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Nanoscale momentum-resolved
vibrational spectroscopy

Fredrik S. Hage'*, Rebecca J. Nicholls?, Jonathan R. Yates? Dougal G. McCulloch?,
Tracy C. Lovejoy®, Niklas Dellby*, Ondrej L. Krivanek*>, Keith Refson®’, Quentin M. Ramasse’%%*

Vibrational modes affect fundamental physical properties such as the conduction of sound and heat and can be sen-
sitive to nano- and atomic-scale structure. Probing the momentum transfer dependence of vibrational modes provides
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a wealth of information about a materials system; however, experimental work has been limited to essentially bulk and
averaged surface approaches or to small wave vectors. We demonstrate a combined experimental and theoretical
methodology for nanoscale mapping of optical and acoustic phonons across the first Brillouin zone, in the electron
microscope, probing a volume ~10"° to 10?° times smaller than that of comparable bulk and surface techniques. In
combination with more conventional electron microscopy techniques, the presented methodology should allow for
direct correlation of nanoscale vibrational mode dispersions with atomic-scale structure and chemistry.

INTRODUCTION

Acoustic and optical phonons affect fundamental physical properties
such as the conduction of sound and heat. For two-dimensional (2D)
materials (1, 2), van der Waals heterostructure devices (3), topological
insulators (4, 5), and thermoelectric materials (6-8), as well as many
other materials systems relevant to fields spanning catalysis, biomedical,
condensed matter physics, and chemistry, vibrational properties can de-
pend on nano- and atomic-scale structure. However, until now, tech-
niques available to probe the momentum transfer (7q) dependence or
dispersion of these vibrational modes have been limited to essentially
bulk approaches, such as inelastic neutron and x-ray scattering spectro-
scopies (9, 10), reflection electron energy loss spectroscopy (REELS)
measuring the average surface response (11, 12), or optical techniques
limited to q ~ 0 (where q is the wave vector) (13-17).

Here, we demonstrate a widely applicable experimental and theo-
retical methodology for nanoscale mapping of optical and acoustic
phonons across the first Brillouin zone using electron energy loss spec-
troscopy (EELS) in the scanning transmission electron microscope
(STEM), with unprecedented spatial resolution (18) down to <2 nm,
probing a volume ~10'" to 10°° times smaller than previously done
using inelastic neutron and x-ray scattering spectroscopies. Despite
the unavoidable trade-off between the simultaneously achievable spa-
tial and momentum resolution, our methodology carefully balances the
experimental parameters to uncover a wealth of information, in-
accessible through any other technique.

Our ab initio calculations show remarkable agreement with
experiments. We assign unambiguously distinct features in hexagonal
(h) and cubic (c) boron nitride (BN) EEL spectra to acoustic and optical
(hBN and ¢BN) and in- and out-of-plane (hBN) phonon modes. This
goes beyond recent field-changing proof-of-principle demonstrations
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of vibrational spectroscopy in the electron microscope (18-22) and
opens the door to correlating q-dependent vibrational properties in
nanomaterials directly with atomic-scale structure and chemistry,
which is also accessible with STEM-EELS (23).

RESULTS

A combined experimental and theoretical approach to
momentum-resolved vibrational spectroscopy

Analogous to graphite and diamond, respectively, the hexagonal and
cubic polymorphs of boron nitride are ideal model systems for the pres-
ent study; the difference in crystallographic and electronic structure of
sp°-bonded hBN and sp>-bonded cBN allows for an in-depth evaluation
of both experimental and theoretical methodologies on nanoscale flakes
of material. Figure 1 (A to D) illustrates how vibrational EEL spectra
were resolved in momentum space in the present work, while maintain-
ing a nanometer-sized electron probe, building on prior experimental
approaches used for momentum-resolved core (24) and valence (25-28)
EELS in the (S)TEM. The incident electron beam was tilted by an angle
7, the magnitude of which determines the effective displacement wave
vector (q') of the spectrometer entrance aperture with respect to the for-
ward scattered direction. Figure 1B illustrates the post-specimen
scattering geometry for q' = 0 (that is, the circular spectrometer entrance
aperture is centered on q—0). The assignment of loss peaks to specific
phonon modes was made on the basis of ab initio modeling of mode
energies and of calculations of the contribution of individual modes
to the loss function; that is, the intensity of each mode in the EEL
spectrum using a scattering function formalism. As with similar for-
malisms for x-rays and neutron scattering, this approach predicts that
only phonon modes with a component along the direction of imparted
momentum transfer will contribute to the EEL phonon spectrum (for
more details, see Materials and Methods).

