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Surface phonon polaritons (SPhPs) are potentially very attractive for subwavelength control and manip-
ulation of light at the infrared to terahertz wavelengths. Probing their propagation behavior in nanostruc-
tures is crucial to guide rational device design. Here, aided by monochromatic scanning transmission
electron microscopy-electron energy loss spectroscopy technique, we measure the dispersion relation
of SPhPs in individual SiC nanorods and reveal the effects of size and shape. We find that the SPhPs
can be modulated by the geometric shape and size of SiC nanorods. The energy of SPhPs shows red-
shift with decreasing radius and the surface optical phonon is mainly concentrated on the surface with
large radius. Therefore, the fields can be precisely confined in specific positions by varying the size of
the nanorod, allowing effective tuning at nanometer scale. The findings of this work are in agreement
with dielectric response theory and numerical simulation, and provide novel strategies for manipulating
light in polar dielectrics through shape and size control, enabling the design of novel nanoscale phonon-
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photonic devices.
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1. Introduction

Surface polaritons are electromagnetic surface modes formed
by the strong coupling between light and electric or magnetic
dipole-carrying excitations, which may result from collective con-
duction electron oscillations (surface plasmon polaritons, SPPs) or
from lattice vibrations in polar crystals (surface phonon polaritons,
SPhPs) [1,2]. There are extensive literatures on SPPs approving
them to be a promising candidate for nanoscale photonic circuits
[3,4]. The shape- and size-dependent SPPs have been well investi-
gated [5,6]. However, the inherent high optical loss of SPPs
severely limits their applications. Many recent studies have
focused on SPhPs in polar dielectrics, which offer an alternative
to achieve low-loss optical devices in the infrared (IR) to terahertz
(THz) spectral ranges [7]. The effective wavelength of SPhPs can be
up to ten times shorter than the free-space wavelength, thus
enabling nanoscale control of light far beyond the diffraction limit
[8]. The remarkably small imaginary part of the complex permittiv-
ity of phononic materials, compared to plasmonic materials, is
advantageous for high Q resonances [9]. Moreover, blackbody
emission peaks in the mid-IR range makes the SPhPs a focal point
for IR sources, imagers and detectors. Consequently, exploring the
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behavior of SPhPs in low dimensional systems [8,10,11] and nano-
materials [12-14], to effectively control and manipulate their
properties, is of vital importance. Many of the attractive physical
properties of SPhPs, including energy transfer [12], spatiotemporal
coherent control of lattice vibration [15], and negative index [16]
have been previously explored. However, the effect of geometry
and size effects, as well as subwavelength light confinement at
the nanoscale remains largely unexplored due to challenges asso-
ciated with experimental detection.

Several vibrational spectroscopy techniques including Raman
scattering spectroscopy [17], infrared absorption spectroscopy
[18], inelastic neutron scattering [19], inelastic X-ray scattering
[20] and high-resolution electron energy loss spectroscopy [21]
are limited in spatial resolution, precluding the investigation of
size and geometry effects at the nanoscale. Recent work has shown
that the spatial resolution of the tip enhanced Raman spectroscopy
(TERS) and scanning near-field optical microscopy (SNOM) can be
enhanced to ~20 nm, while further improvement is limited by
tip-sample contact [22]. To overcome the spatial resolution limit,
atomic-wide electron beams have been used to probe localized
SPhPs via electron energy loss spectroscopy (EELS) in a scanning
transmission electron microscope (STEM) [23-25], which is
equipped with a recently-designed monochromator and an ultra-
bright cold field emission electron gun [26], providing an electron
probe with ~8 meV in energy resolution. This state-of-the-art
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facility allows us to spatially map localized SPhPs in a single nanos-
tructure at the atom level and opens up unprecedented opportuni-
ties in this largely unexplored field [26-35].

Here, by combining STEM-EELS and numerical simulations, the
propagation, radiation, and dispersion relation of SPhPs are inves-
tigated at the 3C-SiC nanorods with various shapes and sizes. We
find that the localized SPhPs of nanorods can be strongly affected
by geometric shape and size. SPhPs exhibit red-shifts with decreas-
ing the nanorod radius. Furthermore, in nanorods with nonuniform
diameter and shape, localized SPhP field can be concentrated on
specific positions, demonstrating that localized SPhPs can be effec-
tively controlled and manipulated by tailoring the nanorod geom-
etry. These findings advance our understanding of localized SPhP
behavior at the nanoscale and can facilitate superior design for
polaritonic applications.

