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ABSTRACT: Atomic vibrations and phonons are an excellent
source of information on nanomaterials that we can access through
a variety of methods including Raman scattering, infrared
spectroscopy, and electron energy-loss spectroscopy (EELS). In
the presence of a plasmon local field, vibrations are strongly
modified and, in particular, their dipolar strengths are highly
enhanced, thus rendering Raman scattering and infrared spectros-
copy extremely sensitive techniques. Here, we experimentally
demonstrate that the interaction between a relativistic electron and
vibrational modes in nanostructures is fundamentally modified in
the presence of plasmons. We finely tune the energy of surface
plasmons in metallic nanowires in the vicinity of hexagonal boron
nitride, making it possible to monitor and disentangle both strong
phonon−plasmon coupling and plasmon-driven phonon enhancement at the nanometer scale. Because of the near-field character of
the electron beam−phonon interaction, optically inactive phonon modes are also observed. Besides increasing our understanding of
phonon physics, our results hold great potential for investigating sensing mechanisms and chemistry in complex nanomaterials down
to the molecular level.
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Vibrational spectroscopy is key in a wide range of research
areas and technological applications, extending from

molecular fingerprinting to fundamental solid-state physics.1,2

The discovery that plasmonic structures can increase the
measured vibrational signal has driven the development of
ultrasensitive analytical techniques capable of reaching single-
molecule detection, such as in surface-enhanced Raman
spectroscopy3,4 (SERS) and surface-enhanced infrared absorp-
tion5 (SEIRA). Typically, the molecules to be studied are
dispersed on designed plasmonic substrates, leading to strongly
enhanced signals associated with those molecules that are
sitting on the so-called hotspots.4 Alternatively, a metallic tip
can be scanned over a sample to induce SERS locally, leading
to chemical mapping at submolecular scales, a technique
known as tip-enhanced Raman scattering6 (TERS).
Vibrational electron energy-loss spectroscopy (EELS) has

been performed for decades mainly as a surface technique7

using wide beams with poor spatial resolution. The recent
development of a new family of electron monochromators8,9

has allowed vibrational mode measurements to be performed
based on EELS,10−12 down to atomic spatial resolution in bulk

materials.13 Unfortunately, the signal-to-noise ratio of vibra-
tional EELS is low for materials that are sensitive to the
electron beam, thus imposing a lower bound on the volume
necessary for analysis. This jeopardizes the high-resolution
mapping of fragile materials, such as organic molecules.14

Recently, theoretical studies15−17 have proposed the use of
infrared plasmonic fields to develop a new form of enhanced
vibrational EELS, which would overcome these limitations by
making the molecules interact with the beam at a distance
mediated by plasmons extended in a nanoparticle.
Here, we demonstrate plasmon-enhanced vibrational elec-

tron spectroscopy (PEVES) through the tailored coupling of
plasmon resonances in metallic nanowires to phonon modes in
h-BN thin flakes. Coupling is achieved by continuously shifting
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the energies of the plasmon modes of micrometer-long metallic
nanowires (SI Figure 1) using electron-beam controlled milling
to bring them into resonance with specific h-BN vibrational
modes (SI Figure 2). We reveal three new effects when a
plasmon−phonon resonance is encountered: (1) strong
coupling between surface phonons and surface plasmons; (2)
enhancement of the bulk vibrational EELS signal; and (3)
emergence of geometry-forbidden dark phonon modes.
EELS measures the distribution of energy losses experienced

by free electrons when interacting with a target.18 The energy
resolution is determined by the energy spread of the electron
source, typically ∼250 meV for a cold field emitter. This
resolution can be improved down to a few millielectronvolts
using an electron monochromator (SI Figure 3). To achieve
subnanometer spatial resolution, the electron monochromator
can be coupled to an electron microscope (SI Figure 3).
Finally, an electron spectrometer is used to acquire the
spectrum of the electron beam after interaction with the
sample. Such a setup, implemented on a NION Hermes
scanning transmission microscope (STEM), was used in this
work (see Methods for more details).
Plasmonic metallic nanowires were synthesized by chemical

