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ABSTRACT: Nanoscale defects like grain boundaries (GBs) would introduce local phonon modes and affect the bulk materials’
thermal, electrical, optical, and mechanical properties. It is highly desirable to correlate the phonon modes and atomic arrangements
for individual defects to precisely understand the structure—property relation. Here we investigated the localized phonon modes of
ALO; GBs by combination of the vibrational electron energy loss spectroscopy (EELS) in scanning transmission electron
microscope and density functional perturbation theory (DFPT). The differences between GB and bulk obtained from the vibrational
EELS show that the GB exhibited more active vibration at the energy range of <50 meV and >80 meV, and further DFPT results
proved the wide distribution of bond lengths at GB are the main factor for the emergence of local phonon modes. This research
provides insights into the phonon-defect relation and would be of importance in the design and application of polycrystalline

materials.
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he lattice vibration behavior of the crystal material,

namely, the phonon modes, is an important material
characteristic and related with many material properties like
thermal conductivity, thermoelectric performance, electrical
transportation, and structural stability.' > In practical materi-
als, there usually exist defects such as grain boundaries (GBs)
and dislocations, which have different atomic structures and
chemical bond environments, that are expected to exhibit
localized but different phonon modes®™® due to the unique
force constants. The differences between the “local defect” and
“global bulk” phonon structure would result in phonon
scattering during the phonon transport, and therefore affect
the materials’ overall properties.g_11 For example, the thermal
conductivity of a polycrystalline could be expressed as

- 1 . .

lpo}y =i + nR,, where Acrystal 18 the thermal conductivity
—

of the single crystal, R, is the thermal resistance of a GB, and n

is the number of GBs crossed by the heat flow in unit area.'”

Macroscopic measurements show an inverse relation between

the thermal conductivity values versus the density of GBs in
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ceramics like Al,O; and MgO. Specifically, the existence of
each GB in ALL,O; would introduce an extra resistance of
thermal transportation of ~0.9 X 10™* m?> KW~ on average.'”
However, the phonon modes of these GBs and the correlation
between local phonons and atomic structures remain largely
unclear due to challenges in the simultaneous measurement of
local phonons and atomic structure.

For bulk materials, the phonons can be measured using
infrared-Raman (IR) spectroscopy, high-resolution electron
energy loss spectroscopy (HREELS), inelastic neutron
scattering (INS), inelastic X-ray scattering (IXS), scanning
near-field optical microscopy (SNOM), etc. However, the
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Figure 1. The atomic structure of A,0;GB and EELS measurement setup. (2) An iDPC image of the [0001] oriented ),7a AL,O; GB; (b) the
[0001] direction projection of the simulated GB; (c) the schematic diagram of the off-axis EELS measurement. The top right inset shows the
simulated electron diffraction pattern where the green circle highlights the EELS collection angle.
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Figure 2. Experimental result of the phonon measurement. (a) HAADF image of the area for EELS measurement; (b) intensity mapping of
measured phonon spectra across the GB; (c) comparison of the phonon spectra of the GB and bulk area.

limited spatial resolution of these methods makes it
challenging to probe the nanoscale defects like dislocation
and GBs, not to mention simultaneously correlating with the
local atomic arrangement.”~"” Recent advances in mono-
chromated EELS and aberration-corrected STEM enable
phonon measurement (namely, vibrational EELS spectrum
measurement) for nanoscale defects, atomic-scale hetero-
interfaces, or even single point defects."® ™2 Here, we used
STEM-EELS to study the local phonons of Al,O; GBs. Al,O,
exhibits high thermal conductivity, chemical stability, and
mechanical strength and, thus, is widely used as heat
dissipation materials and light windows in the fields of
semiconductor and optical devices.”’ > Such properties in
the Al,O; ceramics would be largely affected due to the
existence of GB through the local phonon interactions, while
the knowledge of such localized phonon structures is still
lacking.>*

In this study, the atomic structure-phonon relations of Al,O4
GBs were revealed by a combination of atomic-scale
vibrational EELS measurement and density functional
perturbation theory (DFPT) calculation. We find that the
GBs exhibit quite different vibrational spectra compared to that
of the bulk at a space range of around 1.5 nm. The GB shows
more active vibration at the energy range of <50 meV and >80
meV and lower intensity at the energy range of S0—80 meV.

