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Vibrational spectroscopies using infrared radiation'?, Raman scatter-
ing’, neutrons*, low-energy electrons’ and inelastic electron tunnel-
ling® are powerful techniques that can analyse bonding arrangements,
identify chemical compounds and probe many other important prop-
erties of materials. The spatial resolution of these spectroscopies is
typically one micrometre or more, although it can reach a few tens
of nanometres or even a few angstroms when enhanced by the pres-
ence of a sharp metallic tip®’. If vibrational spectroscopy could be
combined with the spatial resolution and flexibility of the transmis-
sion electron microscope, it would open up the study of vibrational
modes in many different types of nanostructures. Unfortunately, the
energy resolution of electron energy loss spectroscopy performed in
the electron microscope has until now been too poor to allow such a
combination. Recent developments that have improved the attain-
able energy resolution of electron energy loss spectroscopy in a scan-
ning transmission electron microscope to around ten millielectronvolts
now allow vibrational spectroscopy to be carried out in the electron
microscope. Here we describe the innovations responsible for the pro-
gress, and present examples of applications in inorganic and organic
materials, including the detection of hydrogen. We also demonstrate
that the vibrational signal has both high- and low-spatial-resolution
components, that the first component can be used to map vibrational
features at nanometre-level resolution, and that the second compon-
ent can be used for analysis carried out with the beam positioned just
outside the sample—that is, for ‘aloof’ spectroscopy that largely avoids
radiation damage.

In the past two decades, the performance of electron microscopes has
been greatly improved by the introduction of multipole-based aber-
ration correction technology®". Spatial resolution of better than 0.5 A
is now possible'>and 1 A is routine. In the scanning transmission elec-
tron microscope (STEM), aberration-corrected optics have also allowed
the electron current in an atom-sized probe to be increased by 10X
and more. This has led to new performance standards, such as non-
destructive resolution and identification of all the atoms in a mono-
layer sample containing various impurities'?, and electron energy loss
spectroscopy (EELS) fine structure studies of individual atoms'*'. These
successes have given rise to a question: can similar technologies improve
the energy resolution of EELS carried out in the electron microscope
so that vibrational spectra with key features occurring at 50-500 meV
become accessible at high spatial resolution, in a wide variety of sam-
ples and sample geometries?

Because of recent progress, we are now able to answer the question
in the positive. The progress has taken place on three principal fronts:
(1) the energy resolution of EELS carried out in the electron microscope
has been improved to around 10 meV; (2) the EELS-STEM instrument
has been optimized so that the electron probe incident on the sample
contains a current sufficient to perform EELS experiments even when
the energy width of the probe is ~10 meV and its size <1 nm; and (3) the
tail of the intense zero loss peak (ZLP) in the EELS spectrum has been
reduced so that it does not obscure the vibrational features of interest.

The innovations responsible for the progress are (1) a monochromator
of a new design'’, which is able to reach an energy resolution compar-
able to the highest resolution attained previously'®" in broad-beam sys-
tems, and which allows an atom-sized electron probe to be formed; (2) an
ultra-bright cold field emission electron gun, a dispersing—undispersing
monochromator design, and aberration-corrected optics, which to-
gether maximize the intensity of the monochromated electron probe;
and (3) increasing the energy dispersion of the spectrometer to 1 meV
per channel (and higher), and developing operating modes that min-
imize ZLP tails due to aberrations and stray scattering. A fuller descrip-
tion of the innovations is provided in Methods. Recent improvements
in the stability of the whole system are illustrated in Extended Data Fig. 1.