seeded growth as detailed elsewhere19,20 (Figure 1a) and
subsequently deposited, either partially (configuration (1)) or
entirely (configuration (2)), on an h-BN substrate.21 In total,
24 nanowires on h-BN have been analyzed, of which 10
nanowires have been milled to monitor the effect of coupling.
In theory, extended h-BN possesses a variety of infrared-active

transverse optical (TO) and longitudinal optical (LO)
phonons. Because of the h-BN anisotropy, TO and LO
phonons may possess different energies depending on whether
they are polarized out- or in-plane.22 Bulk EELS is therefore
highly dependent on the orientation of the electron beam
relative to the h-BN crystallographic orientation. Indeed, when
the electron propagates along the [0001] h-BN direction,
mainly the in-plane LO bulk mode is excited, while the out-of-
plane modes can only be excited in a tilted configuration.
Additionally, thin h-BN substrates sustain two surface phonon
modes: the charge-symmetric (FKS) and charge-antisymmetric
(FKA) Fuchs-Kliewer modes, whose energies disperse as a
function of thickness. A qualitative sketch of the energy
hierarchy of the different modes discussed in the text is
presented in Figure 1b. For very thin substrates, the former
(FKS) arises at the in-plane TO phonon energy (around 169
meV) whereas the later (FKA) appears at the out-of-plane LO
phonon energy (around 198 meV). In EELS experiments, the
FKS (respectively FKA) energy varies between the TO
(respectively LO) energy and that of the h-BN interface
phonon (around 195 meV). Also, the FKA intensity is usually
much smaller than that of the FKS23,24 (see Figure 1c, green
curves). The FK modes usually overshadow the bulk modes, at
least for the thickness range probed in this study (50−100
nm).24 Nanowire plasmons of well-defined energy are
produced due to confinement, leading to modes that can be
classified as dipolar, quadrupolar, and so forth, depending on
the number of nodes in the induced-charge along the nanowire

Figure 1. (a) Samples consisting of silver nanowires deposited on h-BN were investigated with two different configurations: (1) nanowires partially
supported by h-BN with one of their ends in vacuum; and (2) nanowires fully supported on h-BN. High-current (∼10 μA at 200 keV, orange) and
low-current (∼10 pA at 60 keV, purple) electron beams were used for milling and probing, respectively. (b) Sketches of the different phonons,
plasmons, and hybrid excitations discussed in the text. (c) Spectra of a 3.3 μm long metallic nanowire in vacuum (blue) and h-BN (green). The in-
vacuum nanowire exhibits equally spaced surface plasmon modes labeled P. h-BN spectra are shown for the electron beam placed outside the
material (aloof configuration), as well as thin and thick h-BN, where the FKS and FKA modes are observed. (d) Spectrum of a metallic nanowire in
sample configuration (1) measured on the tip in vacuum (upper curve). The dipolar mode at ∼200 meV is split into two peaks compared with the
nanowire in vacuum (lower curve). (e) Spectra for a metallic nanowire in configuration (2) under off- (orange) and on-resonance (purple)
conditions.
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length. In the nanowire cross-section, the charge distribution is
approximately homogeneous. EELS is extremely sensitive to
surface plasmon modes and reveals their nearly uniform energy
spacing (Figure 1c). Their energies are roughly proportional to
the inverse of the nanowire length, which thus becomes a
suitable parameter to tune the nanowire plasmon energies.
Finally, note that both surface plasmons and surface phonons
(FK modes) can also be excited in a configuration in which the
beam does not directly hit the sample (“aloof geome-
try”).10,11,25,26

Plasmon−phonon interaction was probed initially using the
sample configuration (1) sketched in Figure 1a, where only
surface phonons interact with surface plasmons, avoiding any
potential overlap between surface and bulk effects. In this
geometry, long silver nanowires with only one tip placed on
different volumes of h-BN were modified in length by electron
milling in order to bring their dipolar plasmon into and then
out of resonance with respect to the h-BN FK modes.
When their energies differ by more than ∼100 meV,

phonons and surface plasmons do not interact (Figure 1d, blue
curve, and Figure 2a, orange curves). As the nanowire length is

