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Probing Hyperbolic Shear Polaritons in 𝜷-Ga2O3
Nanostructures Using STEM-EELS

Zhenyu Zhang, Tao Wang,* Hailing Jiang, Ruishi Qi, Yuehui Li, Jinlin Wang,
Shanshan Sheng, Ning Li, Ruochen Shi, Jiaqi Wei, Fang Liu, Shengnan Zhang,
Xiaoqing Huo, Jinlong Du, Jingmin Zhang, Jun Xu, Xin Rong, Peng Gao,* Bo Shen,
and Xinqiang Wang*

Phonon polaritons, quasiparticles arising from strong coupling between
electromagnetic waves and optical phonons, have potential for applications in
subdiffraction imaging, sensing, thermal conduction enhancement, and
spectroscopy signal enhancement. A new class of phonon polaritons in
low-symmetry monoclinic crystals, hyperbolic shear polaritons (HShPs), have
been verified recently in 𝜷-Ga2O3 by free electron laser (FEL) measurements.
However, detailed behaviors of HShPs in 𝜷-Ga2O3 nanostructures still remain
unknown. Here, by using monochromatic electron energy loss spectroscopy
in conjunction with scanning transmission electron microscopy, the
experimental observation of multiple HShPs in 𝜷-Ga2O3 in the mid-infrared
(MIR) and far-infrared (FIR) ranges is reported. HShPs in various 𝜷-Ga2O3

nanorods and a 𝜷-Ga2O3 nanodisk are excited. The frequency-dependent
rotation and shear effect of HShPs reflect on the distribution of EELS signals.
The propagation and reflection of HShPs in nanostructures are clarified by
simulations of electric field distribution. These findings suggest that, with its
tunable broad spectral HShPs, 𝜷-Ga2O3 is an excellent candidate for
nanophotonic applications.

1. Introduction

Phonon polaritons refer to the couplings between photons and
optical phonons in polar crystals, therefore, they play important
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roles in the study of light–matter interaction
and the fabrication of photonic devices.[1–4]

Phonon polaritons have unique advantages
in the fields of subwavelength light con-
finement and controllable energy trans-
fer, enabling their applications in super-
lensing, waveguides, and heat transfer.[5-10]

It has been found that crystal symme-
try plays an important role in the ex-
citation and propagation of phonon po-
laritons. In isotropic crystals with high
symmetry, phonon polaritons propagate
uniformly in all directions.[1,11] Uniaxial
or biaxial crystals have lower symmetry.
These crystals have permittivity compo-
nents with different signs along their prin-
cipal directions, leading to hyperbolic light
propagation. Hyperbolic phonon polaritons
(HPhPs) have been found experimentally
in anisotropic materials, such as h-BN[1,12]

and 𝛼-MoO3.[13–15] The highly directional
HPhPs allow fine control of energy flow in
semiconductors.[16,17] Monoclinic crystals,

with further reduced symmetry, can also support phonon polari-
tons. Phonon polaritons in monoclinic 𝛽-Ga2O3 have been ver-
ified by the free electron laser (FEL) measurements recently.[18]
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Figure 1. a) Crystal structure of 𝛽-Ga2O3. The crystal axes of the unit cell are also shown, along with the redefined vector c∗
, the rotated coordinate system

[mnz], and the rotation angle 𝛾 . b) Raman spectrum of 𝛽-Ga2O3. A large number of scattering peaks are observed, indicating various phonon modes. c)
Schematic of the STEM-EELS experimental setup. d) Electron energy loss spectrum recorded under an aloof geometry after background subtraction and
deconvolution (bold blue curve) containing several energy loss peaks (thin colored curves). The positions of the peaks are indicated by small triangles.

The dispersive propagation direction and sheared isofrequency
surface lead to a new class of polariton, hyperbolic shear polari-
tons (HShPs). Although the propagation of HShPs on the surface
of 𝛽-Ga2O3 has been clarified, its detailed behavior, when excited
in confined nanostructures, remains uninvestigated.