Figure 1 (E and F) shows superimposed selected background sub-
tracted experimental EEL spectra and simulated loss functions for hBN
and cBN acquired from selected regions of their respective Brillouin
zones along the 'K and I'—X directions, indicated by the gray discs
in Fig. 1 (C and D). The momentum resolution achieved in these spe-
cific experimental conditions was estimated to be Aq = +0.5 A~ (see
Materials and Methods for a discussion of the parameters affecting the
balance between spatial and momentum resolutions). For completeness,
non-background-subtracted versions of the spectra in Fig. 1 (E and F)
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Fig. 1. Sketch of the experimental scattering geometry and selected momentum-resolved spectra. (A) By tilting the incident beam by an angle n, the forward
scattered beam is effectively displaced with respect to the spectrometer entrance aperture (in momentum space) by a distance and direction given by a wave vector q'. (B) q as
defined by the incident (ko) and scattered (k,) wave vectors, for q'—0. Sketch of the first Brillouin zone of (C) a 2D-projected hexagonal close-packed (HCP) crystal and (D) a 2D-projected
face-centered cubic (FCC) crystal illustrating how effectively displacing the EELS entrance aperture (gray discs) by q' with respect to the forward scattered beam results in EEL
spectrum momentum selectivity. Selected momentum-resolved experimental (black) and simulated (in-plane polarization only, purple) EEL spectra for (E) hBN along '—K
and (F) cBN along I'>X. The magnitude of displacement in momentum space considered for each spectrum is given in black (experimental spectra, corresponding to the
center of the displaced beam, estimated to one decimal place) and purple (modeled spectra).
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Fig. 2. Simulated (full curves) and experimental (blue discs) hBN and cBN pho-
non dispersions. For in-plane polarization, only colored (red) modes are predicted
to contribute to the EEL spectrum. Reported experimental Raman (pink circles) and
infrared (green circles) values (76) (observed at g—0 only, showing the limitation of
these optical techniques) are indicated.

are also shown in fig. S1. Figure 2 shows the experimental peak values
superimposed on the simulated phonon dispersions for hBN and cBN
along the '=M/K and I'->X/K directions, respectively, in good agree-
ment with literature reports on bulk BN (9, 18, 29, 30). Phonon branches
in Fig. 2 are referred to by their behavior near the zone center. In the case
of hBN, optical (O) and acoustic (A) modes are transverse (TO and TA),
longitudinal (LO and LA), or out of plane (ZO and ZA).
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Interpreting the phonon mode contributions

The contributions of acoustic and optical modes are identifiable in the
spectra in Fig. 1 (E and F) and follow the expected mode dispersions in
Fig. 2. The most easily interpretable result is that of cBN in the '-X
direction of its Brillouin zone (Figs. 1F and 2), where the two loss peaks
can be attributed directly to either an individual LO or LA mode. Be-
cause of the 18- to 40-meV experimental energy resolution (see
Materials and Methods), some modes could not be directly separated
in the experimental spectra (see Figs. 1E and 2). This makes the inter-
pretation of some spectra somewhat more complex, meaning the
affected loss peaks are attributed to a combination of vibrational modes
rather than to a single one. This in turn affects the match with calculated
dispersion curves and may explain in particular the apparently reduced
experimental slope of some mode dispersions compared to theory (Fig.
2). Furthermore, for a detailed comparison between theory and exper-
iment, we need to consider the effect of experimental geometry. The
experimental EEL spectrum can be understood as the integral of the
double differential scattering cross section over all wave vectors
admitted by the circular spectrometer collection aperture. The double
differential scattering cross section is in turn proportional to the energy
loss function multiplied by a (q-dependent) Lorentzian prefactor (23, 28).
In other words, the experimental geometry results in spectral “smearing”
in g-space (that is, integration over a small range of wave vectors), while
the nanometer-sized electron beam may probe local spatial inhomogene-
ities. Neither of these effects is currently taken into account in our theo-
retical approach. Thus, some of the discrepancies between the
experimental data and the theoretical predictions, including the mis-
match in experimental slope of some mode dispersions in Fig. 2, the
larger than predicted LA/TA mode contribution at the K point of hBN
in Fig. 1E, and the hBN LA/TA and ¢BN LA peak asymmetries at
intermediate q in Fig. 1 (E and F), may be mitigated by including the
effects of finite momentum integration and finite probe size in future
calculations.

Phonon polaritons and finite sample thickness

Interpreting the hBN “q ~ 0 A™" spectrum in Fig. 1E requires that the
so-called E;,, LO-TO mode splitting (18, 29) be taken into considera-
tion. In “bulk” hBN, for small wave vectors near I', long-range electric
fields associated with the E;,, LO mode result in a mode blueshift by
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about 30 meV with respect to the E;,, TO mode. At finite thicknesses, a
range of modes with different energies appear between the LO and TO
end members (that is, in the “upper Reststrahlen band”) (13, 15, 29).
These modes are often referred to as phonon polaritons (PhPs), as they
are attributed to coupling of optical phonons with photons in polar
materials (13, 15). Using infrared irradiation, Dai et al. (13) and, later,
Shi et al. (15) showed experimentally (also confirming their results by
theoretical calculations) that hBN PhP modes exhibit a significant thick-
ness dependence. For hBN flakes with thicknesses of several hundred
nanometers to a few atomic layers, PhP mode energies and wavelengths
decrease with decreasing flake thickness, consistent with the earlier pre-
dictions in the study of Michel and Verberck (29). Batson and Lagos
(22) recently showed that PhPs contribute significantly to the vibration-
al STEM-EEL spectrum of a thin hBN flake, demonstrating a 14-meV
split between loss peaks attributed to the E;, LO mode and PhPs, re-
spectively. As typical STEM-EELS samples (including those used in the
present work) have thicknesses of <~150 nm, the hBN LO/TO peaks in
vibrational EEL spectra would thus be expected to show significant
thickness dependence. Govyadinov et al. (31) recently showed in detail
how the PhP thickness dependence significantly affects the hBN vibra-
tional STEM-EEL LO/TO peak for small wave vectors. This effect is
demonstrated in fig. S2 (see the Supplementary Materials), where the
measured hBN LO/TO peak width increases and its maximum shifts to
a higher energy loss as the nanometer-sized electron probe is moved
into thicker regions of the hBN particle. In addition to the PhP thickness
dependence, finite integration over q also contributes to the LO/TO
peak energy shift and broadening. Thus, in vacuum [in “aloof” mode
where the ¢—0 contribution dominates, that is, in a geometry probing
primarily the PhP response (31)], the observed peak should be at its
narrowest and its energy at the lowest, as we observe in our experiments
(fig. S2), in agreement with the studies of Govyadinov et al. (31) and
Nicholls et al. (32). While a “bulk crystal” model was used for our ab
initio calculations, the present hBN experimental spectra were acquired
from an electron transparent particle (that is, of finite thickness). Thus,
in light of the above discussion, the difference in relative experimental
and theoretical q ~ 0 A~ hBN LO/TO peak values must be understood
as primarily due to a combination of PhP finite size effects and exper-
imental geometry. As the Reststrahlen band of infrared spectra of cBN
films also shows significant thickness dependence (17), we likewise at-
tribute to the combination of PhP finite size effects and experimental
geometry the minor discrepancy observed between the theoretical
and experimental cBN LO q ~ 0 A~ peak in Fig 1F.