2. Materials and methods

The 3C-SiC nanorod investigated is a commercially available
product (XF NANO.INC, China). The SiC nanorod was analytical
pure, and the X-ray powder diffraction (XRD) data is shown in
Fig. S1 (online). The SiC nanorods were ultrasonicated in alcohol
for ~30 min and were dispersed on transmission electron micro-
scope (TEM) sample grids (holy carbon file) to find isolated nanor-
ods. Special pretreatments such as baking the sample under
vacuum is used for the removal of possible carbon contamination
(Fig. S2 online). EELS data were acquired on a Nion HERMES200
aberration-corrected electron microscope operating at 60 KkV.
Fig. 1a shows a schematic of EELS operation and Fig. 1b exhibits
the diffraction pattern and the first Brillouin zone (hexagon) for
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zone axis [1 1 0]. Traditional EELS aperture is circle and electrons
with all momentum transfers within the circle were collected,
lacking momentum information in the integrated spectrum. To
obtain momentum-resolved EELS, a slot aperture was used to
select the special diffraction direction and obtained the
momentum-resolved EELS. In the momentum-resolved experi-
ments, the beam convergence semi-angle was 1.5 mrad and 80
spectra were summed up to obtain a good signal-to-noise ratio.
In the Localized SPhPs EELS experiments, the beam convergence
semi-angle was 15 mrad and the collection semi-angle was 24.9
mrad with a 1 mm spectrometer entrance aperture. The typical
energy resolution (half width of the full zero loss peak, ZLP) was
8 meV for a high signal-to-noise ratio. The probe beam current
was ~5-10 pA and the dispersion of per channel was 0.47 meV.
The typical dwell time was 100-200 ms to achieve a satisfactory
signal-to-noise ratio. Gatan Digital Micrograph software and
MATLAB were used to process the data. Atomic-resolved high angle
annular dark field (HAADF) images were acquired using Nion
HERMES200 microscope with setting the convergence semi-angle
30 mrad. The powder X-ray diffraction data was acquired using
Bruker D8 advance X-ray diffractometer.

Due to the instability of the electron beam, the shape of ZLP
may slightly change over time. To correct the energy shift of ZLP,
the center of ZLP was aligned to zero. To eliminate the effect of
beam fluctuation, the aligned spectra were normalized using
unsaturated counts of the ZLP. In the loss region, the ZLP forms a
background, which was fitted using the power law I(E) = [,E™" (Io
and r are adjusted parameters) and was then subtracted [36], as
shown in Fig. 1Te. Numerical calculations were based on boundary
element method (BEM) via the MATLAB MNPBEM Toolbox [37],
which incorporates dipole scattering and surface contributions
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Fig. 1. (Color online) STEM-EELS measurement of localized SPhPs in a SiC nanorod. (a) Schematic diagram of EELS operation. (b) The diffraction pattern and first Brillouin zone
for zone axis [1 1 0]. Hexagon: first Brillouin zone. Circle: conventional circle EELS aperture. Rectangle: slot aperture for momentum-resolved EELS measurement. (c) HAADF
image showing the morphology and atomic structure of a cubic SiC nanorod viewed from [1 1 0]. (d) Momentum-resolved EELS along the direction I'LI'LT". (e) The typical
phonon polariton signal obtained by experiment and simulation. The dash line was the simulated EELS probabilities, containing several resonance modes clearly. The solid
line was the calculated spectrum convoluted with a Gaussian function with a width of 10 meV, which accounts for the response function.
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that are in good agreement with experiments. The simulations pro-
vided insight into localized SPhPs by accounting for surface and
shape effects.

The dielectric function of SiC is calculated by the Lorentz oscil-
lator model

2 2
W — w?
8(0) = & 1+a)%—a)2—il"w ’

(1)
where ¢, =6.7 is the permittivity for high frequencies,
wr =793 cm~! and w; =969 cm~! are the frequency of the trans-
verse optical (TO) phonon and longitudinal optical (LO) phonon,
respectively, and I' = 4.76 cm™! is the damping constant [38].