DEPT results indicate the wider distribution of bond lengths at
GB mainly accounts for emergence of the local vibrational
modes. Besides, such a tendency is also found in other types of
GBs with different atomic structures, while local phonon
modes are less sensitive to the GB structures. These findings
provide new insights into understanding the GB properties that
are closely related with phonon processes, such as heat
transportation, and would be of great importance in guiding
the material design and fabrication processes via the GB
engineering.

Figure la shows an integrated differential phase contrast
(iDPC) image of a X7a GB observed from the [0001]
direction. The bright spots correspond to the Al and O atom
columns while O shows relative lower intensity due to its
smaller atomic number.”> The structure unit of the GB core
can be described as the combination of a 5-ring, two 6-rings,
and a 7-ring, which is consistent with previous experimental
observations.”*™** Figure 1b shows the most stable GB
structure relaxed by molecular dynamic simulation reported
from a previous study.”” The experimentally observed structure
in Figure la is in excellent agreement with the calculations in
Figure 1b.

To extract the GB phonon modes, an off-axis EELS
geometry with large convergence semiangle was set to obtain
the spectra comparable to the phonon DOS," as shown in
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Figure 3. The analysis of the bond length and angle of the GB and their effects on the GB phonon. (a) The distribution of the bond length and
bond angle of the GB and bulk area, with values of the standard ALO; unit cell marked in insets; (b) the phonon DOS of cells with different bond

lengths; (c) the phonon DOS of cells with different bond angles.

Figure lc. The details are given in the Methods. Figure 2a
shows a high-angle annular dark-field (HAADF) image of the
GB, and the corresponding line profile mapping of the
background-subtracted vibrational EELS spectra across the
GB is shown in Figure 2b. The phonon signals change abruptly
near the GB within approximately 1.5 nm, indicating the high
localization nature, which exhibits similar width of transition
area reported in the diamond-cBN heterointerface™’ and is
slightly narrower than that of the staking fault in SiC.*” To
quantitatively compare the two spectra of GB and bulk, the
difference was further calculated as diff = spectrumy, —
spectrumgg and shown in Figure 2c. The main feature is that at
energy range of <50 meV and >80 meV, a positive diff value is
obtained, indicating more active vibration in the GB area than
that of the bulk, while at energy range of 50—80 meV, the diff
value is calculated to be below 0, indicating a rather smaller
phonon population in this energy range and, thus, vibration
with lower activities at the GB region.

To understand the origin of the phonon DOS change in GB,
DFEPT calculations were carried out. Although a full calculation
of GB phonon DOS is not realistic due to the huge cost for the
complex GB atomic structure, we tried to investigate such
phonon DOS change from the structural point of view. It is
known that at GBs, the atom positions are greatly shifted to
compensate for the difference in orientation of the two grains,
which means the change of bond length and bond angle would
be the most prominent structural difference at the GBs.
Accordingly, we have statistically analyzed the bond lengths
and bond angles using the reported GB structure model,” as
shown in Figure 3a. We analyzed about 300 Al—O bond length
values and 900 O—AI-O bond angle values within a 1.5 nm
wide area in the bulk and around the GB (this width is
determined by the experimentally measured EELS broadening
width in Figure 2). In the bulk region, the bond lengths and
bond angles show certain fixed values that are determined by
the crystallographic features of Al,O; In contrast, the GB

exhibits a rather dissipated distribution of both bond lengths
and bond angles. Considering the force constants are sensitive
to the local bond environments, it is highly possible that these
structural feature changes might account for the unique GB
phonon DOS.