𝛽-Ga2O3, an ultrawide-bandgap semiconductor with a
bandgap of 5.04 eV,[19–28] is an excellent candidate for power
electronic devices due to its high electric breakdown field (up
to ≈8 MV cm−1).[29–32] However, the poor thermal conductiv-
ity of 𝛽-Ga2O3 sabotages device performance.[33] Theoretical
studies suggested to use phonon polaritons to improve heat
transfer in 𝛽-Ga2O3 devices by introducing a nanoscale heat
channel.[9,10] Additionally, as an anisotropic material, 𝛽-Ga2O3
can sustain phonon polaritons along different directions over
a wide spectral range according to theoretical predictions,[6,34]

which is desirable for nanophotonic applications. Thanks to the
recent development of electron energy loss spectroscopy (EELS)
with support from scanning transmission electron microscopy
(STEM), an electron probe with atomic spatial resolution and
a sub-10 meV energy resolution, as well as an extremely wide
spectral range (from ≈20 meV to 3 keV) can be achieved,[35–41]

making it possible to study the HShP modes of 𝛽-Ga2O3 in a
diversity of nanostructures.

Here, using such a STEM-EELS, we study the nature of
HShPs in various 𝛽-Ga2O3 nanostructures. By performing nu-

merical simulation of field distribution in the nanorods, we clar-
ify the nature of polariton propagation and reflection in 𝛽-Ga2O3
nanorods. We then interpret the experimental EELS peaks along
the nanorods as a combined effect of polaritons incident and re-
flected at all directions. Then we demonstrate the possibility of
tuning the propagation of HShPs by changing the size of the 𝛽-
Ga2O3 nanorods. In addition, we also excite and detect HShPs in
a 𝛽-Ga2O3 nanodisk. The slight asymmetry of the distribution of
EELS intensity indicates the broken of mirror symmetry, which
originates from the shear effect of HShPs. The tunable broad
spectral HShPs in 𝛽-Ga2O3 expand the scope of 𝛽-Ga2O3 from
its application in traditional electronic devices to applications in
nanophotonics and metamaterials.

2. Results

2.1. Structural Analysis of 𝜷-Ga2O3 and EELS Workflow

The unit cell of 𝛽-Ga2O3 is shown in Figure 1a. It has three
types of inequivalent O atoms and two types of inequivalent Ga
atoms.[42] The inset in Figure 1a shows three marked crystal axes.
As a feature of the monoclinic lattice, axis b is perpendicular
to the ac plane, where the angle between the a axis and the c
axis is larger than 90°. For convenience, we chose a new vec-
tor in the ac plane, defined as c∗, such that axes a, b, and c∗
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are perpendicular to each other. Due to the low-symmetry lattice
structure, 𝛽-Ga2O3 has a large number of phonon modes in the
MIR to FIR regions, as shown in a Raman scattering spectrum in
Figure 1b. According to group theory,[43] 𝛽-Ga2O3 has eight pairs
of TO and LO phonons that vibrate in the ac plane, along with
four other pairs polarized along the b axis. Using the eigenpo-
larization model,[44] we calculated the permittivity of 𝛽-Ga2O3 in
the MIR and FIR spectral ranges. The monoclinic symmetry in-
troduces off-diagonal terms to the permittivity tensor of 𝛽-Ga2O3.
The understanding and management of this permittivity tensor
have been discussed in detail.[18] Here, we treat the permittivity in
the same way. After diagonalizing the real part of the permittivity
tensor, we get a real transformation matrix. This matrix repre-
sents a rotation in the monoclinic plane. The principal axes after
rotation (m and n) and the rotation angle 𝛾 are marked in the inset
of Figure 1a. Then, the 𝛽-Ga2O3 crystal system can be simplified
into a “pseudo-biaxial” crystal with the remaining imaginary off-
diagonal terms. The detailed parameters of permittivity elements
can be found in Figure S1 (Supporting Information), which is
a replot of the permittivity data shown in previous work.[18] The
nonvanishing off-diagonal imaginary part Im(𝜖mn) introduces the
shear effect,[18] which breaks the mirror symmetry of the polari-
ton propagation. The frequency-dependent rotation of the isofre-
quency surface and the shear effect make the study of the polari-
ton response in 𝛽-Ga2O3 more sophisticated than in any other
previously reported materials.[5–10,12–15,45]