Figure 1 illustrates how the above developments are revealing spectral
features that have long been ‘hidden in plain sight’ in electron micro-
scopes—obscured by a wide ZLP. Figure 1a shows a ZLP obtained with
the monochromator slit nearly closed, with a full-width at half-max-
imum (FWHM) of 9 meV, compared to an unmonochromated spec-
trum obtained with the system’s energy-selecting slit withdrawn from
the beam. Figure 1b shows a spectrum obtained from hexagonal boron
nitride (h-BN) with the slit slightly more open, to admit a larger cur-
rent while keeping the probe size small, at two vertical scales: normalized
so that the intensity maximum of the ZLP is equal to 1, and multiplied
by 1,000, to show the region of the spectrum from 100 to 200 meV. The
spectrum was obtained with an electron beam of about 10 pA current
and 1 nm diameter. The strong feature at 173 meV corresponds to the
energy of the longitudinal optical (LO) phonon in h-BN at 175 meV
(see Methods).

Figure 2 shows vibrational excitations recorded in a range of mate-
rials: h-BN, SiO,, SiC, TiH, and epoxy resin. The spectra were acquired
using various electron-optical settings and total acquisition times ran-
ging from 55 to 505, as described in Methods. For the TiH, spectrum,
the beam was about 5 nm outside the sample, in a so-called aloof posi-
tion, to minimize radiation damage. The resin spectrum was recorded
in an angle-resolved mode (see Methods) and came from a sample area
of about 400 nm in diameter. The intensity of the vibrational peaks is of
the order of 3 X 107> to 5 X 10~ * (above background) relative to the
ZLP. All the peak energies observed here correspond closely to energies
recorded by other vibrational spectroscopies: infrared, Raman, low-
energy electron and neutron (as shown in Methods and Extended Data
Fig. 2).

The observation of vibrational peaks due to hydrogen in TiH, and in
the epoxy resin is especially interesting. In TiH,, hydrogen is mobile and
bound only weakly, which results in the relatively low (for hydrogen)
vibrational energy of 147 meV. In epoxy resin, hydrogen is mostly bound
to carbon, and 360 meV (2,900cm™ ') is a typical C-H stretch vibra-
tional energy'~. Up to now, hydrogen has been essentially invisible in
electron microscopes, its presence typically inferred from the modified
electron distribution due to the electron it contributes to the sample’s
electron density distribution. Its unambiguous detection by vibration-
al spectroscopy promises to provide a general technique for hydrogen
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Figure 1 | Revealing vibrational signals in the electron microscope. a,9 meV
wide (full-width at half-maximum, FWHM) monochromated zero loss peak
(ZLP) compared to the energy distribution of an unmonochromated beam
produced by the system’s cold field emission electron gun. b, 14 meV wide
ZLP obtained with the energy-selecting slit more open (left), and 18 meV wide
LO phonon in h-BN, with a peak energy of 173 meV (right).

detection in the many hydrogen-containing materials studied by elec-
tron microscopy. Another attractive prospect involves analysing the types
of covalent hydrogen bonding present in microscopic amounts of mat-
ter, with H-C, H-N, H-O and other types of hydrogen bonds giving
distinct vibrational frequencies'~>.

The width of the vibrational peaks shown in Fig. 2 is 18-40 meV, which
is worse than the resolution attainable by other vibrational spectroscopies'”.
(The causes of the broadening are discussed in Methods.) However, the
main interest of vibrational spectroscopy in an electron microscope lies
in studying the spatial variation of vibrational modes in different nano-
structures, ideally with near-atomic resolution. With the present energy
resolution, the vibrational signal can be distinguished clearly enough to
study the spatial variation, and the energy resolution is almost certain
to improve further in the future.

Figure 3 explores the spatial resolution of our technique, by imaging
the variation of the SiO, optical phonon at Si-SiO, and SiO,-vacuum
interfaces. A probe of about 2-nm diameter was advanced in 2-nm steps,
and a single 10-s spectrum was recorded at each new position. A second
scan was performed over the same locations to record the variation of
the unsaturated ZLP, and a third scan to record medium-energy EELS
losses up to 250 eV, whose strength was used to determine the sample
thickness, also shown in the figure. To make sure that the sample did
not shift significantly during the profile acquisition and that no signif-
icant radiation damage occurred, the examined area was imaged both
before and after the spectroscopic line scans, using the high-angle an-
nular dark field (HAADF) signal.
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Figure 2 | Vibrational spectra from various materials. a, h-BN;
b, amorphous SiOy; ¢, SiC; d, TiH,; and e, epoxy resin.