To analyze the effect of the bond length and bond angle on
the localized phonon DOS, Al,O; unit cells with varied bond
length and angles were artificially constructed and relaxed, and
their phonon DOS were calculated (detailed values of the
bond angle and length were given at Table 1). Drastic changes

Table 1. Structure Parameters of the Lattice with Different
Bond Angles and Lengths

O—AI-O bond angle O—AI-0 bond length

Notion a (deg) f (deg) I (A) L (A)
Standard 101.2 79.6 1.98 1.87
Smaller angle  95.57 (—5%)  75.62(=5%) 198 1.87
Larger angle  106.26 (+5%)  83.58 (+5%) 1.98 1.87
Shorter length  101.2 79.6 1.88 (=5%) 178 (=35%)

Longer length  101.2 79.6 2.08 (+5%) 1.96 (+5%)

were found with the change of bond length in Figure 3b; i.e,,
when the bond length is reduced by 5%, the cutoff energy
increases to about 124 meV, whereas it decreases to 97 meV
when the bond length is increased by 5%. However, with a 5%
change in bond angle in Figure 3¢, the phonon DOS showed
subtle changes in the shape of peaks compared with the
standard Al,O,, while the overall curve shapes remain almost
unchanged and cutoff energies are all still resided in 108—111
meV. Besides, it should be noted that the changes of the curve
in Figure 3b are not simple proportional scaling, indicating for
the different phonon branches the effects of bond length
change could be different. These results show that the phonon
structure is much more sensitive to the bond length change
than to the bond angle.
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Figure 4. Spatially different EELS response in the Y 19a GB. (a) An iDPC image for the Y.19a GB, with 7&8-ring area and 6-ring area marked
with light orange and blue polygons; (b) the HAADF image obtained simultaneously with the EELS spectra; (c) the spectra of the 7&8-ring, 6-ring
areas compared with bulk; (d) the two-dimensional mapping of the EELS signals obtained within S meV-wide energy windows centered at 25, 70,
and 115 meV, which obviously showing different EELS response at the 6-ring and 7&8-ring areas. Brighter color represents higher intensity.
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Figure S. The vibrational spectra of GBs with different tilt angles. (a) An iDPC image of the Y 19a Al,O; GB; (b) the vibrational EELS spectra
of the )"19a Al,O; GB; (c) an iDPC image of the .31 Al,O; GB; (d) the vibrational EELS spectra of the Y31 Al,O; GB.

Such a conclusion is further validated by our vibrational
spectra measurements of GBs with different misorientations.
Figure 4 shows the spatially different EELS response of the
Y192 GB. As shown in Figure 4a, the ) 19a GB unit consists
of a 7-ring, an 8-ring, followed by three 6-rings. The 6-ring area
shows rather smaller change in bond length than the 7&8-ring
area while the misorientation is basically fitted by changes in
bond angles. Figure 4c shows the vibrational spectra of the 6-
ring and 7&8-ring areas compared to bulk, of which the
measurements were performed at areas denoted in Figure 4b.
One can tell that the 7&8-ring area shows much larger change
than the 6-ring area, while the 6-ring area exhibits as an
intermediate of the 7&8-ring area and bulk. Such a difference is
clearly visualized in the EELS mapping in Figure 4d, especially
at 25 and 70 meV, where the 7&8-ring areas show much higher
and lower intensity, respectively. These results further

strengthen our conclusion that the change of local phonon is
mainly caused by the changes in bond length.

On the other hand, with different substructures mixed in the
GBs, the EELS responses of the integrated GB areas show
rather low dependency to the misorientation. As shown in
Figure S, the EELS spectra of Y.19a and > 31GBs (with
misorientation of 14.1°, 18.8°) show similar characters with
that of the Y 7a GB (with misorientation of 23.3°): at the GBs
higher vibration intensity at energy ranges of <50 meV and
>80 meV, and lower vibration intensity at 50—80 meV. This is
resulted from their similar bond length distributions in the
integrated GB areas (see bond length distribution comparison
of }7a and Y31 GB in Figure S1), which results in a similar
change in the force constants and such universal phonon DOS
change in Al,O; GBs.