Balancing spatial and momentum resolution

Although phonon dispersion in BN has been extensively studied in the
literature, including in the work of Rokuta et al. (11), who used high-
resolution REELS to measure the average phonon dispersion of a
monolayer hBN on a Ni(111) surface, the present methodology allows,
in principle, for probing phonon dispersions of free-standing particles
and features at the nanoscale. Here, the formation of an electron probe
several orders of magnitude smaller than that used in REELS provides
access to individual defects or nanoscale features and their possible
influence on the phonon dispersion. Moreover, the STEM-EELS ge-
ometry uses a free-standing sample, which minimizes (and possibly
avoids altogether) substrate effects, which have been reported to affect
the measured vibrational REEL spectrum (9). The convergent beam
geometry used in this work necessarily results in a modest momentum
resolution compared to bulk optical and surface EELS techniques.
Nevertheless, by carefully balancing the experimental parameters, a
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wealth of information about the vibrational response can be obtained,
and our results show good agreement (taking into account the trade-
off between momentum and spatial resolutions) with literature results
(9, 11, 18, 29, 30).

Out-of-plane mode contributions

The modeled hBN spectra in Fig. 1E assume purely in-plane polariza-
tion. This is a good approximation for electron beam incidence parallel
to the crystallographic ¢ axis (Figs. 1E and 2) and small wave vectors.
However, due to a combination of experimental geometry and Ewald
sphere curvature, the effective contribution to the experimental
spectrum of modes requiring out-of-plane polarization will increase
with increasing momentum transfer. This trend is reflected in the pres-
ent experimental data. For small wave vectors, the hBN out-of-plane
mode contribution is negligible for electron beam incidence parallel
to the crystallographic ¢ axis (Figs. 1E and 2); however, Fig. 3 shows that
a 74.5° angle between the incident electron beam direction and the crys-
tallographic c axis results in a significant spectral contribution of the ZO
mode and lower-energy ZA/TA modes. While ZA/TA modes contrib-
ute significantly to the spectrum for penetrating beam geometries, in
aloof geometries, the acoustic mode contribution is minimized; thus,
the ZO [and associated PhP (15)] mode contribution is observable as
a separate peak, in good agreement with our modeled spectrum (Fig.
3A, black arrow). For large wave vectors (near and at the hBN K and
M points), the experimental spectra exhibit low-energy peaks that can
only be attributed to out-of-plane polarization of low-energy ZA/TA
modes (Figs. 1E and 2). Hence, it is of great importance to carefully con-
sider the effect of experimental geometry and Ewald sphere curvature
when interpreting momentum-resolved vibrational STEM-EEL spectra.
In addition to the effects discussed above, defects that break the
symmetry of the crystal could also result in the nonzero contribution
of out-of-plane modes.
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Fig. 3. Spatially resolved vibrational EELS of hBN for an electron beam inci-
dence of 74.5° to the crystallographic c axis. (A) Spatially resolved loss spectra
acquired from a hBN particle in the regions indicated on the HAADF line profile in
(B). A simulated spectrum (purple) is superimposed on the experimental aloof
spectrum (distance, 55 nm). (C) Sketch showing the relative orientation of the in-
coming electron beam with respect to the hBN planes. The direction of the crys-
tallographic ¢ axis is indicated. (D and E) Simulated and experimental diffraction
patterns of the hBN particle.
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DISCUSSION

We have acquired momentum-resolved vibrational STEM-EEL spectra
of hBN and ¢BN across the entire first Brillouin zone, using a ~1 nm-
sized electron probe. We show that acoustic, optical, and anisotropic
vibrational mode contributions are identifiable in the experimental data.

