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ABSTRACT: Phonon polaritons hold potential prospects of
nanophotonic applications at the mid- and far-infrared
wavelengths. However, their experimental investigation in
the far-infrared range has long been a technical challenge due
to the lack of suitable light sources and detectors. To obviate
these difficulties, here we use an electron probe with sub-10
meV energy resolution and subnanometer spatial resolution to
study far-infrared surface phonon polaritons (~50—70 meV)
in ZnO nanostructures. We observe ultraslow propagation and
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interference fringes of propagating surface phonon polaritons and obtain their dispersion relation through measurements in the
coordinate space. By mapping localized modes in nanowires and flakes, we reveal their localized nature and investigate geometry
and size effects. Associated with simulation, we show that surface phonon polariton behaviors can be well described by the local
continuum dielectric model. Our work paves the way for spatial-resolved investigation of surface phonon polaritons by electron

probes and forwards polaritonics in the far-infrared range.
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S urface phonon polaritons (SPhPs)" are highly desirable to
extend numerous plasmonic applications in the visible and
near-infrared (IR) range facilitated by surface plasmon polar-
itons (SPPs) to lower frequencies and to open up unachievable
opportunities such as microscopy” and data storage.’
Commonly there are two categories of SPhP modes, that is,
propagating SPhPs that are able to propagate along the surface,
and localized surface phonon polaritons (LSPhs) confined to
subwavelength vicinity of the surface." Although many
theoretical and numerical works have been done and potential
applications of both types have been anticipated in the past
decades,”° their low energy and fine spatial distribution impose
stringent requirement on both energy and spatial resolution,
making experimental study technically challenging. On the basis
of scattering-type scanning near-field optical microscopy (s-
SNOM), recent researches have revealed the nature of mid-IR
SPhPs (e.g, in h-BN, SiC, and MoO;) with ~20 nm in spatial
resolution.””'" Despite these great advances, s-SNOM is
generally limited to two narrow spectral ranges, that is, the
near- to mid-IR range (>70 meV) and the terahertz range (<10
meV)."” However, in most of polar materials SPhPs lie in the far-
IR range between them. To date, they have received surprisingly
rare investigation due to the unavailability of suitable light
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sources and detectors, and no detailed spatially resolved study in
this range has been reported to the best of our knowledge,
hindering our understanding of their nature.

Using swift electron beam, imaging with nanoscale spatial
resolution is routine in electron microscopes. However, to
detect SPhPs via an electron probe the swift electrons must be
strictly monochromated, otherwise the tiny energy loss
associated with the excitation of SPhPs will be overwhelmed
by the strong background caused by zero loss peak (ZLP).
Recent advances of scanning transmission electron microscopes
(STEM) enable an atom-wide kiloelectronvolt electron probe
with a sub-10 meV energy resolution and atomic spatial
resolution, which can transfer energy to materials in various
ways, allowing atomically resolved electron energy loss spec-
troscopy (EELS) analysis of many physical excitations' >~ in an
extremely wide continuous spectral range. Recently, the
possibility to probe lattice vibrations using STEM-EELS has
been demonstrated.'>** Apart from the advantage in spectral
range, subnanometer spatial resolution in this technique allows
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Figure 1. EELS measurements of SPhPs in a single ZnO nanowire. (a) HAADF image of a terminal of a typical ZnO nanowire. (b) Enlarged HAADF
image acquired at an edge of a nanowire, viewing along the [210] direction. Each bright spot represents a column of zinc atoms. (c) Complex
permittivity of ZnO. Two vertical solid lines mark the energy of TO and LO phonons. The light pink shadow marks the Reststrahlen band, where the
real part of the permittivity is negative. (d) Typical EEL spectra acquired with an electron beam located at different positions. Maxima of all the spectra
are normalized to 1. Blue is beam located in vacuum far from ZnO (about 5 ym) to avoid interaction. Red is beam located in vacuum close to the
terminal. Yellow and purple are beams located in vacuum near the nanowire about 1 and 2 ym in distance from the terminal, respectively. See the
illustration in the left inset. The right inset shows corresponding background-subtracted spectra, in which the light pink shadow marks the Reststrahlen
band. (e) Experimental (upper) and simulated (lower) two-dimensional EELS maps near a nanowire with ~570 nm diameter, showing interference
fringes of propagating SPhPs of different wavelengths at different energy. (f) Experimental (upper) and simulated (lower) EELS maps associated with
LSPhs. White dotted boxes outline the nanowire. This nanowire is supported by an amorphous carbon grid (Figure S1d in Supporting Information),
which blocked the signal in a small region near the bottom right corner (triangular gray shadow) in the experimental maps in (ef). (g) Simulated
surface charge distribution of several eigenmodes of the lowest orders. The diameter of the nanowire is the same as that in (e,f) and the length is set 8

pm.