A simplified sketch of experimental procedure is presented in
Figure 1c, which shows a typical STEM-EELS workflow. High-
energy electrons focus at ≈0.1 nm and interact with 𝛽-Ga2O3 to
initiate phonon polaritons, from which a small amount of en-
ergy (usually tens of meV) is lost. The EELS detector records en-
ergy loss information for low-momentum transfer electrons, and
thus lattice vibration data can be extracted. An example is shown
in Figure 1d, which was obtained from EELS experiment on a
ground 𝛽-Ga2O3 nanorod. The EEL spectra were recorded via an
aloof geometry, which means that the electron beam is located
very close to the sample but outside of it. The aloof geometry
reduces the damage to the samples and increases the signal-to-
noise ratio.[13,36,46] The vibration peaks can be extracted by sub-
tracting the background signal followed by deconvolution, which
demonstrates the interactions between electrons and phonons.
As shown in Figure 1d, there are five EELS peaks, i.e., those at
40, 62, 66, 86, and 94 meV, that are determined by a Gaussian
fitting with multiple peaks, and their positions are indicated by
solid triangles. Details of EELS data processing are discussed in
the Experimental Section.

2.2. Observation of HShPs in 𝜷-Ga2O3 Nanorods

By emitting electrons into various 𝛽-Ga2O3 nanostructures,
HShPs can be excited and detected. Using focused ion beam
(FIB) etching, we fabricated various 𝛽-Ga2O3 nanorods with spe-
cific orientations and sizes.[47,48] Details of FIB etching can be
found in the Experimental Section. For example, the fabricated
𝛽-Ga2O3 nanorod has long and short axes along c∗ and b, re-
spectively. Its length, width, and thickness are ≈3000, 300, and
500 nm, respectively. Electrons with high momentum transfer
are collected by the annular detector at a high angle so that we

can obtain a high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) image of the samples at an
atomic spatial resolution. Figure 2a shows a HAADF-STEM im-
age that confirms the length and width of the fabricated sample.
A high-resolution HAADF-STEM image is shown in the lower
right corner, where the atomic structure confirms our chosen ori-
entation.

When a selected area near the sample is scanned (shown in
the yellow dashed box in Figure 2a, and the aloof geometry is
used), EELS maps can be obtained at different energies. Typical
EELS maps are shown in Figure 2b. Notably, these EELS maps re-
flect the electromagnetic density of states (DOS) projected along
the electron beam.[49] The nodal patterns can be seen clearly in
Figure 2b. The EELS peak marked by the black triangles beside
the maps moves toward the terminal of the nanorod with in-
creasing energy loss. Similar nodal patterns can be found in the
cases of HPhPs in 𝛼-MoO3 nanoribbon,[13] which have been inter-
preted as interference between the incident and reflected polari-
tons. However, in monoclinic crystals, the direction of polariton
propagation is dispersive within the monoclinic plane.[18] This
brings much complexity to the excitation and reflection analysis
of phonon polaritons.

An EELS line profile showing the scanning along the c∗ axis
with the summed map signal along the b axis is presented in
Figure 2c. The nodal patterns in Figure 2b correspond to the
branch of peaks in the line profile at a spectral range of 70–90
meV. Modes in other spectral ranges are difficult to distinguish
on the line profile, possibly due to the limited energy resolu-
tion. Therefore, our following analysis mainly focus on the 70–
90 meV frequency region. To corroborate that HShPs have in-
deed been excited, we performed a finite-difference time-domain
(FDTD) simulation[50] using the calculated permittivity tensor of
𝛽-Ga2O3. The simulated line profile is shown in Figure 2d. The
simulation result agrees well with our experiment.