Acoustic mode detection in particular is of crucial importance for real-
life applications of vibrational spectroscopy in the electron microscope.
The methodology outlined and demonstrated in the present work pro-
vides information akin to REELS (11, 12), triple-axis neutron, and in-
elastic x-ray scattering spectroscopies (9, 10), but with a much higher
spatial resolution: using an electron probe size several orders of magni-
tude smaller than in REELS and sampling volumes 10" to 10* times
smaller than x-ray and neutron spectroscopies. The present methodol-
ogy provides information complementary to real space mapping of vi-
brational modes using tip-enhanced Raman imaging (14), infrared
nanospectral imaging (13, 15), or STEM-EELS (18, 21). The energy res-
olution in STEM-EELS is presently poorer than that of the com-
plementary techniques, but this is likely to improve in the future to
around 5 meV (33). Because of the highly flexible optics of modern
electron microscopes, the (necessarily modest) momentum resolution
can be significantly increased at the cost of limiting the achievable spa-
tial resolution, if required by the specific experiment. Conversely,
increasing the spatial resolution to probe the effect of local inhomo-
geneities in the material on the energy loss response as a function of
momentum, effectively exploring the switch-over between the local
and nonlocal limits, could provide further fascinating insights into
the scattering process. The ability to trade off spatial and momentum
resolution within the same instrument is a unique feature of this exper-
imental approach. Furthermore, combining the present approach with
other more established STEM-EELS techniques (23) provides for a
highly comprehensive atomic-scale structural and chemical character-
ization of material systems such as topological insulators (4, 5), ther-
moelectric materials (6-8), 2D materials (I, 2), and van der Waals
heterostructure devices (3), where the vibrational response depends
on nano- to atomic-scale structure and chemistry. As a particularly rel-
evant example, in thermoelectric materials, the interplay between
acoustic and anharmonic, so called rattler, vibrational modes is
thought to play an essential role in controlling thermal conductivity
(6). As rattlers are thought to be localized around specific structural
features, the ability to directly probe these modes at the nanoscale in
both real and momentum space should open a tantalizing new window
onto the physics of these phenomena (7, 8). Finally, we also expect the
experimental methodology developed here to be applicable far beyond
vibrational modes. As the achievable energy resolution improves with
instrumentation developments, it should allow for nanoscale measure-
ments of the dispersion of a wide range of low-energy excitations, in-
cluding trions (34), Luttinger liquid (35) and terahertz charge carrier
plasmons (36), and Higgs and Leggett modes in superconductors (37),
among many others.

MATERIALS AND METHODS

Boron nitride

Samples investigated in the present work were fabricated from a com-
mercially available hBN powder (38) and from a ¢BN powder synthe-
sized under high-temperature and high-pressure conditions that was
obtained from Van Moppes. The hBN and ¢BN powders were
suspended in ethanol, sonicated, and dispersed onto separate standard
3-mm holey carbon TEM grids. Before insertion into the microscope,
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both samples were heated ex situ at 135°C for 6 hours in a vacuum (<1 x
10" Torr) to prevent adventitious carbon contamination during the
experiments.

STEM-EELS

Experiments were carried out at an acceleration voltage of 60 kV using
a Nion UltraSTEM 100MC microscope (39) equipped with a Gatan
Enfinium EEL ERS spectrometer optimized with high-stability elec-
tronics, installed at the SuperSTEM Laboratory, Daresbury, UK. In
the (S)TEM, momentum-resolved EELS has previously been used to
measure core [see, for example, (24) and references therein] and valence
losses [see, for example, (25-28) and references therein]. Momentum-
resolved EEL spectra can be acquired serially [see, for example, (26, 27)]
or in parallel [see, for example, (24, 25, 28)]. Here, spectra were acquired
serially to optimize spectral signal-to-noise for all measured momentum
transfers and to be able to probe the energy loss response along any di-
rection in momentum space electron optically; that is, without the need
for a dedicated tilt-rotation sample holder, which would possibly de-
crease mechanical stability between measurements along different
high-symmetry directions of the Brillouin zone. In practice, EEL
spectrum momentum selectivity was achieved by using the electro-
magnetic scan coils of the microscope to tilt the electron beam in incre-
ments corresponding to the desired magnitudes and directions of
effective spectrometer entrance aperture displacement (q’) (see Fig.
1). For each momentum-resolved EEL spectrum, the magnitude and
direction of q' were calibrated from the diffraction pattern formed by
scanning the electron beam over the STEM bright-field detector as a
function of beam tilt angle. The results presented in Figs. 1 (E and F)
and 2 show that tilting the beam, either before (hBN measurements) or
after (cBN measurements) the sample, results in momentum-resolved
EEL spectra, where optical and acoustic mode contributions can be dis-
tinguished (see Fig. 1, E and F). In Figs. 1 (E and F) and 2, q values cor-
respond to absolute values of wave vectors along the hABN I'>K/M and
¢BN I'-X/M directions of their respective Brillouin zones. Experimen-
tal q values are given by the magnitude of the effective spectrometer
entrance aperture displacement along the hBN I'=K/M and cBN
I'-X/M directions.