The vibrational signal was obtained by subtracting the background
under the peak at 138 meV in all the spectra, which were similar to the
spectrum shown in Fig. 2b. The signal was then normalized by dividing
itby the intensity of the ZLP. It is seen to extend into the vacuum beyond
the edge of the SiO; layer, and to decay to 1/e intensity about 40 nm
from the edge. The HAADF image and the medium-energy EELS line
profile show no such extended feature. This confirms that the spatially
extended signal is due to optical phonons being excited even when the
electron beam is passing tens of nanometres away from the sample.

Aloofbeams losing energy to delocalized electronic excitations (such
as surface plasmons) have been studied extensively in low-loss EELS****,
The mechanism can be described by dielectric response theory**~*. The
probability of excitation varies as Ko[(2cwR)/(v))] with the distance R
from the specimen (see Methods and Extended Data Fig. 3), where K,
is a modified Bessel function of the second kind, e is the excitation fre-
quency, vis the electron velocity and y is the relativistic (Lorentz) factor.
For optical phonon energies of 100-200 meV, this function shows tails
extending tens and even hundreds of nanometres with an exponential
decay, in good agreement with the present observations.

The spatial resolution obtainable with the aloof signal is comparable
to that of tip-enhanced optical spectroscopy’, without needing to have
a sharp tip in the vicinity of the examined structure. Because the inter-
action distance for the signal can be much larger than the diameter of
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Figure 3 | Profile showing the spatial variation of the vibrational signal.
a, HAADF image of an Si-SiO,-vacuum sample viewed in cross-section; the
yellow arrow indicates the location of the profile used for b. b, Net intensity of

the focused probe, the vibrational signal can be collected with the elec-
tron beam positioned outside the sample**~*. This was in fact done for
the titanium hydride spectrum shown in Fig. 2. The ‘aloof mode’ prom-
ises to allow radiation-sensitive materials to be analysed with no (or very
limited) ionization and knock-on damage, provided that probe tails are
minimized and the flux of electrons directly traversing the sample is
negligible. Electrons passing tens of nanometres outside the sample can
only cause low-energy excitations, and this means that radiation damage
in the aloof mode can be no greater than if the sample were illuminated
by infrared light. This will be especially beneficial for materials contain-
ing hydrogen, which is very prone to radiation damage due to ionization
and knock-on damage by a traversing electron beam.

The spatial variation of the vibrational signal shown in Fig. 3b also
includes sharp features that are much narrower than the extended tail.
At the SiO,-vacuum interface, the signal decays to about 70% of the in-
tensity within about 10 nm from the edge, and there is a rapid decay of
the vibrational signal within about 5 nm at the SiO,-Si interface. Recent
theoretical estimates suggest that spatial resolutions down to 1 A should
be attainable’** when imaging atomic vibrational states. As discussed
in the Methods, the localized signal can be enhanced by selecting only
higher-angle scattering events using an annular spectrometer entrance
aperture. The cross-section will then be smaller than for the forward-
scattered signals used in the present paper, and collecting the spectra
will be more challenging experimentally, as it will require combining
good energy resolution with large acceptance angles into the spectro-
meter. Nevertheless, the localized signal is likely to become routinely
accessible with further improvements in the experimental technique,
leading to a substantial increase in spatial resolution.

Very good spatial resolution should also be obtainable by using impact
(Rutherford) scattering®, which is dominant at high scattering angles
(>50 mrad), and which can readily result in energy transfers in excess
of 50 meV to the nuclei of light elements, especially hydrogen. Energy-
analysing the scattering” should lead to information similar to that
provided by neutron vibrational spectroscopy*, in principle at the same
angstrom-scale spatial resolution as HAADF STEM?*°, which also uti-
lizes the Rutherford-scattered signal.