shortened, the dipolar plasmon energy approaches that of the
FKS mode. Close to resonance, a second peak is observed at
the nanowire tip in vacuum, away from h-BN, at an energy
close to 180 meV (Figures 1d and 2a, purple curves). The two
peaks do not cross each other as the nanowire length is varied,
exhibiting a minimum splitting of 37 meV (average splitting in
the 1.7−2.9 μm nanowire length range), comparable to the full
width at half-maximum of the two peaks (between 30 and 40
meV). The energy of the first peak continues to increase for
nanowire lengths shorter than 2.9 μm. However, it does not
disperse proportionally to the inverse of the nanowire length
1/L, as expected for plasmons on long metallic nanowires. This

is analogous to previously observed energy shifts associated
with plasmon−plasmon interaction.30 Such a behavior is in
contrast to that of the higher-order plasmon modes that indeed
disperse as expected, as 1/L (SI Figure 4). In Figure 2b, the
positions of the two strongly coupled peaks (black crosses) and
the plasmon quadrupolar mode (orange crosses) are shown for
different values of the longitudinal momentum transfer (q∥ =
π/L). The observed behavior has been previously predicted for
strongly interacting phonons and plasmons.31 This way of
presenting measured data produces excellent agreement with
theoretical predictions (dashed lines). Peak-splitting is
observed to vary between nanowires (in the 0−52 meV
range in Figures S5−8). In order to assess the strength of
coupling between plasmons and phonons, spectra were fitted
using a two-oscillators model with Lorenztian shapes (as
described in ref 32) leading to resonance frequencies
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where ω1 and ω2 are the energies of the two modes (plasmon
and phonon in the present case) before coupling, γ1 and γ2 are
their full width at half-maximum, and g is the coupling
constant. From this fit, a coupling constant g = 18 meV was
extracted for the configuration in which the largest splitting
was measured (shown in Figure 1a). The full width at half-
maximum of the two peaks was calculated to be γ1 = 23 meV
and γ2 = 19 meV from the fit. From these values, one can then
deduce g/|γ1 − γ2| = 4.4 ≥ 0.25 and g/|γ1 + γ2| = 0.4 ≥ 0.25,
which are the two criteria certifying the observation of strong
coupling.32 The strong coupling of plasmons with various
excitations using electron spectroscopy is currently attracting
increasing attention because of the high spatial resolution of
electron beam techniques, which makes it easier to investigate
coupling taking place at the nanoscale. Experimentally, the
onset of strong coupling between plasmons and excitons has
been demonstrated,33 but it turns out that in the present study
the plasmon−phonon coupling is, relative to the excitation
energy, stronger than the plasmon−exciton coupling.
These observations indicate strong coupling between the

dipolar surface plasmon and the FKS mode. For small
detuning, the two peaks cannot be assigned as either a
plasmon or a phonon but rather as hybrid plasmon−phonon
(PP) modes, either charge-symmetric (low-energy, PPS) or
charge-antisymmetric (high-energy, PPA), as illustrated in
Figure 1b. Above the anticrossing, the nature of the modes is
inverted, as expected for strong coupling: the lower (higher)
energy peak changes continuously from the plasmon (phonon)
to the phonon (plasmon) mode. Strong coupling evidences a
coherent field across the whole nanowire, as its signature is
observed at a region of the nanowire where no h-BN is present
and the aloof signal from h-BN without the nanowire is not
experimentally detectable. In fact, the coupled peaks are only
observed where the dipolar mode is measurable, close to the
nanowire tips (SI Figure 9). This can be more clearly observed
in a line profile of the hyperspectral image going from the
nanowire tip in vacuum to the region supported on thin h-BN
(SI Figure 9). As the electron beam is moved away from the
nanowire tip, the two coupled modes lose intensity. When it
approaches h-BN, the lower energy FKS mode is observed at
an intermediate energy between the two coupled modes.