For the EELS measurements presented in Figs. 1 (E and F) and 2 and
fig. S1, the electron beam collection semiangle (o) and spectrometer col-
lection semiangle (B) were o = B ~ 3 mrad. This experimental geometry
was chosen to maintain a diffraction-limited probe size of ~1 nm while
optimizing the spectral signal intensity, effectively limiting the momen-
tum resolution to Aq = +0.5 A™". The momentum resolution was esti-
mated from the effective collection semiangle B* = (0* + B%)°° [see, for
example, the book by Egerton (23)]. Because of the intrinsic trade-off
between the simultaneously achievable momentum resolution and elec-
tron probe size, our particular experimental geometry necessarily results
in a modest momentum resolution by comparison to optical techniques.
However, we show that despite this, and owing to a carefully designed
balance of experimental parameters, a wealth of information about the
vibrational response of a material can be extracted that would not be
available through any other technique. Furthermore, because of the
highly flexible optics of the electron microscope, the momentum reso-
lution can be significantly increased at the cost of limiting the achieva-
ble spatial resolution, if required. This ability and flexibility to balance
momentum and spatial resolution as required are the keys to the meth-
odology we describe. The energy resolution, measured as the full-width
at half-maximum (AE) of the quasi-elastic zero loss peak (ZLP), de-
creased from 18-20 meV to 30-40 meV, with increasing momentum
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transfer. Because of the ~1/q” vibrational EEL cross-section depen-
dence, momentum-resolved spectra were acquired by summation over
multiple acquisitions of 0.1 to 90 s (increasing with increasing q'), with a
spectral sampling of 2 meV per channel. The increase in AE with
increasing q' is thus likely due to ZLP energy drift increase with spectral
acquisition time, in combination with a widening due to electron-atom
Compton scattering (40) and, to a lesser extent, to electron optical aber-
rations in the post-specimen optics when using post-specimen beam
tilt. Experimental peak values in Fig. 2 were determined by subtracting
the ZLP tail of the corresponding raw EEL spectra (by fitting of a power-
law function) and subsequently fitting the resulting spectrum with the
minimum number of Gaussian functions deemed appropriate from the
experimental peak shapes. In the context of momentum-resolved neu-
tron scattering experiments, complex procedures have been developed
to estimate a 3D resolution ellipsoid, describing the variations in mo-
mentum and energy resolutions as a function of scattering angle and
energy loss (41). Here, the energy resolution of the spectrometer is, to
an excellent approximation, constant as a function of scattering angle
and mostly affected by instabilities that result in a broadening during
long acquisitions at higher momentum transfer. Similarly, the momen-
tum resolution is solely limited by the convergence and collection angles
chosen in the present experimental conditions, so the more complex
approach for determining a full-resolution ellipsoid used in neutron
scattering was not deployed here.

Spectra in Fig. 3 were acquired with o = = 3 mrad, q' = 0, adding
multiple spectra along the direction of an EEL spectrum image line
scan, where each individual spectrum was acquired with an acquisi-
tion time of 0.1 s and a spectral sampling of 2 meV per channel.
Spectra were acquired in both a penetrating (distance, <~35 nm)
and aloof geometry (distance, >~35 nm). The spatial extent of spectral
integration perpendicular to the particle “edge” (distance ~ 35 nm) is
indicated on the high-angle annular dark-field (HAADF) line profile
in Fig. 3B. The experimental electron diffraction pattern in Fig. 3E was
acquired with o = 3 mrad. The simulated kinematic electron diffrac-
tion pattern in Fig. 3D was calculated using the SingleCrystal software
by CrystalMaker Software Ltd.

For the EELS data presented in fig. S2, o = 31 mrad, B = 44 mrad,
and q’ = 0, the acquisition time was 5 ms, and the spectral sampling
was 1 meV per channel. Several spectra were integrated over an EEL
spectrum image to produce the spectra shown in Fig. 1A. Spectra were
acquired in both a penetrating (distance, <~73 nm) and aloof (dis-
tance, >~73 nm) geometry. The spatial extent of spectral integration
in the direction perpendicular to the particle edge (distance, =73 nm)
is indicated on the HAADF line profile in fig. S2D. The spatial extent
of spectral integration in the direction parallel to the particle edge was
31 nm for all spectra. For LO/TO measurements in fig. S2 (B, C, and
E), the ZLP tail was subtracted by fitting of a power-law function, and
each LO/TO peak was fitted with a Gaussian. The measured ZLP full-
width at half-maximum is given as a function of electron beam posi-
tion in fig. S2F.

The HAADF detector semiangles used for acquiring the line pro-
files in Fig. 3B and fig. S2D were 82 to 195 mrad. No postacquisition
de-noising or deconvolution routine was used for any experimental
spectrum.

Ab initio modeling

Phonon dispersions for both hBN and ¢cBN were calculated using first-
order perturbation theory implemented in CASTEP (42, 43), a pseu-
dopotential density functional theory code. The contributions of the
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different modes to the loss function were then calculated using an ap-
proach based on a scattering function formalism, which shows that the
double differential cross section for these vibrational modes depends
on a scattering function at an energy Am and wave vector q. The
scattering function contains a dot product between q and the phonon
eigenvector, which, in agreement with other recent studies (44, 45) for
electron spectroscopy and with scattering functions derived for neu-
tron and x-ray spectroscopies (46), implies that only phonon modes
with a component along the direction of imparted momentum trans-
fer will contribute to the phonon spectrum.

As the loss function is not well defined at q = 0 (the cross section
diverges because of a ~1/q” dependence), a q value of 0.01 A~ was used
for the corresponding modeled spectra. For simplicity, the simulated
q=0.01 A" spectrain Fig. 1 (Eand F) are referred toas q ~ 0 A" in the
text. In Fig. 3A, a modeled spectrum for[7813] electron beam incidence
is superimposed on the experimental aloof spectrum (distance, 55 nm).
The modeled spectrum is normalized to the experimental LO peak
height and comprises the summation of two spectra with q = 0.01 A™"
along the '—0113 and I'—1012 directions (see Fig. 3, D and E).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/6/eaar7495/DC1

fig. S1. Selected momentum-resolved experimental EEL spectra before background subtraction.
fig. S2. Spatially resolved vibrational EELS of hBN for electron beam incidence parallel to the
crystallographic ¢ axis.

