrational
frequencies, however the effect is not easy to detect in the
nanoscale alumina glass.

Although the data for nanoalumina display striking sim-
ilarities to SiO2 bulk glasses, it would be remiss if we
failed to note that other spectroscopic studies of nanopowders
have reported anomalous BP features. These have been ob-
served even in materials such as nanocrystalline Fe [44] and
TiO2 [28] where no such feature would be expected. Those
studies did not attribute this to an interfacial glass; however,
it is clear that future work needs to carefully check for the
presence of amorphous skins since these potentially form on
many nanoparticles, particularly metal ones. One interesting
alternate proposal was that weak coupling between nanocrys-
tallites in a nondispersed powder leads to a “microstructural”
BP analogous to disordered solids [45]. To explore this, we
performed control measurements on other nanocrystalline
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FIG. 5. (a) Neutron-diffraction patterns at λ = 2.345 Å for
Al/Al2O3, γ -Al2O3, and α-Al2O3 taken from the elastic channel.
(b) q-integrated inelastic neutron scattering intensity for γ -Al2O3

and α-Al2O3 nanopowders compared with the Al/Al2O3 core-shell
particles, normalized by sample mass. (c) Simulated S(ω) using
classical force-field MD simulations for infinite periodic cells of γ -
Al2O3 and α-Al2O3 and the Al/Al2O3 interface. The shaded regions
assume the instrument resolution of 1 meV, whereas the dashed lines
indicate the effect of including broadening in the simulations from
finite size or disorder. The insets are snapshots from small sections
of the MD models showing the different tetrahedral and octahedral
networks.

aluminium oxides all of which had a similar, low packing
density (25%).

All of the nanocrystalline alumina oxides have distinctive
elastic features and inelastic phonon spectra related to their
intrinsic atomic structural differences. Figure 5(a) displays
the elastic-channel neutron-diffraction patterns for the dif-

ferent nanosized aluminium and aluminium oxide samples,
along with the calculated patterns from the Inorganic Crys-
tal Structure Database. The corundum-type and aluminium
cores are of good crystal quality, evident in the strong Bragg
peaks, whereas the γ particles are only barely crystalline.
Figure 5(b) compares the inelastic neutron spectroscopy for
various samples all measured under identical conditions at
100 K. It is clear that the spectra are very different de-
spite having similar packing densities. The corundum phase
shows almost no features below 10 meV, whereas both the
γ and Al/Al2O3 particles have strong low-energy features.
The difference between the samples excludes the possibility
of some “universal microstructural” BP. Furthermore, the
agreement with theoretical calculations strengthens the argu-
ment that the neutrons probe the intrinsic atomistic dynamics,
and nanoparticle-nanoparticle interactions are of secondary,
or negligible, importance. Figure 5(c) shows the theoretical
neutron spectra calculated from the MD for periodic boundary
conditions which do not include internanoparticle interac-
tions. For example, in agreement with the MD theory, the
first vHs in pure γ oxide has its first vHs at 7 meV. The
latter is also in agreement with a previously published ab
initio lattice dynamics [46]. Meanwhile, also in agreement
with experiment, there are very few features observable for
corundum because the first strong vHS occurs at much higher
energy (30 meV) [47], and thus is thermally depopulated at
the measurement temperature of 100 K.

As in bulk forms, the intrinsic differences between the
crystalline and amorphous alumina polymorphs reflect the
characteristics of the different polyhedra networks which de-
termine the degrees of freedom and constraints on the rigid-
unit motions. The insets of Fig. 5(b) are snapshots of the
tetrahedra and octahedra in the MD simulations of the various
phases. The γ phase has more in common with the amor-
phous phase in that it has similar bond lengths and features
a large fraction of tetrahedral units (40%) [46]. Unlike the
octahedral units in corundum, corner-sharing tetrahedra have
few constraints on their motion because of the lower number
of vertices. This in turns offers additional low-energy modes
of distortion, some of which are termed “floppy modes.” The
alumina glass has an average Al-O coordination number of 4.5
with a larger fraction of corner-sharing tetrahedra. Therefore,
the BP in glassy alumina, which is redshifted with respect to
the vHs of the crystalline γ phase, has close analogies with
the BP in amorphous silica, which is redshifted with respect
to the vHS of crystalline crystobalite [48].