Figure 2. Plasmon−phonon strong coupling. (a) EELS spectra
measured at the tip in vacuum of a metallic nanowire (under sample
configuration (1) in Figure 1a) as a function of nanowire length. By
changing through milling the length of the nanowire, its dipolar
plasmon mode is brought in and out of strong coupling with the h-BN
phonon modes at around 180 meV. The strong coupling is confirmed
by the anticrossing of the two modes, indicated by the two dashed
curves (added as guides to the eye) on the left of (a). (b) Theoretical
calculations for the energies of the coupled modes (dashed-red curve)
and the energy position measured in experiments (black and orange
crosses for the dipolar and quadrupolar modes, respectively).27−29

The light line is marked in blue.
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Finally, with the electron beam on h-BN, both FK modes are
revealed.
The energy splitting due to coupling depends on the amount

of h-BN contained inside the modal volume of the dipole
surface plasmon.16 For small quantities, no splitting is observed
(SI Figure 6). For intermediate amounts, a 17 meV splitting is
observed in some measurements (SI Figure 7). The largest
observed splitting in this study is 52 meV (SI Figure 8). These
results support the hypothesis that the volume of h-BN within
the dipole surface plasmon modal volume determines the
splitting of the two strongly coupled peaks. Indeed, when
intentionally removing hBN in the vicinity of a coupled
nanowire, the splitting continuously decreases, starting from 52
meV and ending at 12 meV (SI Figure 8). Only removal of h-
BN performed within 500 nm of the nanowire tip modified the
splitting, while removal farther away did not affect the splitting,
again indicating that the coupling is mediated by the overlap of
the plasmon field lines and h-BN.
The behavior just described is also observed at the nanowire

tip lying on h-BN but with the complicating factor that h-BN
bulk losses are also present. To understand the signal when h-
BN is present, a second sample geometry is used ((2) in Figure
1a), in which the nanowire is lying completely on an
homogeneous piece of h-BN. The presence of plasmons with
energies away from the phonon energies (Figure 1e, orange
curve) does not affect the phonon spectra. Close to a
plasmon−phonon resonance, the spectra change substantially
(Figure 1e, purple curve and SI Figure 10) with the appearance
of multiple peaks (Figure 3a−c). Under on-resonance
conditions (Figure 3b), the peaks appear at 100, 161, 177,
197, and 217 meV (Figure 3b). For off-resonance conditions,
four peaks are observed at 100, 134, 177, and 197 meV. This
multiple peak structure is correctly reproduced by theoretical
calculations (dashed curves in Figure 3a). While the energy
position matches well, intensities are not expected to match, as
the calculations show the projected local density of optical

states (LDOS) instead of the loss function (i.e., the quantity
actually measured in EELS experiments27). The 161 and 217
meV modes do disperse with nanowire length (their dispersion
is confirmed by numerical calculations shown in SI Figure 11).
They can be safely attributed to the previously discussed
phonon−plasmon hybridized modes, namely the PPS and PPA
modes. As the nanowire length increases (Figure 3 from panel
b to c), the plasmons and phonons move out of resonance, and
the PPS mode transforms into a plasmon mode (marked P in
Figure 3c).
Therefore, three peaks which do not appear in configuration

(1) but show up in configuration (2) are left to be identified
(100, 177, and 197 meV). For the 2.0 μm long nanowire,
where the peak intensities are the largest, peak energies do not
change as a function of the distance away from the nanowire
tip at which they are probed (Figure 3b and SI Figure 12) but
their intensities do vary with this parameter.
The 177 meV mode intensity increases away from the

nanowire surface, while the four other modes vanish (Figure
3b,c). The 177 meV mode can be interpreted as the FKS,
excited in an aloof-like configuration when the beam is close to
the nanowire tip. Close to the tip, the probability of exciting it
obviously decreases because the PPA and PPS features, which
are hybrid plasmon-FKS modes, are more intensely excited for
this probe position.
Away from the influence area of the dipolar mode, the

vanishing of the PPA and PPS signals is expected, as they are
formed where the plasmon field lines are intense enough. Now,
the 100 and 197 meV peaks show a similar spatial variation
that is radically different from the PPA and PPS one, indicating
that they have a common origin. The first of these energies
matches that of the ZO normal mode34 (a longitudinal optical
phonon polarized along the anisotropy axis), while the second
one corresponds well with the LO mode polarized
perpendicular to the anisotropy axis (see schematics in Figure
1b). Although the LO mode can be observed for thick h-BN