REFERENCES AND NOTES

1. A. Cepellotti, G. Fugallo, L. Paulatto, M. Lazzeri, F. Mauri, N. Marzari, Phonon
hydrodynamics in two-dimensional materials. Nat. Commun. 6, 6400 (2015).

2. Z.Xu, Heat transport in low-dimensional materials: A review and perspective. Theor. Appl.
Mech. Lett. 6, 113-121 (2016).

3. E. E. Vdovin, A. Mishchenko, M. T. Greenaway, M. J. Zhu, D. Ghazaryan, A. Misra, Y. Cao,
S. V. Morozov, O. Makarovsky, T. M. Fromhold, A. Patang, G. J. Slotman, M. I. Katsnelson,

A. K. Geim, K. S. Novoselov, L. Eaves, Phonon-assisted resonant tunneling of electrons in
graphene-boron nitride transistors. Phys. Rev. Lett. 116, 186603 (2016).

4. U. Mukhopadhyay, D. Chaudhuri, J. Sarkar, S. Singh, R. K. Gopal, S. Tammu, P. C. Upadhya,
C. Mitra, Surface optical and bulk acoustic phonons in the topological insulator,
Bi,Se,Te. Appl. Phys. Lett. 106, 241106 (2015).

5. A.Y.Bykov, T. V. Murzina, N. Olivier, G. A. Wurtz, A. V. Zayats, Coherent lattice dynamics in
topological insulator Bi,Te; probed with time-resolved optical second-harmonic
generation. Phys. Rev. B 92, 064305 (2015).

6. M. Christensen, A. B. Abrahamsen, N. B. Christensen, F. Juranyi, N. H. Andersen,
K. Lefmann, J. Andreasson, C. R. H. Bahl, B. B. Iversen, Avoided crossing of rattler modes in
thermoelectric materials. Nat. Mater. 7, 811-815 (2008).

7. D. J. Voneshen, K. Refson, E. Borissenko, M. Krisch, A. Bosak, A. Piovano, E. Cemal,
M. Enderle, M. J. Gutmann, M. Hoesch, M. Roger, L. Gannon, A. T. Boothroyd,
S. Uthayakumar, D. G. Porter, J. P. Goff, Suppression of thermal conductivity by rattling
modes in thermoelectric sodium cobaltate. Nat. Mater. 12, 1028-1032 (2013).

8. G. J. Snyder, E. S. Toberer, Complex thermoelectric materials. Nat. Mater. 7, 105-114 (2008).
9. J. Serrano, A. Bosak, R. Arenal, M. Krisch, K. Watanabe, T. Taniguchi, H. Kanda, A. Rubio,
L. Wirtz, Vibrational properties of hexagonal boron nitride: Inelastic X-ray scattering

and ab initio calculations. Phys. Rev. Lett. 98, 095503 (2007).

10. E. Burkel, Determination of phonon dispersion curves by means of inelastic x-ray
scattering. J. Phys. Condens. Matter 13, 7627 (2001).

11. E.Rokuta, Y. Hasegawa, K. Suzuki, Y. Gamou, C. Oshima, A. Nagashima, Phonon dispersion
of an epitaxial monolayer film of hexagonal boron nitride on Ni(111). Phys. Rev. Lett.
79, 4609-4612 (1997).

12. H. Ibach, D. L. Mills, Electron Energy Loss Spectroscopy and Surface Vibrations (Academic
Press Inc., 1982).

13. S.Dai, Z. Fei, Q. Ma, A. S. Rodin, M. Wagner, A. S. McLeod, M. K. Liu, W. Gannett, W. Regan,
K. Watanabe, T. Taniguchi, M. Thiemens, G. Dominguez, A. H. C. Neto, A. Zettl,
F. Keilmann, P. Jarillo-Herrero, M. M. Fogler, D. N. Basov, Tunable phonon polaritons in
atomically thin van der Waals crystals of boron nitride. Science 343, 1125-1129 (2014).

50f 6

020Z ‘9z aunc uo /610’ Bewsdusios saoueApe//:dny wolj papeojumoq


http://advances.sciencemag.org/cgi/content/full/4/6/eaar7495/DC1
http://advances.sciencemag.org/cgi/content/full/4/6/eaar7495/DC1
http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

14. C. Chen, N. Hayazawa, S. Kawata, A 1.7 nm resolution chemical analysis of carbon nanotubes
by tip-enhanced Raman imaging in the ambient. Nat. Commun. 5, 3312 (2014).

15. Z. Shi, H. A. Bechtel, S. Berweger, Y. Sun, B. Zeng, C. Jin, H. Chang, M. C. Martin,

M. B. Raschke, F. Wang, Amplitude- and phase-resolved nanospectral imaging of phonon
polaritons in hexagonal boron nitride. ACS Photonics 2, 790-796 (2015).

16. S. Reich, A. C. Ferrari, R. Arenal, A. Loiseau, I. Bello, J. Robertson, Resonant Raman
scattering in cubic and hexagonal boron nitride. Phys. Rev. B 71, 205201 (2005).