To understand what happened at the EELS branch at 70–90
meV, we simulated the electromagnetic field in the nanorod us-
ing COMSOL Multiphysics. For example, at the energy of 80
meV, the EELS spectra show a peak when the electron beam emits
870 nm away from the nanorod terminal. This can be extracted
from the EELS line profile in Figure 2c. The plot of the EELS peak
is shown in Figure 3a. Then, we can propose the corresponding
model of the experimental circumstance, as shown in Figure 3b.
The nanorod was built with same width, thickness, and orienta-
tion as the fabricated sample shown in Figure 2. The position of
the electron beam was 870 nm away from the nanorod terminal,
where the experimental results show EELS peak. In addition, the
electron beam was set to be 50 nm outside the nanorod to sat-
isfy the aloof geometry. Figure 3c displays the simulated electric
field distribution in the nanorod at the energy of 80 meV. The
field pattern can be analyzed from two aspects. At the region of
the far end of the nanorod, the tilted field distribution in ac plane
results from the frequency-dependent rotation effect. At the re-
gion near the electron beam, the zigzag field pattern indicates
the propagation and reflection of polaritons in all directions. As a
comparison, we perform another simulation on the same model
in Figure 3b. The only difference is that we set the off-diagonal
terms of the permittivity tensor of the nanorod to be zero. Then
the material of the nanorod becomes a normal hyperbolic mate-
rial like 𝛼-MoO3. The simulated electric field distribution of this
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Figure 2. Excitation of HShPs in a 𝛽-Ga2O3 nanorod with a selected orientation. a) HAADF-STEM image of an ≈500 nm thick nanorod. The inset shows
an atomic-resolved HAADF-STEM image of the TEM lamella-supported nanorod. The inset shows the atomic structure of 𝛽-Ga2O3, which verifies the
orientation of the nanorod. b) EELS maps corresponding to the yellow dashed box in (a) are shown for 80, 82, 84, 86, and 88 meV, respectively. The energy
range is chosen for spatial patterns supporting polariton modes. The white dashed line marks the terminal of the nanorod. The solid black triangles on
the left of each map mark the position of the first distinguishable EELS peak near the terminal. c) Experimental EELS line profile along the c∗ direction
obtained by integrating the EELS maps along the b axis. The origin of the vertical axis is located at the end of the nanorod. d) Simulated EELS line profile
via FDTD.

model is presented in Figure 3d. At the area between electron
beam and the nanorod terminal, we can find field pattern similar
to that of standing wave. This pattern indicates the interference
of incident and reflected polaritons, which has been discussed in
the previous work of 𝛼-MoO3 nanorods.[13] In the aloof geometry
we used here, the electron beam excite polaritons in the whole
nanorod. The EELS spectrum results from the integral of all the
polariton-induced energy loss. When the permittivity tensor is di-
agonal, the principal axis, as well as the axis of mirror symmetry
is frequency-independent. For example, we can find in Figure 3d
that the field distribution is basically symmetric about a and b
axis. Then the field distribution of the nanorod can be approx-
imately simplified into a one-dimensional case, making the ap-
pearance of EELS peak directly relate to the interference enhance-
ment of polaritons along the nanorod. However, things are to-
tally different for 𝛽-Ga2O3 nanorods with a nondiagonal permit-
tivity tensor. The dispersive rotation induced in the monoclinic

plane breaks the symmetry about the crystal axes. Therefore, the
maximum of EELS spectrum is no longer decided by the inter-
ference of polaritons along some specific direction. On the con-
trary, the EELS peak is a combined effect of polaritons incident
and reflected at all directions. Thus, it is hard to give an analyti-
cal expression between the EELS peak position and the polariton
excitation.

The relation between EELS spectrum and polariton excitation
also suggested that the tune of phonon polaritons will be reflected
in the EELS spectrum. For example, HShPs can be tuned by
changing the size of nanostructures where HShPs are excited,
which is common practice in previous studies of phonon polari-
tons in other materials.[45,51–53] A HAADF-STEM image of three
nanorods with different diameters fabricated by FIB etching is
shown in Figure 4a. The widths of the nanorods are ≈770, 560,
300 nm from left to right. The electron beam scan line profiles
along these nanorods are compared, and the results are shown
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Figure 3. Simulation results for electric field in the 𝛽-Ga2O3 nanorod at the energy of 80 meV. a) EELS line profile extracted from Figure 2c at the energy
of 80 meV. EELS peak can be found at 870 nm away from the nanorod terminal. b) Model used for simulation. The nanorod was built with same width,
thickness, and orientation as the fabricated sample shown in Figure 2. The position of the electron beam was 870 nm away from the nanorod terminal,
where the experimental results show EELS peak. In addition, the electron beam was set to be 50 nm outside the nanorod to satisfy the aloof geometry.
c) Simulated electric field distribution in the nanorod at the energy of 80 meV under the setup in (b). Log scale was used in the colormap to get a better
contrast. The position of the electron beam was marked by the yellow arrow. d) Simulated electric field distribution after setting the off-diagonal terms
of the permittivity tensor of the nanorod to be zero.

in Figure 4b. The typical polariton branch at 70–90 meV can be
found in all three line profiles. We can extract the position of
EELS peaks along the nanorods from the EELS line profiles, and
the results are shown in Figure 4c. We can see that the EELS
peaks move away from the nanorod terminal when the width of
the nanorods increases.