Figure 3. Plasmon-enhanced phonon losses. (a) Experimental (full curves) and calculated (dashed curves) EELS spectra at one of the tips of a
metallic nanowire fully supported on h-BN (configuration (2) in Figure 1a) for different lengths of the nanowire: 1.6, 2.0, 2.1, and 2.9 μm. When
the dipolar plasmon mode is close to or on resonance with h-BN phonon modes, the latter are enhanced, leading to the appearance of multiple
peaks. (b,c) Spectra as a function of distance from the nanowire tip for lengths 2.0 μm (b) and 2.9 μm (c). The ZO, PPS, FKS, LO, PPA, and
uncoupled plasmon (P) modes are labeled as described in the main text. (d) Peak intensities retrieved from fits to spectra at different distances
from the nanowire tip (data shown in SI Figure 13).
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samples, it is not detected in our relatively thin films, except
close to the nanowires when the plasmon energy overlaps with
that of the LO mode. Additionally, for symmetry reasons the
ZO mode should not be observed in the sample geometry even
if a small contribution may appear in spectra due to the finite
convergence angle of the electron beam. The observation of
these two modes can only be explained by their coupling to the
plasmon mode. This is clearly seen in Figure 3b,c, which
presents the variations of spectra taken at different positions
away from the tip of a nanowire for two different lengths. In
Figure 3c, the plasmon energy is closer to the ZO energy and a
higher intensity of the ZO peak is measured, whereas in Figure
3b the plasmon energy is closer to the LO energy and a higher
intensity of the LO peak is observed. Figure 3d summarizes the
behavior of the intensity of the different modes as a function of
distance of the electron-beam probe electron to the nanowire.
It is clear that the LO and ZO modes are enhanced by the
presence of the nanowire, passing from below the detection
level to values comparable to that of a typical plasmon (∼10−3
of the ZLP). Furthermore, the intensities of the ZO and LO
peaks follow that of the plasmon mode as a function of
distance from the nanowire tip (see Figure 3d, where
intensities were extracted from fits to the data set shown in
SI Figure 13), therefore strengthening our interpretation in
terms of plasmonic enhancement.
In summary, two main effects are observed: the possibility to

detect a bulk phonon mode (the ZO mode), whose excitation
in the absence of a nanowire is geometry-forbidden; and an
extreme enhancement of the LO and ZO modes. The
magnitude of this enhancement cannot be quantified, as in
the absence of a nanowire both modes are not experimentally
detectable.
The ZO and LO phonon modes are enhanced along the

whole nanowire length, where the plasmon dipolar mode is
present. In EELS spectra, the dipolar mode is only observed
where its electric field has a nonzero component along the
electron trajectory, that is, close to the nanowire tips. The fact
that the ZO and LO modes are observed at the center of the
nanowire, where the plasmon mode is not measurable due to
its electric field direction, shows that it is the plasmon
enhancement that allows their detection in this geometry. The
PPS and PPA peaks are visible close to the nanowire tips (left
and right of SI Figure 13), whereas others appear along the
entire nanowire (SI Figure 13 ZO peak). In this respect, the
symmetry of the plasmon electric field provides additional
information about the phonons with which it interacts.
Controlled coupling between plasmon and phonon modes

with precision below 10 meV opens the way to a new form of
plasmon-enhanced vibrational spectroscopy (PEVES). Plas-
mon modes are highly localized in space, leading to stronger
enhancement effects in volumes of the order of 103 nm3;15 only
a technique with sub-10 nm spatial resolution can exploit this
high localization. The plasmonic enhancement has the
additional benefit that smaller sample volumes can be probed
rather than using regular EELS. The difficulties involving
cutting a nanowire, as used here to achieve coupling, can be
overcome by more advanced sample designs. Those should
eventually allow fingerprinting of molecular vibrational modes.
Aiming at single-molecule spectroscopy is plausible, consider-
ing that single C60 and C70 molecules inside carbon nanotubes
survive a long time under electron irradiation, enough to be
identified by core-loss EELS.35 For specific analytes, two
general approaches are feasible: (1) designing plasmonic

nanoparticles36 with resonances matching vibrational modes of
a targeted analyte; or (2) designing metallic structures with
broad responses in the infrared37 to survey the vibrational
spectrum of an unknown analyte. For example, one could
produce dedicated slots in metallic structures, each of them
containing different analytes, or a movable metallic tip could
be added to the microscope holder (as demonstrated in a
previous work38) to selectively enhance the vibrational modes
along a molecule. Sequencing of DNA strands also appears as a
possible application of PEVES by scanning both the tip and the
electron beam.
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