17. M. I. Eremets, M. Gauthier, A. Polian, J. C. Chervin, J. M. Besson, G. A. Dubitskii,

Ye. Ye. Semenova, Optical properties of cubic boron nitride. Phys. Rev. B 52, 8854-8863
(1995).

18. C. Dwyer, T. Aoki, P. Rez, S. L. Y. Chang, T. C. Lovejoy, O. L. Krivanek, Electron-beam
mapping of vibrational modes with nanometer spatial resolution. Phys. Rev. Lett. 117,
256101 (2016).

19. O. L. Krivanek, T. C. Lovejoy, N. Dellby, T. Aoki, R. W. Carpenter, P. Rez, E. Soignard, J. Zhu,
P. E. Batson, M. J. Lagos, R. F. Egerton, P. A. Crozier, Vibrational spectroscopy in the
electron microscope. Nature 514, 209-212 (2014).

20. T. Miyata, M. Fukuyama, A. Hibara, E. Okunishi, M. Mukai, T. Mizoguchi, Measurement of
vibrational spectrum of liquid using monochromated scanning transmission electron
microscopy-electron energy loss spectroscopy. Microscopy 63, 377-382 (2014).

21. M. J. Lagos, A. Trugler, U. Hohenester, P. E. Batson, Mapping vibrational surface and bulk
modes in a single nanocube. Nature 543, 529-532 (2017).

22. P.E. Batson, M. J. Lagos, Characterization of misfit dislocations in Si quantum well structures
enabled by STEM based aberration correction. Ultramicroscopy 180, 34-40 (2017).

23. R.F. Egerton, Electron Energy-Loss Spectroscopy in the Electron Microscope (Springer, 2011).

24. R. D. Leapman, P. L. Fejes, J. Silcox, Orientation dependence of core edges from
anisotropic materials determined by inelastic scattering of fast electrons. Phys. Rev. B 28,
2361-2373 (1983).

25. F.S.Hage, T. P. Hardcastle, A. J. Scott, R. Brydson, Q. M. Ramasse, Momentum- and space-
resolved high-resolution electron energy loss spectroscopy of individual single-wall
carbon nanotubes. Phys. Rev. B 95, 195411 (2017).

26. F.S.Hage, Q. M. Ramasse, D. M. Kepaptsoglou, @. Prytz, A. E. Gunnaes, G. Helgesen,

R. Brydson, Topologically induced confinement of collective modes in multilayer
graphene nanocones measured by momentum-resolved STEM-VEELS. Phys. Rev. B 88,
155408 (2013).

27. U. Falke, A.-K. Weber, J. Ullmann, Dispersion of the valence electron energy loss in
thin amorphous carbon films deposited by ion assisted evaporation of graphite.
Microsc. Microanal. Microstruct. 6, 113-120 (1995).

28. P. Wachsmuth, R. Hambach, M. K. Kinyanjui, M. Guzzo, G. Benner, U. Kaiser, High-energy
collective electronic excitations in free-standing single-layer graphene. Phys. Rev. B
88, 075433 (2013).

29. K. H. Michel, B. Verberck, Phonon dispersions and piezoelectricity in bulk and multilayers
of hexagonal boron nitride. Phys. Rev. B 83, 115328 (2011).

30. K. Karch, F. Bechstedt, Ab initio lattice dynamics of BN and AIN: Covalent versus ionic
forces. Phys. Rev. B 56, 7404-7415 (1997).

31. A. A. Govyadinov, A. Kone¢na, A. Chuvilin, S. Vélez, I. Dolado, A. Y. Nikitin, S. Lopatin,

F. Casanova, L. E. Hueso, J. Aizpurua, R. Hillenbrand, Probing low-energy hyperbolic
polaritons in van der Waals crystals with an electron microscope. Nat. Commun. 8, 95
(2017).

32. R. Nicholls, F. S. Hage, J. Yates, D. McCulloch, D. M. Kepaptsoglou, T. C. Lovejoy, N. Dellby,
O. L. Krivanek, K. Refson, Q. M. Ramasse, Vibrational phonon spectroscopy of boron
nitride polymorphs: A comparison between theory and experiment. Microsc. Microanal.
21, 1469-1470 (2015).

33. T.C. Lovejoy, N. J. Bacon, A. L. Bleloch, N. Dellby, M. V. Hoffman, O. L. Krivanek, Ultra-high
energy resolution EELS. Microsc. Microanal. 23, 1552-1553 (2017).

Hage et al., Sci. Adv. 2018;4:eaar7495 15 June 2018

34. R. Matsunaga, K. Matsuda, Y. Kanemitsu, Observation of charged excitons in hole-doped
carbon nanotubes using photoluminescence and absorption spectroscopy. Phys. Rev.
Lett. 106, 037404 (2011).

35. Z. Shi, X. Hong, H. A. Bechtel, B. Zeng, M. C. Martin, K. Watanabe, T. Taniguchi, Y.-R. Shen,
F. Wang, Observation of a Luttinger-liquid plasmon in metallic single-walled carbon
nanotubes. Nat. Photonics 9, 515-519 (2015).

36. F.J. Garcia de Abajo, Graphene plasmonics: Challenges and opportunities. ACS Photonics
1, 135-152 (2014).

37. H. Krull, N. Bittner, G. S. Uhrig, D. Manske, A. P. Schnyder, Coupling of Higgs and Leggett
modes in non-equilibrium superconductors. Nat. Commun. 7, 11921 (2016).