Our results show localized phonon DOS of AL, O; GB are
not sensitive to the misorientation of the two neighboring

https://doi.org/10.1021/acs.nanolett.3c04149
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grains, which is different than the common assumption.
Instead, it is mainly determined by GB’s intrinsic structural
characteristics, i.e., the local bonding situation. By quantitively
and respectively introducing changes in bond length and bond
angle into the Al,O; unit cell during DFT calculation, we
further validated the wide distribution of bond length as the
dominating factor in determining the local phonons. However,
the wide range distribution of the bond length at the GB makes
it difficult to clarify the GB EELS intensity change with specific
defect modes or phonon branches, since changes in each bond
length would result in collective changes of the whole
dispersion diagram by changing the energy of certain
vibrational modes and also introducing new characteristic
vibrational modes (as described in Figure S2 and Supple-
mentary Note 1). This change can be understood by the
sensitivity of force constant to the chemical bond length.
Basically, the bonding lengths at general GBs are totally
different from that of bulk, which would compose of a wide
distribution of bond length. Therefore, it is expected that
general GBs in Al,O; even with different geometry
configurations, would exhibit similar defect phonon DOS.
Our present findings differ from those GB phonon structures
in SrTiO; and Si reported so far.””* For example, Hoglund et
al’s study of the SrTiO; GB provided evidence in correlating
the coordination, chemistry, bonding, and electronic states
with vibrational modes,”” while our study found that for AL,O;
the change in bond length is the dominant one. Furthermore,
our findings in Al,Oj; also differ from that in Si defects, where it
is reported that bond angle dominates GB vibrational modes.”®
Therefore, it seems that the dominant factor to determine the
local defect phonon can be very different in different materials.
All of these results highlight the complexity of understanding
general rules for phonon structures at local defects in a variety
of materials.

On the other hand, the existence of localized unique
phonons at GBs is expected to substantially affect thermal
transport in polycrystalline Al,O; ceramics. Specifically, the
vibrational EELS spectra of GBs show lower intensity at an
energy range of 50—80 meV, indicating a smaller phonon
population in this energy range. Based on the diffusive
mismatch model (DDM) mode, the reduction of phonon
DOS would to a certain degree impede the transportation of
the lattice wave at GB and result in a higher local thermal
resistance for these frequencies;” therefore, the increase of
phonon population at energy range of <50 meV and >80 meV
would not make a significant change. Furthermore, most
optical phonon branches of Al,O; reside in the energy range of
50—80 meV," indicating the GB thermal resistance mainly
originated from the scattering of optical phonons.*"**™*
Additionally, since the optical phonons are closely related with
the electron—phonon coupling and optical propagation such as
phonon polaritons, the significant change of optical phonons at
the GB is also expected to play an important role in the local
electrical and optical properties, which will stimulate further
studies in the future.

In summary, we directly measured the localized phonon
modes of the Al,O; GBs, and we found a reduced vibration at
the energy range of 50—80 meV and enhanced vibration at <50
meV and >80 meV. The overall projected DOS of local
phonons is not sensitive to the GB geometry. Such local
phonon structures are mainly dominated by the wide
distribution of bond lengths in GBs. Our direct conclusion
would be of great importance in the grain boundary

engineering of Al,O; in regulating its thermal, electrical, and
optical properties, in applications such as being the heat
transfer and storage medium in solar particle recerivers,** the
high-quality filler of thermal conductive and electrical insulated
composites,” and also optical windows for lasers, spectrom-
eters, armor parts, and IR-domes for infrared missile guidance
system.”’ Moreover, our self-consistent scheme provides new
insights in investigating the phonon structure of the general
polycrystalline materials and would be of great importance in
addressing the structure-phonon-property relationships among
a wider category of materials.

B SAMPLE PREPARATION

Bicrystal specimens were used to obtain a well-defined single
GB. In this way, well-controlled experiments can be performed,
and the effect of other defects in the polycrystalline materials
can be eliminated.”” The ALOj; bicrystals were fabricated by
the thermal diffusion bonding of two single crystals (Shinkosha
Co., Ltd.) at 1500 °C under 0.1 MPa for 10 h in air.***"**
TEM samples were fabricated by mechanical grinding followed
by ion milling using a Precision Ion Polishing System (PIPS,
model 691, Gatan) to further thin it to ~50 nm.