3. Results and discussion

HAADF images in Fig. 1c show the morphology and atomic
structure of a typical cubic SiC nanorod viewed from [1 1 O].
Fig. 1d presents the phonon dispersion measured along the direc-
tion I'LT'LT" with a slot EELS aperture for zone axis [1 1 0]. The cor-
responding calculated dispersion line is also shown in the high-
order Brillouin zone. The dispersion relation is obtained from the
Materials Project (http://www.materialsproject.org) [39] and the
phonon band paths are determined by Seek-path developed by
Giovanni Pizzi [40]. The calculated dispersion relation is in good
agreement with the experimental results in the high-order Bril-
louin zone, with the exception that TA was not obtained in the
experiment. The phonon dispersion was not so clear in the first
and second Brillouin zone due to the broadening of the intense
central bragg diffraction spot.

It is well known that the Reststrahlen band lies between the TO
and LO phonon frequencies, which are identified at the crossover of
the real part of dielectric function (Re[¢] = 0). The termination sur-
face breaks the translational symmetry and changes the dielectric
environment of the bulk crystal, which leads to the generation of a
third resonance [24], such as Fuchs-Kliewer mode (surface optical
mode of infinite flat plane, Re[¢] = —1), Frohlich mode (surface
polariton of sphere, Re[¢] = —2) and SPhPs. The vibrational fre-
quencies of SPhPs are limited in the Reststrahlen band, where
the permittivity is negative. From a dispersion point of view, the
phonon polariton is formed due to interactions between the elec-
tromagnetic wave induced by the fast electron beam and the TO
phonon near I'. The SPhP dispersion line lies between the trans-
ponse optical brach and surface optical (SO) phonon branch.

The SPhPs EELS spectra were recorded in aloof geometry, which
means that the electron beam passed near the nanorod but with-
out intersecting it. In this case, the long-range Coulomb field
induced by the swift electrons [41-43] excites the localized SPhP
modes, and the bulk phonon signal, which is not of interest for this
work, is excluded. Fig. 1e displays typical EELS spectrum collected
from the circle region in Fig. 1c near a nanorod with a diameter of
240 nm and a length of 2488 nm. The background model used is a
power-law function with two-window background fits. The calcu-
lated spectrum is convoluted with a Gaussian function with a
width of 10 meV, which accounts for the instrument response, is
in good agreement with the experimental EELS. In order to demon-
strate that the carbon grid has no significant effect, the EELS signal
of carbon grid under the same experimental conditions is depicted
in Fig. S3 (online) as a reference, and no distinguishable signal was
obtained between 80 and 180 meV.

Fig. 2a shows a HAADF image of a SiC nanorod with a radius of
91 nm that is long enough to be seen as semi-infinite, and the spec-
tra were acquired along the dotted line, about 100 nm away from
the nanorod surface. Fig. 2b displays the schematic of interference
effect. The electron beam is represented as a line current, which
induces an electromagnetic field in the sample that reflects off

the terminal and acts back on the electron. Standing wave is
formed and special wave number k = 1/dgg s is selected, where
deris is the distance between the beam position and the end of
the nanorod. In this way, the dispersion of SPhPs in cylinders can
be obtained by converting the EELS data from coordinate space
to reciprocal space. Fig. 2c depicts the two-dimensional EELS spec-
tra plots. For one branch of the vibrational signal, the energy
increases as the electron beam approaches the nanorod terminal,
corresponding to the lower interference length dggs and higher
wavevector. The other branch is mainly concentrated in the
nanorod terminal. The dispersion relation of the SPhPs (Fig. 2d)
of the semi-infinite nanorod in Fig. 2a can be obtained using the
relation k = m/dgris. The magenta dotted line, derived from Ref.
[44], shows the theoretically predicted dispersion line of an infinite
SiC nanorod with the same diameter, which is in excellent agree-
ment with the experiment. As mentioned above, the SPhP reso-
nance energy lies between the TO and SO. The dispersion relation
of surface phonon polaritons in an infinite cylinder can be given
in the form [44]:

Vew—vep=0, )

where ¢ (¢') is the dielectric function inside (outside) the cylinder,
and

V= (kz - 8(1)2/6‘2)%7 3)
V= <k2 - s’wz/czf, (4)
o= d(ja) Inly(va), (5)
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where c is the speed of light in vacuum, a is the radius of cylinder, k
is the wavevector, w is the vibrational frequency, the function Iy and
Ky are the modified Bessel functions of the first and second kind of
order zero. The analytic function only contains the lowest symmet-
ric mode, because the higher modes are immediately damped out
due to their very large attenuation factor [45]. The dispersion is
dependent upon both the dielectric function and the radius. For
the limiting case of the plane interface, a — oo, & — 1, § — —1, the
surface phonon dispersion relation reduces to

vVe+ve =0. (7)