While the primary frequencies match between MD theory
and experiment, the experiment shows considerable broaden-
ing attributed to finite-size effects that confine the traveling
motion of the phononic excitations. These are real features be-
cause the broadening exceeds 1 meV, whereas the instrument
resolution is 0.14–0.6 meV [32]. It has been proposed that
interfacial scattering reduces phonon (and magnon) lifetimes
in nanocrystals leading to line broadening of the order � =
h 2v

L where v is the speed of sound and L is the size of the
particle/domain [27,49]. Assuming the speed of sound to be
9 km/s [50], � is 1 meV for a crystallite with L = 70 nm.
Experimentally, the broadening is closer to 1.5 meV in the
aluminium particles and 6 meV in the γ -Al2O3 consistent
with the smaller particle sizes in the latter. The dashed lines in
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Fig. 5(c) show the effect of including linewidth broadening for
the simulated spectra. As the BP for the Al/Al2O3 particles
has a low dispersion, v ≈ 0 km/s, it does not appear to be
broadened to the same degree as the ordinary phonon features.
This is consistent with a quasilocalized excitation which,
unlike traveling phonon plane waves, does not experience
strong boundary scattering.

IV. CONCLUSION

The experimental and theoretical data provide compelling
evidence for intrinsic low-energy vibrational modes in ul-
trathin alumina glasses that manifest as a BP. Measuring
the dynamics of the Al/Al2O3 is an important step towards
understanding the atomistic degrees of freedom that affect
the properties of alumina. One implication is that the low
thermal conductivity of the Al/Al2O3 interface is affected by
the quasilocalized excitations in the oxide that lead to poor
phonon transmission for THz-frequency excitations. It is also
interesting to question whether the natural THz-scale glass
motions in the amorphous alumina have any effect on the
two-level system noise at low temperature. At first glance the
connection between the BP (which occurs in the THz/meV)
energies and the TLSs (which occur at GHz frequencies) is
not obvious. However, past theoretical studies showed that
oxygen hopping modeled via the Schrödinger equation would
lead to tunneling splittings in the GHz tunneling range for
barrier heights of a few meV (i.e., at the same energy scale
of the BP) to give rise to tunnel splittings in coarse agree-
ment with experiment [26]. In the millikelvin regime, atomic
motion over such a barrier is impossible except by quantum
tunneling. However, at higher temperatures, it is likely that the
underlying degree of freedom that contributes to the TLS is
thermally populated and may contribute to the THz frequency
signals in the classical regime. Furthermore, the possibility
that the tunneling events are assisted or “dressed” by phonon
excitations in the glass has also been proposed [3]. Future
work needs to explore the relationship between the boson
peak quasiphononic excitation with atomistic models of the
two-level systems in amorphous alumina.
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APPENDIX: MEASUREMENTS ON HEAT TREATED
ALUMINA

γ -Al2O3 is known to be hydrophillic in porous structures.
Less is known about the affinity of water with the amor-

FIG. 6. Comparison of (a) as-exposed “wet” Al2O3 particles with
(b) “dry” heat treated particles, where heating was performed in situ
at 450 K in a vacuum environment.

FIG. 7. Comparison of thermogravimetric analysis upon heating
the 〈R〉 = 45 and 35 nm particles in a nitrogen atmosphere. The mass
loss corresponds to the loss of bound water.
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phous alumina surface. As discussed above, the short-range
structure in the amorphous phase shares certain structural
motifs with the γ phase. Thus, it is reasonable to expect
amorphous alumina to exhibit chemical similarities with the
γ phase. The affinity for water on AlOx requires investigation
because hydrogen motion has been proposed to be a source
of surface noise in quantum qubits based on amorphous
alumina [51,52]. Neutron spectroscopy is extremely sensitive
to small amounts of hydrogen because the total scattering
cross-section of hydrogen is 1-2 orders of magnitude larger
than the other elements. Our initial measurements on ambi-
ent exposed Al2O3 revealed a strong quasielastic component
which is often the signature of hydrogen motion, including
water and hydroxyls. Subsequent thermal gravimetric anal-
ysis measurements showed a small mass loss beginning at
the boiling point of water. To investigate whether H2O was
contributing to the quasielastic neutron signal, we carried
out a preliminary in situ heating experiment as shown in

Fig. 6. After heating to 450 K and pumping under vacuum,
the quasielastic signal is indeed reduced, however the BP fea-
ture remains observable. Complementary thermogravimetric
analysis measurements are presented in Fig. 7 showing a mass
loss at the boiling point of water. The smaller particles with
〈R〉 = 35 nm have a larger mass loss than the particles with
〈R〉 = 45 nm. This may be expected if the water is surface
bound because the smaller particles have a higher surface area
(≈30 m2/g). The broadness of the mass loss is suggestive
of bound water (chemisorbed or physisorbed to a surface)
because free water usually results in a sharp mass loss. Under
the assumption that the water is surface bound, and has density
similar to that of ordinary water, this mass loss corresponds
to a coverage of approximately 1–2% of the alumina sur-
face with H2O, giving a density of approximately 0.3 H2O
per nm2. These measurements indicate that hydrogen in the
form of water has an affinity for the surface of amorphous
alumina.
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