us to study fine spatial distribution of SPhPs in tiny Figure la shows a high-angle annular dark-field (HAADF)
nanostructures. image of a typical ZnO nanowire acquired with an electron beam

In this work, we use an electron probe of 8 meV energy traveling along the z-direction. The crystal structure of ZnO is
resolution based on a Nion UltraSTEM 200 microscope with confirmed to be wurtzite based on electron diffraction patterns
monochromator and aberration corrector to study both (Figure S1in Supporting Information). For clarity, we set y-axis
propagating and localized SPhPs in ZnO nanowires and flakes. along the nanowire ([001] direction) and y = 0 at the terminal.
Aided by and in good agreement with numerical simulation, our Figure 1b is an atomically resolved HAADF image acquired at an

edge of a nanowire projecting along the [210] direction in which
each bright spot represents a column of zinc atoms.

Figure lc shows the complex permittivity € of ZnO. The
energy band between the energy of transverse optical (TO, 47.5
meV) and longitudinal optical (LO, 72.3 meV) phonons is
called the Reststrahlen band" (light pink shadow) within which
the real part of the permittivity is negative and thus SPhP modes
can be sustained. In our experiment, Figure 1d shows typical
EEL spectra acquired with the electron beam located at different
positions. The spectrum in blue is acquired in a vacuum region

experiment verifies previous theoretical works. We excite and
probe SPhPs in the far-IR range at nanoscale in individual ZnO
nanowires and flakes and show the applicability of the local
continuum dielectric model (LCDM).>** We observe ultraslow
propagation of propagating SPhPs in a single nanowire and
reflection at a terminal leading to interference fringes. We also
map the spatial distribution of LSPhs in ZnO nanowires and
flakes and reveal their energy dependence on size. These results
can help us to understand SPhP behaviors in nanostructures and

provides useful information for nanophotonic applications in the far from the specimen, showing a sharp ZLP with no signal
far-IR range. Filling the gap between the mid-IR and the  obtained. The full width at half- maximum of the ZLP defines the
terahertz range, monochromatic STEM-EELS is complemen- energy resolution, which in our experiment is about 8 meV,
tary for s-SNOM technique, providing unprecedented oppor- enabling us to detect SPhPs. The spectra in red, yellow, and
tunities to uncover light-matter interactions at nanoscale. purple are acquired in vacuum in the vicinity of different
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Figure 2. Measuring the dispersion relation of SPhPs in the coordinate space. (a) Experimental EEL spectra as a function of the location of the electron
beam. Horizontal axis stands for energy loss of the swift electron and the loss intensity is shown by color. Vertical axis y denotes the position of the
electron beam, expressed by the distance to the terminal (marked by the white dashed line) of the nanowire. (b) Simulation results for (a) using
boundary element method. (c) Experimental EEL spectra as a function of the wavenumber k = 77/y of the SPhP. Magenta dashed line is the dispersion
relation of the fundamental TM mode calculated by eq 1 in the main text, and vertical dashed lines mark the energy of TO, SO, and LO phonons.

positions of a nanowire (see the left inset in Figure 1d) and the
right inset shows corresponding background-subtracted spectra.
In the Reststrahlen band, we find resonant peaks that resulted
from the coupling between the swift electrons and SPhP modes
excited by the beam. With the beam located at different
positions, the energy and intensity of the peaks are different.