Fig. 2e shows the spectra acquired in nanorods of different radii
r at fixed wave number 0.005 nm~!. There are two resonance
peaks, the left one with lower energy and the right one with higher
energy (the arrows shown). The lower one is the localized SPhPs
mode which concentrated in the nanorod terminal end. The higher
one is the SPhPs resonance mode due to the wave interference
effects between the beam position and the nanorod terminal end.
The SPhP resonance energy red-shifts with decreasing the nanorod
radius. So we can obtain the dispersion relation of SPhPs by mark-
ing the SPhPs peak positions of every momentum k in Fig. 2d,
which is plotted as the triangular scattered points in Fig. 2f.
Fig. 2f also shows the dispersion relations of SPhPs for other SiC
nanorods with different radii 130 and 218 nm. The lines are com-
puted using the theory [44] and the scatter points are the experi-
mental data. As expected, with increasing r, the dispersion
relation converges to infinite flat surface profile (solid line). At lar-
ger radius r and larger wave number k, the curve approaches the
energy of surface phonon ws, given by the equation &(ws) +1 =0
[46], which is the so-called FK mode [47]. The curve of dispersion
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Fig. 2. (Color online) Spatial distribution and dispersion relation. (a) HAADF image for a semi-infinite SiC nanorod, in which the spectra were acquired along the dotted line
about 100 nm away from the nanorod surface. (b) Schematic diagram of interference. (c) Two dimensional plots of EELS. (d) Dispersion relation obtained from experiment
data. The dotted line is calculated by dielectric theory. (e) EELS signal of different nanorod radii at specific momentum transfer. (f) Dispersion relation of different nanorod
radii. The line and scatters are obtained from theory and experiment, respectively. (g) The measured intensity decays exponentially with distance from the nanowire surface.
The measured decay lengths of different resonant energy are in good agreement with simulation, as shown in inset.

relation all lies to the right of the light line indicating that the
localized SPhPs are nonradiative [48]. At low k, the group velocity
of the localized SPhPs, determined by the slope, approaches the
speed of light.

As evanescent waves highly localized at the surface, localized
SPhP field decays exponentially along the direction perpendicular
to the surface. As shown in Fig. 2g, we obtain the signal intensity
of different resonance energy to the distance perpendicular to
the surface. Then, the data was fitted with an exponential function
of the form I =Ipexp(—d/iq), where J4 is the decay length that
describes the distance from the edge to the position where the
localized SPhP field decreases by a factor of 1/e, and d is the dis-
tance from the nanorod surface. The inset in Fig. 2g displays the
decay length of different resonance energy, where the circular
(rectangular) scatter is based on the experiment (BEM simulation)
data. As the resonance energy increases, the wavevector increases,
leading to lower effective wavelength and decay length. The exper-
iment data is in good agreement with the simulation data, except
that the decay length of the low order resonances of the simulation
is a bit larger than that of the experiment. This discrepancy may be
resulted from the contribution of the field of higher resonance
energy to the measurement of the lower resonance energy due to
the limited energy resolution.

Fig. 3 shows the other two nanorods that have different geome-
tries. Fig. 3a depicts a nanorod which is approximately the combi-
nation of a cylinder and a cone. Fig. 3b displays the corresponding
two-dimensional plots of normalized intensity. The simulated EEL
probabilities of the sample are shown in Fig. 3c, which are con-
volved with a Gaussian function to account for non-ideal energy
resolution. The simulation is in agreement with the experiment.
The sharp end on the right side breaks the reflection symmetry,
which has a significant effect on the polariton response. Contrary

to the normal end in Fig. 2 where SPhPs energy increases while
approaching the nanorod end, the polariton energy decreases
while approaching the sharp end. We attribute it to the decreasing
radius as approaching the sharp end, as shown in Fig. 2f.