38. URL: www.lowerfriction.com/.

39. O. L. Krivanek, J. P. Ursin, N. J. Bacon, G. J. Corbin, N. Dellby, P. Hrncirik, M. F. Murfitt,
C. S. Own, Z. S. Szilagyi, High-energy-resolution monochromator for aberration-corrected
scanning transmission electron microscopy/electron energy-loss spectroscopy.

Philos. Trans. R. Soc. A 367, 3683-3697 (2009).

40. G. Argentero, C. Mangler, J. Kotakoski, F. R. Eder, J. C. Meyer, Towards weighing individual
atoms by high-angle scattering of electrons. Ultramicroscopy 151, 23-30 (2015).

41. L. D. Cussen, Resolution of neutron three-axis spectrometers using acceptance diagrams.
J. Appl. Cryst. 35, 615-623 (2002).

42. K. Refson, P. R. Tulip, S. J. Clark, Variational density-functional perturbation theory for
dielectrics and lattice dynamics. Phys. Rev. B 73, 155114 (2006).

43. S. ). Clark, M. D. Segall, C. J. Pickard, P. J. Hasnip, M. I. J. Probert, K. Refson, M. C. Payne,
First principles methods using CASTEP. Z. Kristallogr. 220, 567-570 (2009).

44. P. Rez, Is localized infrared spectroscopy now possible in the electron microscope?
Microsc. Microanal. 20, 671-677 (2014).

45. C. Dwyer, Localization of high-energy electron scattering from atomic vibrations.

Phys. Rev. B 89, 054103 (2014).

46. S. K. Sinha, Theory of inelastic x-ray scattering from condensed matter. J. Phys. Condens.

Matter 13, 7511 (2001).

Acknowledgments: SuperSTEM is the UK Engineering and Physical Sciences Research Council
(EPSRC) National Research Facility for Advanced Electron Microscopy. Funding: RJ.N.
acknowledges financial support from the EPSRC (grant EP/L022907/1). Author contributions:
RJ.N, F.SH. and QMR. initiated the project. F.S.H, QMR, T.CL, N.D., and O.LK. designed
the experiment. F.S.H. and Q.M.R. acquired, processed, and interpreted the experimental
data. RJ.N,, JRY, and KR. developed the theoretical model, and R.J.N. carried out the
theoretical calculations. Samples were prepared by F.S.H. (hBN) and D.G.M. (cBN). F.S.H., QMR
and RJ.N. wrote the manuscript. All authors read and commented on the final manuscript.
Competing interests: N.D., O.L.K,, and T.CL. have a financial interest in Nion Company,

the microscope manufacturer from which the instrument used for this work was purchased.
All the other authors declare that they have no competing interests. Data and materials
availability: All data needed to evaluate the conclusions in the paper are present in the paper
and/or the Supplementary Materials. Raw experimental data were generated at the
SuperSTEM Laboratory, with ab initio modeling carried out at the University of Oxford.
Additional data related to this paper may be requested from the authors.

Submitted 13 December 2017
Accepted 1 May 2018
Published 15 June 2018
10.1126/sciadv.aar7495

Citation: F. S. Hage, R. J. Nicholls, J. R. Yates, D. G. McCulloch, T. C. Lovejoy, N. Dellby,

O. L. Krivanek, K. Refson, Q. M. Ramasse, Nanoscale momentum-resolved vibrational
spectroscopy. Sci. Adv. 4, eaar7495 (2018).

6 of 6

020Z ‘9z aunc uo /610’ Bewsdusios saoueApe//:dny wolj papeojumoq


http://www.lowerfriction.com/
http://advances.sciencemag.org/

Science Advances

Nanoscale momentum-resolved vibrational spectroscopy

Fredrik S. Hage, Rebecca J. Nicholls, Jonathan R. Yates, Dougal G. McCulloch, Tracy C. Lovejoy, Niklas Dellby, Ondrej L.
Krivanek, Keith Refson and Quentin M. Ramasse

Sci Adv 4 (6), eaar7495.
DOI: 10.1126/sciadv.aar7495

ARTICLE TOOLS http://advances.sciencemag.org/content/4/6/eaar7495
I\S/ILA?'EII_:ZIIEAALESNTARY http://advances.sciencemag.org/content/suppl/2018/06/11/4.6.eaar7495.DC1
REFERENCES This article cites 43 articles, 1 of which you can access for free

http://advances.sciencemag.org/content/4/6/eaar7495#BIBL

PERMISSIONS http://www.sciencemag.org/help/reprints-and-permissions

Use of this article is subject to the Terms of Service

020Z ‘9z aunc uo /610’ Bewsdusios saoueApe//:dny wolj papeojumoq

Science Advances (ISSN 2375-2548) is published by the American Association for the Advancement of Science, 1200 New
York Avenue NW, Washington, DC 20005. The title Science Advances is a registered trademark of AAAS.

Copyright © 2018 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of
Science. No claim to original U.S. Government Works. Distributed under a Creative Commons Attribution License 4.0 (CC
BY).


http://advances.sciencemag.org/content/4/6/eaar7495
http://advances.sciencemag.org/content/suppl/2018/06/11/4.6.eaar7495.DC1
http://advances.sciencemag.org/content/4/6/eaar7495#BIBL
http://www.sciencemag.org/help/reprints-and-permissions
http://www.sciencemag.org/about/terms-service
http://advances.sciencemag.org/