In this study, several types of GBs, such as ),7a, Y192, and
Y31 GBs, were systematically fabricated to investigate GB
character dependency.

Bl VIBRATIONAL EELS AND IMAGING EXPERIMENTS

The vibrational spectra were measured by a Nion microscope
U-HERMES200. The EELS data sets are acquired at 60 kV
with a convergence semiangle of 20 mrad and a collection
semiangle of 25 mrad to ensure sufficient space and energy
resolutions. As Al,O; is sensitive to electron beam
irradiation,”” the acquisition time for each pixel was set to 4
s, and a 40 pixel X10 pixel 2D EELS mapping data set was
acquired in an area of 8 nm X 2 nm containing a GB at the
center. An off-axis condition was used to mitigate the strong
polariton signal of ALO; from I' point,*”>* although such
conditions drastically reduce the acquisition signals. In our
case, the electron beam was shifted ~50 mrad away from the
center beam axis, along the symmetric direction of the Kikuchi
pattern of the bicrystal system to reduce the elastically
transmitted electrons from being collected by the EELS
aperture while ensuring the signals of both grains were
collected equally to avoid the differences introduced by the
relative positions of the EELS aperture and diffraction pattern.
The energy resolution is ~10 meV, and the spatial resolution is
~1 nm. iDPC and part of the HAADF images were recorded at
300 kV, using an aberration-corrected FEI Titan Themis G2
with spatial resolution up to 60 pm. The convergence
semiangle for imaging is 30 mrad, and the collection semiangle
snap is 4 to 21 mrad for the iDPC imaging and 39 to 200 mrad
for the HAADF.

B EELS DATA PROCESSING

All acquired spectra were processed by custom-written Matlab
code. The spectra were first aligned by zero-loss peaks to
correct possible beam energy drift. A block-matching and 3D
ﬁlterin% (BM3D) algorithm was applied to remove Gaussian
noise.”*° The tail of the zero-loss peak is fitted with a Pearson
function with two fitting windows and then subtracted in order
to obtain the vibrational signal.*”>” The fitting windows are
selected to make the background-subtracted spectra at the bulk
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area best fit the simulated EELS spectrum of bulk Al,O;. The
statistical factors of the background-subtracted spectra, which
were resulted from the different scattering probability of
phonons with different frequency, were further corrected to
make the spectra more comparable to the real phonon DOS.>®

B DENSITY FUNCTIONAL PERTURBATION THEORY
(DFPT) SIMULATION

The DFPT 51mulat10ns were conducted using the Quantum
Espresso’”*" with the PBE Exchange-Correlation functional
and Ultrasoft pseudopotentlal(1 for O and norm-conserving
pseudopotential®® for Al. The cutoff of the wave functions is 25
Ry (Ry) and 225 Ry of the charge density and potential.

The phonon dispersion and PDOS was calculated by
interpolating the dynamical matrix on a 3 X 3 X 3 g-mesh.
The cross-section of the scatterm% electrons for an infinite bulk
crystal can be interpreted as”*®®

o Sfn+1
daa & | T — o)
+ 50w - el@)

where ®,(q) and n are the frequency and occupancy number
of the 2™ phonon mode with wavevector q. The two terms in
the square brackets correspond to phonon emission and
absorption processes, respectively. The coupling factor

P';l(‘l)“_ Y —

atomk

e e M 4 Z(q)ley(k, 9)-q]

is determined by the mass M;, real- -space position ry, effective
charge Z.(q), Debye—Waller factor® exp(— 2W,(q)), and
phonon eigenvector e;(k, q) of the k™ atom in a unit cell. The
effective charge Z,(q) was calculated following the literature
with atomic form factors constructed from parameters in the
literature.>”
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Bond length distribution of GBs with different
misorientations (Supplementary Figure S1), phonon
dispersion and eigenvector of cells with different bond
lengths (Supplementary Figure S2), and extended
discussions in how changes in bond length modify the
phonon structures (Supplementary Note 1) (PDF)
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