Fig. 3d shows a nanorod that looks like two back-to-back sand-
glasses with the corresponding two-dimensional normalized
intensity plot depicted in Fig. 3e. The interference due to the
convex-edge reflection gives rise to higher-order resonance modes
compared to the center axis, which is similar to the sample above.
The smaller radius limits the vibrational energy, as shown in Fig. 2f,
leading to lower energies than the adjacent nanorod. Fig. 3f shows
the simulated EEL probabilities, that are in good agreement with
Fig. 3e. To obtain the space distribution of fixed resonance energy,
the EELS spectra around the sample were acquired. The near-field
distribution at three resonance energies 99, 106, and 117 meV
were presented in Fig. 3g-i, exhibiting significantly different pro-
files. We have set the bulk intensity to zero to highlight the surface
distribution, because the sample was too thick to get any physi-
cally meaningful signal from the bulk but some noise, as shown
in Fig. S4 (online). At 99 meV, the field amplitude at the nanorod
is uniform. No constructuive or destructive interference is
observed as it approaches the long wavelength limit. At
106 meV, however, there is constructive interference at the slim
part, resulting in an increase in the near-field intensity. At
117 meV, the near-field intensity is high at the convex-edge, which
is attribute to the high k value due to the interference between
electron source and the convex-edge.

Fig. 4 depicts the simulated EEL probability of different reso-
nance modes surrounding the SiC nanorods, including normal
cylinder (Fig. 4a), tip-end (Fig. 4b) and sandglass-like (Fig. 4c).
The white dotted lines outline the nanorods. Both the longitudinal
modes m = 1-5 and transverse mode of these nanorods are excited
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Fig. 4. (Color online) Simulated EEL probabilities surrounding different types of SiC nanorods. (a-c) The simulated EEL probabilities of localized SPhP resonance modes
surrounding SiC nanorods, including normal cylinder (a), tip-end (b), and sandglass-like (c). Longitudinal modes m = 1-5 are shown as well as transverse (trans) excitations.
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[49], which are significantly different from the optical far-field
techniques that can only excite the odd modes due to the selection
rules under the quasistatic approximation. STEM-EELS and optical
near-field spectroscopies are both related to the electromagnetic
local density of states and their maps are similar [13]. The EEL
probability distributions of transverse modes are similar, which
are concentrated in the nanorod surface and are nearly uniform
in the surface except weaker in the rod end because the local fields
in the rod end are predominatly perpendicular the electron trajec-
tory [49]. For the longitudinal modes, dipole and multipolar reso-
nances exhibite spatial amplitude modulation. For the nanorod
(Fig. 4a), the field of the lowest resonance mode (m = 1) is concen-
trated at the nanorod ends. On the other hand, for the higher res-
onance modes, the field of two ends is weaker than that of other
anti-nodes with similar intensities due to the perpendicular local
fields in the rod ends. For the tip-end (Fig. 4b), the longitudinal res-
onance modes distribution is not centrosymmetric like nanorod
(Fig. 4a) since the tip-end breaks the reflection symmetry. A major
difference is that the signal intensity of the lowest resonane mode
is concentrated in the interior, not like cylinder (Fig. 4a) and
sandglass-like (Fig. 4c) where the lowest resonance modes are con-
centrated at the nanorod ends. The lowest resonance mode is like a
monopole mode due to the broken symmetry. Moreover, the fields
are more likely close to the tip end. For the sandglass-like (Fig. 4c),
the signal intensity of longitudinal resonance modes is more likely
concentrated in the slim part, except for the lowest resonance
mode. This is similar to the “hot spot” in SPP, which appears at
the point where the translation symmetry is broken [50-52]. We
have to note that there are only three nodes for the resonance
mode m = 4, normally four nodes, which is not clear yet. This phe-
nomenon may be utilized to concentrate electric field at the sub-
wavelength scale. At present, there are still challenges associated
with distinguishing discrete modes due to insufficient energy res-
olution. We expect significant advances in this field, with the fur-
ther improvement of STEM-EELS resolution in the future.

4. Conclusions

In summary, we present a systematic study of the relationship
between geometric and size properties of individual SiC nanorods
and their SPhP resonant properties using STEM-EELS. We demon-
strate that electron beam excites localized SPhPs near the sample
edge. The SPhP resonance energy red-shifts with decreasing the
nanorod diameter. Moreover, our findings show that geometric
shape plays a major role in determining the SPhP resonance. We
obtain the dispersion relations of SPhPs in STEM-EELS systems by
transforming the coordinate space to the reciprocal space. Most
importantly, by maping the surface phonon polaritons using elec-
tron beam, our work demonstrates that STEM-EELS provides a
novel approach to study the localization and dispersion relation
of surface phonon polaritons in complex dielectric nanostructures.
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