In terms of applications, the present technique promises the analysis
of vibrational modes at high spatial resolution at structural features such
as surfaces, interfaces, grain boundaries, nanotubes and quantum dots.
It should also enable electron microscopes to directly detect hydrogen
in hydrogen storage materials, polymers and biological tissues. One of
the main prospects for the technique is carrying out largely damage-
free analysis of radiation-sensitive materials, such as polymers or fro-
zen hydrated biological tissues, using an aloof electron beam. The spatial
resolution attained so far is about 5 nm. Future improvements are likely
to include electron spectrometers with higher stability and better-corrected
optics, which should improve the energy resolution of the technique to
below 10 meV and the spatial resolution to below 1 nm. The potential
for vibrational spectroscopy in the electron microscope thus appears
to be broad and exciting.

Distance R (nm)

the SiO, vibrational signal (at 138 meV) as a function of the probe position, and
approximate sample thickness. The dotted vertical lines mark the locations
of the Si-SiO, and SiO,-vacuum interfaces.

Online Content Methods, along with any additional Extended Data display items
and Source Data, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS

Materials and sample preparation. Samples were prepared by crushing and dis-
persing on holey carbon grids (h-BN, SiC, TiH,), tripod polishing (Si-SiO, cross-
section) and ultramicrotoming (epoxy resin). In greater detail as follows.

h-BN: As described in ref. 13.

SiC: Fractured powder of mixed SiC polytype. The examined areas had thicknesses
of ~0.7 X (mean free path of EELS integrated between 5 and 200 eV).
Si-SiO,~vacuum interface sample: Semiconductor device test structure that was cross-
sectioned and thinned using tripod polishing.

TiH,: TiH, powder was crushed between two glass microscope slides and dispersed
over a holey carbon film supported on a Cu grid. Smaller particles often failed to
show any hydrogen signal, and may have lost their hydrogen during sample prepa-
ration. Larger particles (greater than about 0.5 pim in size) showed the hydrogen
vibrational signal reliably, and we therefore typically collected spectra from thin
areas of larger particles.

Epoxy resin: The sample was a microtomed section of a standard embedding resin
used for TEM applications. The resin, obtained from Electron Microscopy Services
(catalogue no. 14300), was a low-viscosity epoxy based on a modification of the Spurr
resin®'. The resin was microtomed into sections approximately 100 nm in thick-
ness and supported over a holey carbon film.

Spectrum and image acquisition. Spectra in Figs 1b, 2a, 2b, 2d, 2e and 3 were ob-
tained at Arizona State University with Nion high-energy resolution monochro-
mated EELS systems (HERMES) using a Gatan Enfinium spectrometer; spectra in
Figs 1a and 2c were obtained with a HERMES system at Rutgers University using a
home-modified spectrometer. Both systems were operated at 60 kV primary voltage,
with a beam current incident on the sample of ~10 pA (and abeam current incident
on the monochromator slit of ~500 pA), probe convergence semi-angles up to
30 mrad, and EELS collection semi-angles of typically 15 mrad.

The detailed spectrum acquisition times and operating modes used were as listed
below. For a more detailed explanation of the HERMES system and its operating
modes, see the Methods sections ‘Monochromator design’ and ‘Operating modes’.
Figure 1a (monochromated): single acquisition of 10 ms, SR mode with o = 30 mrad;
Fig. 1b (BN peak): 6 acquisitions of 1 s each, displaced in position to randomize
detector pixel variations, and later aligned in energy and summed, SR mode with
o = 30 mrad; Fig. 2a: single acquisition of 5 s, SR mode with o = 12 mrad; Fig. 2b:
single acquisition of 15 s, SR mode with o = 30 mrad; Fig. 2c: 300 acquisitions of
0.15 s each, displaced in position to randomize detector pixel variations, and later
aligned in energy and summed, SR mode with o = 16 mrad; Fig. 2d: single acquisi-
tion of 10 s, SR mode with o = 12 mrad; Fig. 2e: single acquisition of 50 s, AR mode,
diameter of the probed sample area ~400 nm, acceptance half-angle ~50 prad; Fig. 3
and Extended Data Fig. 3: single acquisition of 10 s per probe position, SR mode with
o =12 mrad.