Note that the signal of SPhPs is more intense in thick
nanowires, allowing better signal-to-noise ratios. However, due
to intense interaction with ZnO most electrons are absorbed
when traveling in thick nanowires, preventing us from acquiring
any signal. Fortunately, when the electron beam passes near the
nanowire without intersecting it (aloof mode) SPhPs can still be
excited and well detected due to the long-range Coulomb
interaction, and much information can be obtained from the
spectra recorded in aloof mode. For a nanowire with a diameter
of 570 nm and sufficiently long (on the order 10 ym), upper
panels in Figure le depict experimental two-dimensional EELS
maps at different energy. To corroborate our experimental
results, we performed boundary element method (BEM)
simulation,” solving Maxwell’s equations based on LCDM.
Simulated two-dimensional EELS maps at corresponding energy
are shown in lower panels in Figure le. The agreement between
the experiment and simulation confirms the effectiveness of
LCDM theory in describing SPhPs in the far-IR range. In each
panel, the SPhP signal is intense near the terminal, and another
antinode appears in the lower region. Such nodal patterns can be
interpreted as interference fringes of propagating SPhPs. After
being excited by the electron beam, SPhPs propagate along the
nanowire and are reflected at the terminal, giving birth to
interference fringes resembling a standing wave. At higher
energy with the wavelength reduced, the distance between the
two antinodes decreases correspondingly. These results are
similar to s-SNOM measurements of mid-IR SPhP behaviors in
one-dimensional h-BN nanotubes'' and nanowires*® and EELS
measurements of SPPs in metallic nanowires in the visible
range.”’

For a finite-long nanowire, simulated surface charge
distributions associated with several lowest-order eigenmodes
are illustrated in Figure 1g. With m denoting the number of
nodes, m = 1 correspondes to the dipolar mode in which the
charge is concentrated at two terminals. For modes with higher
m, the interference leads to an alternate distribution of positive
and negative surface charge density. In our experiment, the
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nanowire is long enough to be treated as semi-infinite in which
these modes become continuous, as shown in Figure le.

We also observe an LSPh mode at about 68.5 meV. Unlike
propagating SPhPs, LSPhs do not propagate along the surface
but are localized to the vicinity of the surface. For an infinite
cylinder, theoretical analysis (see Supporting Information)
predicts a polaritonic eigenmode at the energy of surface optical
(SO) phonon w,, such that Re[e(w,,)] = —1, which for ZnO
gives out the energy 68.5 meV. Figure 1f shows the experimental
and simulated EELS maps of this mode. As expected, this mode
is intense at the surface and shows an exponential-like decay as
the beam moves toward either inside or outside. From the
experimental result, its decrease on the vacuum side'® can be
verified though the decay inside the nanowire which is not
detected due to the low signal.

For quantitative analysis, Figure 2a is a line profile of the
experimental data shown in Figure le along the y-direction,
summing up spectra along the x-axis, and Figure 2b is the
corresponding simulation result. Three peaks are observed, that
is, two peaks (1 and 2) corresponding to propagating SPhPs and
one peak (3) of LSPhs. Peak 1 at ~48 meV is intense near the
terminal, which mainly results from the dipolar mode of the
nanowire. For a sufficiently long nanowire, as the wavevector of
the dipolar mode approaches zero, its energy aproaches the TO
energy, which is in aggrement with our experiment. At the
terminal, the energy of this peak shows a slight blueshift behavior
as well as becoming broader in width, which should be attributed
to the fact that all the SPhP eigenmodes shown in Figure 1g are
intense in the vicinity of the terminal. As verified by previous
experimental works in SPPs,”” the reflection phase shifts for
multipolar modes approach zero quickly with increasing order
m, leading to a constructive interference near the terminal. The
contributions from the dipolar and the multipolar modes are
mixed into one broad peak, making its energy higher near the
terminal (for further illustration, see Figure S4 and related text in
Supporting Information).