To clarify the influence of different width of nanorods on the
propagation of HShPs, we performed field distribution simula-
tion on the three nanorods in Figure 4 at the energy of 80 meV.
The results are shown in Figure 5. The electron beams are placed
at the positions where EELS line profiles show peaks, as extracted
in Figure 4c. For nanorods with width 300, 560, and 770 nm,
the electron beams are placed at 870, 1520, 1610 nm away from
the nanorods terminal, respectively. The middle and right pan-
els show the field distributions at the side and top surfaces of
the nanorods. We can see that when the width of the nanorods
increase, the field distributions in ac plane are approximately
the same, as shown in the middle panels of Figure 5. The main
difference lies on the propagation of polaritons in bc∗ plane, as
shown in the right panels in Figure 5. In wider nanorods, po-
laritons need to propagate a longer path before being reflected at
the edge of the nanorods. This results in the positions of EELS
peaks moving away from the nanorod terminal. The variation of
EELS peaks suggests that propagation and interference of HShPs
in nanorods can be continuously tunable by simply altering the
size of the nanorods.

In addition, the energy ranges of the polariton branches dis-
cussed in the EELS measurement of the nanorods are ≈10 meV.

This energy range is comparable or even less than the spectral
resolution of the EELS technique we used. The lack of energy res-
olution suggests that the EELS spectrum we got originates from
the convolution of all polariton-related effects within the Rest-
strahlen band. Even some polariton-unrelated effects outside the
Reststrahlen band will take into part. This means that the accu-
rate peak position may be different from that extracted from our
data. However, the qualitative conclusion about the phonon po-
laritons excitation in 𝛽-Ga2O3 nanorods is still valid. This also
shows that the further investigation of HShPs in 𝛽-Ga2O3 nanos-
tructures requires experimental techniques with higher energy
resolution.

2.3. Observation of HShPs in 𝜷-Ga2O3 Nanodisk

We have illustrated the excitation and propagation of phonon po-
laritons in 𝛽-Ga2O3 nanorods via EELS experiments and sim-
ulations. It can be found that the difference compared with
polaritons in nanorods with normal hyperbolic materials is
mainly introduced by the frequency-dependent rotation in mon-
oclinic plane. To investigate another important feature of HShPs,
namely the shear effect, we performed EELS experiments on
𝛽-Ga2O3 nanostructures with another shape. Figure 6a shows
the HAADF-STEM image of a 𝛽-Ga2O3 nanodisk in ac plane.
The diameter and thickness of the nanodisk are ≈2000 and 500
nm, respectively. Electron beam emitted along b axis is used to
scan around the nanodisk to excite HShPs. Figure 6b,c shows
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Figure 4. Nanoscale size effects on the HShPs in 𝛽-Ga2O3 nanorods. a) HAADF-STEM image of three nanorods with width d = 770, 560, and 300 nm,
respectively. The long axes of the nanorods are along c∗. b) Experimental profiles of EELS lines of the three nanorods. The line profiles from left to right
correspond to d = 770, 560, 300 nm. The origin of the vertical axis is located at the end of the nanorod. c) The position of the EELS peak along the
nanorod at the energy range of 77–89 meV, which extracted from the EELS line profiles in (b). The blue, orange, and yellow circles correspond to the
results of nanorods with width d = 770, 560, and 300 nm, respectively.

the corresponding EELS maps at the energy of 62 and 80 meV,
respectively. It can be found that the angular position of the max-
imum of EELS intensity varies with frequency. This variation in
the EELS pattern also results from the frequency-dependent ro-
tation induced by the permittivity tensor.