All spectra were acquired with an energy dispersion of 1 meV per channel and with

a1 mm diameter EELS entrance aperture. The large dispersion helped to minimize
the tail of the ZLP due to sideways spreading of the strong ZLP signal in the scin-
tillator and the fibre optic coupling to the CCDs that detected the spectrum in the
spectrometers used here. The images shown in Fig. 3 and Extended Data Fig. 3
were acquired using an HAADF detector spanning detection half-angles of about
80-200 mrad.
Spectrum processing and quantification. Spectra shown in this paper are displayed
as-acquired, with no processing except for CCD dark image subtraction and gain
normalization. Special care was taken with reference dark and gain images so that
so that their statistical noise would not appreciably worsen the noise characteristics
of the dark-subtracted and gain-normalized spectra.

The intensities shown in the spatial profiles (Fig. 3 and Extended Data Fig. 3)
were extracted by fitting an aAE ™" function® to the spectrum background next to
the peak to be quantified (where AE is the energy loss and a and r are adjustable
parameters), over a broad energy interval in front of the peak and a narrow interval
after the peak. The quality of the fit was checked by examining the background next
to the extracted peak and making sure that its intensity was negligible compared to
the peak.

The approximate sample ‘thickness’ t shown in Fig. 3b and Extended Data Fig. 3b
was determined by the usual method*® of computing the thickness from the ratio
of the complete EELS intensity I o, to the intensity of the ZLP I,,, as

t = IMFP X In(I,orat/L)

where IMFP is the mean free path for inelastic scattering in the examined material.
The energy window used for evaluating I\, extended up 250 eV for Fig. 3, and up
to 190 eV for Extended Data Fig. 3. IMFP for 60kV electrons in SiO, was com-
puted using the program IMFP.m (ref. 32, appendix B) as 70 nm, IMFP in h-BN as
75 nm. The same IMFP was used for Si as for SiO,, and the abrupt increase in the

LETTER

approximate thickness seen in Fig. 3b on going from SiO, into Si was probably due
to IMFP being smaller in Si than in SiO,.

Monochromator design. Without a monochromator, the attainable energy reso-
lution of EELS carried out in an electron microscope would be limited by the energy
width of the electron source to about 0.25 eV for cold field emission (CFE) and
0.5 eV for Schottky sources.

Monochromators employed in electron microscopy have typically been located
inside the electron gun, before the electron accelerator. Such an arrangement causes
the energy of the electron beam to change whenever instabilities change the high
voltage supplied to the electron gun. The end result is a deterioration of the EELS
energy resolution, especially for longer acquisition times™. The best energy reso-
lution has therefore been reached with systems that compensate for the instabilities
by decelerating the electrons before energy analysis, using a high voltage power sup-
ply that is shared by the electron gun accelerator and the spectrometer decelerator,
so that changes in the high voltage of the gun are precisely compensated in the
spectrometer. This type of approach has produced an energy resolution of about
3 meV ina scattering apparatus'® operating at 30 kV, and 12 meV in a substantially
modified electron microscope' operating at 60 kV. However, neither of these in-
struments achieved nm-level spatial resolution, their limits being about 30 pum and
100 nm (at the highest energy resolution), respectively.