Peak 2 exhibits a prominent blueshift behavior near the
terminal, which can be better understood by referring to the
dispersion relation @ = @ (k). From Maxwell’s equations one can
derive the dispersion relation of SPhPs with no azimuthal
variation (the fundamental TM mode) in an infinitely long
cylinder™®*’
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Figure 3. Size effects of SPhPs in ZnO nanowires. (a) EELS as a function of the location of the electron beam y in nanowires of different diameters d. d
=570, 320, 140, and 80 nm from left to right. Horizontal white dashed lines mark the terminal. Magenta dashed lines are calculated by eq 1 in the main
text. (b) The upper and lower limits of the energy of SPhPs. Solid squares with error bars present the experimental energy of the dipolar mode and the
LSPh, whereas the energy of TO and SO phonon are marked by solid lines. (c) Normalized total energy loss intensity with beam located at the
immediate vicinity of the nanowire. (d) Calculated group velocity of propagating SPhPs in nanowires.
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Figure 4. SPhP modes in ZnO flakes. (a) Simulated EELS maps of different resonant modes in a 5000 X 900 X 240 nm ZnO flake. Modes in the first
three panels show the interference fringes of propagating SPhPs in long narrow flakes. The last two panels show the corner mode and the edge mode,
respectively. Dotted boxes outline the flake. (b) Simulated and experimental EELS maps of the corner mode at 56 meV and the edge mode at 60 meV in
23600 X 1200 X 120 nm flake. White dashed boxes in simulated maps show the area corresponding to the experimental maps. (c,d) Experimental and
simulated EELS as a function of the location of the electron beam for the flake in (a). Colorbars in (a—d) represent loss intensity. (e,f) Simulated
energy of the corner mode and the edge mode (distributing along y-direction) in flakes with various size. Three axes represent [,, [, ,and I, respectively,
and the energy of both modes is shown by color.

. dInIy(vr) dIn Ky(v'r) the magenta dashed line is the calculation result. The energy of
d(vr) - d@w'r) = (1) SPhPs at k = 0 equals TO energy and becomes higher with
increasing k, approaching w,, asymptotically. Assuming zero

where € = ¢(®) is the permittivity of ZnO, r stands for the radius reflection phase shift, antinodes always appear at both the
of the nanowire, v = \/ K —ew?/ V) = \/ K — @/ ks terminal and near the electron beam. Therefore, the distance
the wavenumber, @ is the vibrational frequency, c is the speed of between them approximately equals a half wavelength 7/ (or its
light in vacuum, and functions I, and K; are the modified Bessel integer multiple but the former case predominates so the latter is
functions of the first and second kind of order zero. In Figure 2c, negligible). In other words, the part of the nanowire between the
5073 DOI: 10.1021/acs.nanolett.9b01350
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beam and the terminal serves as an optical cavity, selecting SPhP
modes with certain wavelengths. As the beam moves closer to
the terminal, SPhPs of higher wavenumber k are excited,
resulting in an increase in its energy. Thus, we can obtain the
dispersion relation experimentally from data shown in Figure 2a.
To illustrate this, we replot Figure 2a as Figure 2¢, showing
spectra as a function of k = 7/y. The result agrees relatively well
with eq 1 (magenta dashed line), whereas the small deviation is
likely due to inaccuracy in k = 7z/y, which may result from
nonzero reflection phase shifts. The sensitivity of the trans-
formed 7/y at small y-values may also lead to inaccuracy at large
k-values. Additionally, at higher energy the signal of propagating
SPhPs becomes less intense, indicating a weaker coupling
between the electron beam and propagating SPhPs of higher
wavenumber.”’

Now we focus on size effects of SPhP modes. In Figure 3a, we
compare SPhP behaviors in four nanowires with diameters of
570, 320, 140, and 80 nm. The most evident difference among
the four nanowires is the characteristic spatial scale of the energy
shift. Derived from eq 1, in our case @ as a function of kr remains
approximately the same for nanowires with different r, as shown
as magenta dashed lines in each panel. Thus, theoretically the
characteristic spatial scale of energy shift is proportional to r,
which is confirmed by our experiment. Figure 3b shows that the
lower and upper limits of the energy of SPhPs, as predicted to be
the energy of TO (47.5 meV) and SO (68.5 meV) phonons,
remain almost constant in different nanowires. In addition, as
shown in Figure 3¢, the total energy loss intensity becomes
weaker as the diameter decreases, indicating lower exciting
efficiency due to a decreased volume of the electromagnetic field
in smaller nanostructures.