Furthermore, the EELS intensity adjacent to the edge of the
nanodisk in the EELS maps shown in Figure 6b,c is extracted and
plotted in polar coordinates. The results are shown in Figure 7a,b,
respectively. The corresponding simulation results are shown in
Figure 7c,d. The calculated polar plots generally agree with the
experimental results. The difference results from the imperfect
geometry of the nanodisk sample, as well as the influence of the
handle of the nanodisk. It can be found that the EELS intensity
around the nanodisk is slightly asymmetric about the angular po-
sition of the intensity maximum at both frequencies. This means
that the mirror symmetry is broken, and no mirror symmetry
axis can be found for the intensity distribution of the EELS maps.
This symmetry-broken pattern indicates the shear effect induced
by the nonvanishing off-diagonal imaginary part Im(𝜖mn) of the
permittivity tensor. Figure 7e,f shows the simulated electric field
distributions on the top surface of the nanodisk at the energy of
62 and 80 meV. The electron beam are placed at the angular po-
sition where the simulated EELS intensity in Figure 7c,d show
maximum. The field distributions show that HShPs excited by
the electron beam propagate and reflected at the edge of the nan-

odisk. Both field patterns form closed shapes, which indicates
that the maximum of EELS intensity results from the interfer-
ence enhancement of propagated and reflected polaritons. Slight
asymmetry is also found in both electric field patterns. This sug-
gests the sheared propagation of polaritons in ac plane. There-
fore, the asymmetric distribution of EELS intensity just origi-
nates from the shear effect of HShPs.

3. Conclusions

In summary, we have excited and detected HShPs in 𝛽-Ga2O3 in
the MIR and FIR ranges via STEM-EELS. Thanks to the atomic
spatial resolution and sub-10-meV energy resolution, we were
able to distinguish the polariton branches in EELS signals. By
performing simulation of electric field distribution in nanorods,
we found that the frequency-dependent rotation effect makes
the polaritons propagate dispersively in the nanorods. We then
interpreted EELS peaks as a combined effect of polaritons in-
cident and reflected at all directions. We found that the exci-
tation and propagation of HShPs in 𝛽-Ga2O3 nanorods can be
tuned by altering the size of nanorods. Furthermore, we excited
HShPs in a 𝛽-Ga2O3 nanodisk. The slight broken of mirror sym-
metry in EELS intensity distribution was found. Electric field
simulations suggested that this asymmetry originates from the
sheared propagation of HShPs. These findings undoubtedly

Adv. Mater. 2024, 2204884 © 2024 Wiley-VCH GmbH2204884 (6 of 10)

 15214095, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202204884 by Peking U
niversity H

ealth, W
iley O

nline L
ibrary on [18/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

Figure 5. Simulation results for electric field distribution in 𝛽-Ga2O3 nanorods with different widths at the energy of 80 meV. a–c) Simulated electric field
distribution in nanorods with width a) 300 nm, b) 560 nm, and c) 770 nm, respectively. The left panel shows the overall field distribution. The middle
panel shows the field distribution on the side surface of the nanorods. The right panel shows the field distribution on the top surface of the nanorods.
The orientation of the nanorods is marked by the inset. The positions of the electron beam are marked by the yellow arrows. Log scales are used in the
colormaps to get a better contrast.

improve our understanding of 𝛽-Ga2O3 with regard to its exci-
tation and propagation of vibrational modes, especially at MIR to
FIR frequencies. The sustainability and tunability of the broad
spectral range of HShPs in 𝛽-Ga2O3 makes this material a
promising candidate for applications in nanophotonics.

4. Experimental Section
𝛽-Ga2O3 Nanorods Fabrication: The ground 𝛽-Ga2O3 nanorods were

derived from bulk 𝛽-Ga2O3. 𝛽-Ga2O3 was found to cleave easily on the
(100) plane; when bulk 𝛽-Ga2O3 is milled in agate mortar, 𝛽-Ga2O3

nanorod forms along the b direction. The diameter of the 𝛽-Ga2O3
nanorods varied from 100 to 1000 nm. The nanorods are diluted with al-
cohol and dropped on a copper grid for the TEM measurement.

FIB Etching: 𝛽-Ga2O3 nanorods and flakes along different directions
were milled by a ThermoFisher Helios G4 UX FIB system. The crystal plane
was first determined by atomic-resolution HAADF-STEM, and 𝛽-Ga2O3
nanorods and flakes were then cut into different shapes along different
crystal orientations. Final milling to the intended size was accomplished
using a low ion beam current (47 pA). The image of samples fabricated by
FIB is shown in Figure S2, Supporting Information.