The ground-potential monochromator'” used here employs a stabilization scheme

that avoids decelerating the beam but manages to reach comparable energy reso-
lution. It projects an energy-dispersed beam onto an energy-selecting slit using
magnetic prisms and multipole optics consisting of about 120 independent optical
elements. Because it comes after the accelerator of the electron microscope, the en-
ergy it selects does not change when the high voltage supplied to the electron gun
changes. The EELS data are acquired using a magnetic prism spectrometer*-** that
also employs multipole optics. The system’s principal stabilization scheme consists
of using a shared current supply for powering the magnetic prisms of the mono-
chromator and of the spectrometer, with the principal coils of all the prisms con-
nected in series. This ensures that if the current in the prism coils changes, the EEL
spectrum dispersed on the final detector does not move'’**. An auxiliary stabili-
zation scheme senses the intensity of the energy-dispersed electron beam incident
on the two halves of the energy-selecting slit of the monochromator, and uses the
difference signal to adjust the high voltage of the microscope so that the beam re-
mains precisely centred on the slit. The entire system has achieved 3 meV root mean
square (r.m.s.) stability at a primary energy of 60 keV, which amounts to a stability
of 5 parts in 10°. This is about a threefold improvement on the stability we were
reachinga year ago (Extended Data Fig. 1), and further improvements are expected
in the future. The system is also able to achieve a probe size'” of about 1 A.
Operating modes. For spectrum acquisition, the STEM-EELS system was oper-
ated in two different modes:
(1) SR (spatially resolved) mode, in which there was a focused probe at or near the
sample. The probe half-angle o was adjustable (by exciting the condenser lenses
differently*”), and we typically used half-angles from 12 to 30 mrad. To maximize
the current in the probe, the current incident on the monochromator slit was typi-
cally set to around 500 pA, which was about 2.5X the coherent current® I. of the
cold field emission (CFE) source used here. This meant that the minimum attain-
able probe diameter was about 2X larger than the diffraction-limited probe diameter
d4 (dg = 0.61 A/, where A is the electron wavelength). At 60 kV (4 = 4.86 pm) the
o = 12 mrad probe therefore had a minimum diameter of 0.5 nm, and the o = 30
mrad probe had a minimum diameter of 0.2 nm.

The SR mode is the standard mode of operating a modern STEM: there is a
small probe on the sample, and a convergent beam diffraction pattern of adjustable
camera length is projected onto the high-angle annular dark field (HAADF) de-
tector and the EELS entrance aperture. The ‘EELS entrance object’, that is, the beam
crossover that is imaged and energy-dispersed by the EELS optics onto the EELS
CCD detector, is formed in this mode by the last projector lens of the post-sample
optical column®, P4. If the crossover is too large (or has a pronounced spatially
extended tail), it worsens the EELS energy resolution (or adds an energy tail to the
ZLP). Therefore, it is useful to keep track of how this crossover is formed, and how
the post-sample column aberrations affect its spatial extent. We typically adjusted
the post-sample column to give a camera length at the EELS entrance aperture of
33 mm, which meant thata 1 mm diameter EELS aperture accepted half-angles up
to 15 mrad, and that the EELS entrance object in the back-focal plane of P4 was an
image of the sample-level probe magnified about 15X. For 10 meV energy reso-
lution, entrance crossover diameters of up to about 20 nm could be tolerated, and
the above set-up was safely within this limit.