On the basis of calculated dispersion relation in these
nanowires, we plot the group velocity (v, = dw/dk) of
propagating SPhPs in Figure 3d. At higher energy, the
exceptional low slopes of the dispersion relation lead to
remarkably small group velocities, especially in thin nanowires.
Theoretically, infinitensimal v, can be achieved at energy near
that of SO phonons, for example, v, = 107°c at 67 meV in the 80
nm nanowire, but practically in such conditions the excitation
efficiency is too low. Nonetheless, for the thick nanowire with
570 nm diameter, 1.3 X 107%¢ at 60 meV can still be achieved
with an acceptable excitation efficiency, which is comparable to
that of ultraslow polaritons reported in h-BN*"** and MoO5*
and could be utilized to create slow light in a simple way.*

Interestingly, although SPhP modes depend a lot on the
geometry of the nanoparticle, in a wirelike flake whose length I, is
far greater than the width I, and thickness I, SPhPs’ behavior is
largely like that in a nanowire mentioned above. Figure 4a shows
our simulation results for a 5000 X 900 X 240 nm flake. Modes in
the first three panels resembling those corresponding modes in
Figure le reveal the commonality of SPhP propagation
behaviors in wirelike structures, regardless of the shape of
their cross section. This reflects the nature of SPhP in quasi-one-
dimensional systems caused by reflection at the boundaries and
the subsequent interference.

Compared with genuine nanowires, the major difference of
this wirelike flake lies in the resonance of LSPh modes, including
the corner mode at 58.6 meV and the edge mode at 61.1 meV,
similar to those in finite size cubes.””** These LSPh modes only
appear around sharp corners and edges of the nanoparticle while
being absent in a cylinder-shaped nanowire, which is in
agreement with theoretical’ and experimental results™ in
other materials. We acquire EELS maps of the corner mode
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and the edge mode in a 1200 X 3600 X 120 nm flake (the
thickness is calculated using log-ratio technique) in which the
difference in energy between the edge mode and the corner
mode is larger, as shown in Figure 4b. The spatial distribution of
both modes is in good agreement with the simulation presented
in the left side of the corresponding experimental map.

For the former flake, Figure 4c,d shows the experimental (not
deconvoluted, see Section 1 in Supporting Information) and
simulated line profiles, respectively, in the same manner as
Figure 2a,b. Insufficient energy resolution prevents us from
experimentally distinguishing different peaks in Figure 4d. Yet if
we convolute the simulated spectra with an 8 meV Gaussian
peak, the result agrees well with Figure 4c (see Figure SS and
related text in Supporting Information).

For further investigation, Figure 4e,f presents the simulated
energy of the edge mode and the corner mode in rectangular
flakes of different sizes. The energy of the two modes varies
similarly with the size of flakes, though in general the edge mode
has a higher energy. As the thickness [, increases, the vibrational
energy becomes higher, which can be attributed to the reduced
coupling between the upper and lower surfaces."**” On the
contrary, the vibrational energy decreases as the length I, or the
width [, increases.

Finally, we briefly discuss the advantages of probing SPhPs via
STEM-EELS technique and current insufficiencies that should
be addressed in the future. First, without the need of laser
sources the extremely wide accessible spectra range makes
STEM-EELS technique applicable to a greater variety of
polaritonic materials. Second, the subnanometer spatial
resolution facilitates the investigation in tiny nanostructures,
such as heterostructure interfaces, defects, and quantum dots.
Third, relatively intense interaction between electrons and
materials also makes it advantageous in exciting and detecting
signals in tiny nanostructures. Fourth, EELS is sensitive to more
multipole modes, including optical inactive dark modes.”*’
However, although our state-of-the-art STEM enables a sub-10
meV energy resolution, it still needs further improvements in
order to distinguish resonant peaks close to each other in energy.
This should be achievable with the fast development of
monochromators and related STEM techniques in the future.

In summary, we excite and probe SPhPs in the far-IR range
with an electron probe. We directly map the distribution of
propagating SPhPs and LSPhs up to atomic resolution and also
obtain the dispersion relation by measurements in the
coordinate space. Modes in flakes are also mapped and size
effects in both shapes have been illustrated. This information
should be useful for understanding SPhP behaviors at nanoscale
and for further developing related technologies. Furthermore,
the STEM-EELS with atomic spatial resolution and sub-10 meV
energy resolution provides new opportunities to explore
substantial physical excitations in a wide energy range, including
far-IR SPhPs behaviors in nanostructures.
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