𝛽-Ga2O3 Permittivity Calculation: The permittivity of 𝛽-Ga2O3 is calcu-
lated by the eigenpolarization model.[44] Free charge carrier concentration
was used N = 5 × 1016 cm−3 for the intrinsic 𝛽-Ga2O3 sample was used

Figure 6. Excitation of HShPs in a 𝛽-Ga2O3 nanodisk. a) HAADF-STEM image of the 𝛽-Ga2O3 nanodisk with the diameter of ≈2000 nm. The inset shows
the orientation of the disk. b,c) EELS maps around the disk shown in (a) at the energy of b) 62 meV, and c) 80 meV, respectively.

Adv. Mater. 2024, 2204884 © 2024 Wiley-VCH GmbH2204884 (7 of 10)
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Figure 7. a,b) Polar plots of the EELS intensity at the position adjacent to the edge of the disk in the EELS maps shown in Figure 6b,c, respectively. The
data at the lower right quarter of the disk are not drawn on the plot due to the handle of the disk. c,d) Simulation results corresponding to (a) and (b),
respectively. The angular positions of the maximum EELS intensity are marked by yellow arrows. e,f) Simulated field distribution at the top surface of
the nanodisk at the energy of e) 62 meV and f) 80 meV. The electron beam is placed at the position where the simulated EELS intensity in (c) and (d)
show maximum. The angular position of the electron beam are also marked by the yellow arrows. Log scales are used in the colormaps to get a better
contrast.

in the experiment to calculate the free charge carrier contribution. Other
parameters used in the model are taken from ref.[44] The calculated results
can be seen in Figure S1a–d (Supporting Information).

The same method used in ref.[18] are performed to treat the permit-
tivity tensor. By inducing a frequency-dependent angle 𝛾 around the axis
z, the permittivity tensor can be split into a diagonalized tensor in the
rotated coordinate system [mnz], as well as a remaining imaginary off-
diagonal term Im(𝜖mn). The calculated results can be seen in Figure S1e–h
(Supporting Information). The methods in ref.[18] are used to smooth the
curves and avoid the discontinuities.

EELS Data Acquisition and Imaging Experiment: Nion U-HERMES200
microscope was used to acquire EELS data and HAADF image at 60
kV, which is equipped with both a monochromator and aberration cor-
rectors. The EELS data were acquired with convergence semiangle 𝛼

= 15 mrad, and collection semiangle 𝛽 = 25 mrad. The energy res-
olution of EELS was about 8 meV. To achieve a high signal-to-noise
ratio, acquisition time of 500 ms per pixel was chosen. HAADF im-
ages in the inset of Figure 2a was acquired with convergence semian-
gle 𝛼 = 35 mrad and collection semiangle 𝛽 = ≈80–210 mrad operated
at 60 kV.

EELS Data Processing: All EELS spectra were processed by MATLAB
code written by Ruishi Qi. Raw EELS spectra are first aligned by their nor-
malized cross section. Then, block-matching and 3D filtering (BM3D) al-
gorithms are applied to remove Gaussian noise.[54,55] After normalization
by the zero-loss peak (ZLP) intensity, signals with a full width at half max-
imum (FWHM) of ≈5.5 meV can be obtained. By fitting the spectra to
a Pearson function in two energy windows, one before and one after the
energy loss region, the ZLP can be removed, leaving signals with several
energy loss peaks. Finally, Lucy–Richardson deconvolution is employed to
ameliorate the broadening effect caused by finite energy resolution while
taking the elastic peak as the point spread function. By processing EELS
data in the same way to each point in sample space, the line profiles and
energy-filtered EELS maps shown in the article can be obtained. A more
intuitive flow chart describing the above procedure is shown in Figure S3,
Supporting Information.

EELS Simulation: The simulation of EELS line profile in Figure 2d was
performed by using FDTD. The detailed principle and methods of FDTD
simulation have been demonstrated in the literature.[50] The transforma-
tion matrix was added to realize the permittivity tensor with off-diagonal
terms. Perfect matched layers were used at the boundary of the simulation

Adv. Mater. 2024, 2204884 © 2024 Wiley-VCH GmbH2204884 (8 of 10)
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region. The mesh fineness and the size of simulation region were carefully
chosen to balance accuracy and efficiency.

Electric Field Simulation: The simulation of electric field distribution
was performed by using the commercial software COMSOL Multiphysics.
The dielectric function and electric field induced by electron beam were
taken from previous reports.[44,50] Perfect matched layers were added at
the boundary of the simulation region. A self-adaption mesh was used to
improve accuracy.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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