For samples that were moderately sensitive to radiation damage, we typically
defocused the sample-level probe to about 2 nm diameter. Much wider areas of the
sample could be probed in the SR mode by setting up post-sample descanning such
that the beam entering the spectrometer was stationary while the beam at the sam-
ple was scanning over large areas.
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(2) AR (angle-resolved) mode, in which a large area of the sample was illuminated,
and the angular resolution was typically about 300X higher than in the SR mode.
The objective lens excitation was kept the same as in the SR mode, and the sample
was moved about 16 pum below (upstream of) the objective lens crossover, resulting
in about a 400 nm diameter sample area being illuminated when a 12 mrad illumi-
nation half-angle was used, and a diffraction pattern of 16 um camera length being
formed in the crossover plane. The projector lenses were adjusted to project a highly
magnified (~500,000X) version of this pattern into the entrance aperture plane of
the EEL spectrometer, giving a camera length of about 8 m. With the 1 mm EELS
entrance aperture that was typically used, this corresponded to an EELS collection
half-angle of about 60 pirad. The P4 crossover served once more as the EELS object
point. It contained an image of the illuminated sample area, demagnified about
20X. The illuminated area of the sample and the camera length could be varied
very flexibly in this mode, simply by moving the sample up/down using the nm-
precision z-drive of the microscope sample stage. The illumination half-angle of the
focused beam inside the objective lens could be varied too, between about 1 and
40 mrad, and this provided additional flexibility. The magnification of the object-
ive lens crossover projected into the EELS aperture plane was always adjusted to
illuminate the whole 1 mm aperture. This ensured that the P4 crossover (whose size
is inversely proportional to the size of the object projected into the EELS entrance
aperture plane) was sufficiently small, so that the size of its image appearing on the
spectrometer CCD would not adversely affect the attainable energy resolution.

The AR mode demagnifies a sample level-object to form the EELS entrance object.
Haloes formed around the object due to aberrations of the post-sample column or
stray scattering from aperture edges, and so on, are demagnified too. As a result, the
AR mode is typically able to reduce the tail of the ZLP. It is, however, sensitive to
sample charging. The beam is spread on the sample in the AR mode, and sample
charging causes a spurious lens effect, which usually varies in time. The spurious
lens can distort the shape of the ZLP, causing a loss of energy resolution, as well as
an enhancement in the strength of the ZLP tail.

The peak widths of the observed optical phonon features were typically larger

than the width of the ZLP. There were several reasons for this, including: (1) inte-
grating over a range of scattering angles and hence over different energy phonons
when the phonon energy varied with angle (that is, in the presence of angular dis-
persion), (2) the finite width of the optical phonon features, and (3) sample charg-
ing affecting the resolution in the AR mode as described above. As an example of the
second effect, the FWHM of the dominant SiO, optical phonon in infrared spectra®
is about 20 meV, that is, almost the same as the one recorded here.
Infrared, Raman and HREEL spectra of examined materials. Infrared, Raman,
high resolution EELS (HREELS) or neutron vibrational spectra are available in the
literature for all the materials studied here, with the exception of the epoxy resin.
HREELS studies of h-BN using low-energy electrons have identified longitudinal
optical (LO), shear (SH) and transverse optical (TO) phonon modes*’, and shown
that the dominant LO mode energy varies with the collection angle. For the present
collection geometry which emphasized low-angle scattering, the expected LO pho-
non energy is about 175 meV. $iO, has a dominant infrared peak® at 1,100 cm ™'
=136 meV (to convertcm ™' to meV, divide by 8.066), SiC shows a strong infrared
absorption peak’! at 790 cm ™' = 98 meV, and TiH, gives a dominant peak in neu-
tron vibrational spectra®” at 150 meV. Except for the SiC spectrum, these all agree
with the energies observed in this study to within 3 meV. The SiC energy discrep-
ancy is 8 meV and is probably due to energy differences between different SiC
polytypes.

A Raman spectrum from the epoxy resin is shown in Extended Data Fig. 2. It

was acquired with an FTIR/FT-Raman spectrometer (Bruker IFS 66V/S) that used
a 1,064 nm laser, and the scan covered the range 100-3,500 cm ™", The major peak
is centred on 2,920 cm™ = 362 meV, in good agreement with the observed energy
of the EELS peak (360 meV).
Theoretical modelling and comparison with experiment. The theory for excita-
tion of localized vibrations by medium energy (30-300keV) electrons has been
given by Dwyer”” and Rez*®. The cross-section for the vibrational scattering of 60~
100keV electrons is in the range of 10°~10" barns per atom pair®, that is, compa-
rable to the integrated cross-sections of EELS inner shell edges, such as the carbon
K edge at 284 eV.

The spatial dependence of the signal is well described by the dielectric response
to an electron beam moving parallel to a planar interface** . The scattering pro-
bability per unit path length z for an energy loss AE is

dP(Rw) & 1 qcv
dAEdz ~ 22yl {Im(— 81((0)> [ln<?)] +

S () b o) (i)}

where R is the distance of the beam from medium 2, w is the vibration frequency,
q. is a cut-off wave vector, v is the electron velocity in medium 1, &;(w) and ()
are the dielectric functions of media 1 and 2 respectively, and y is the Lorentz factor.
For the aloof beam, medium 1 is a vacuum and ¢, (w) = 1. The behaviour with dis-
tance from the interface is then given simply by the modified Bessel function of the
second kind, K, as described in the main text.

A K, model for the drop-off of the phonon signal with distance R in the vacuum
is shown in Extended Data Fig. 3, superimposed on an experimentally measured
drop-off in the intensity of the LO optical phonon in h-BN beyond the edge of a
BN particle (normalized to the ZLP intensity). The particle thickness, measured by
medium-loss EELS (covering an energy interval 5-190 eV), is also shown. The drop-
off is probed out to a distance of 300 nm beyond the particle’s edge, and the agree-
ment with the K, function is very good. Because the thickness of the sample was not
known accurately, the vertical scaling of the K, model was adjusted for the best fit.
This did not change the predicted relative rate of the signal’s decrease with distance.

The sampling interval for the experimental dependence was 20 nm, that is, 10X
coarser than for the SiO,-vacuum interface probed in Fig. 3, and too coarse to fully
capture the spatial variation right at the particle’s edge. At >100 nm from the sam-
ple edge, the phonon tail follows a simple exponential decay, as shown in Extended
Data Fig. 3. Closer to the edge of the sample, however, both the observed phonon
signal and the K, function rise to much higher values than an exponential. K, in
fact rises to infinity at R = 0, but the singularity is removed in practice by the finite
width of the electron probe and by other effects such as high-angle scattering events
not being accepted into the spectrometer. The excess signal relative to the expo-
nential corresponds to a ‘localized’ vibrational signal, and a key question for the
future is: how precisely can the localized signal be recorded in the presence of the
‘extended’ signal?

Accepting only scattering angles greater than a few mrad into the EEL spectro-
meter, for instance by an annular pre-EELS aperture that blocks the STEM bright
field disk, should in principle suppress the extended signal and make the localized
signal more visible. Collecting the localized signal efficiently will then require in-
creasing the range of the scattering angles accepted into the spectrometer, while
keeping the energy resolution the same (or improving it). This will place higher
demands on the quality of the aberration correction in the post-sample part of the
optical column and in the spectrometer. Such improvements are expected in the
future, especially now that it has become clear that they are likely to lead to a sig-
nificant increase in the spatial resolution of vibrational spectroscopy in the elec-
tron microscope.
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Extended Data Figure 1 | Analysis of total system instabilities, performed instability. ¢, Single magnetic sector EELS with Nion power supplies: ~12 meV
by plotting the position of the ZLP on the EEL spectrometer detector asa  peak-to-peak and 3 meV r.m.s. instability. Panels a and b show the position
function of time. a, Using the Gatan Enfinium EELS and original power of the ZLP on the EELS detector as a function of time, marking each position of
supplies: ~50 meV peak-to-peak and 12 meV r.m.s. instability. b, Asabut with  the ZLP with a single point; ¢ shows the whole ZLP profile, together with a blue
improved-stability power supplies: ~18 meV peak-to-peak and 4.5meV r.m.s.  trace that follows the instantaneous position of the centre of the profile.
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Extended Data Figure 2 | Raman spectrum of epoxy resin. The major peak is centred on 2,920 cm™ ' = 362 meV.
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Extended Data Figure 3 | Fall-off of the h-BN LO phonon signal in the along the probed line (blue diamonds), the K, model of the phonon signal decay
vacuum, probed out to 300 nm. a, HAADF image of an edge of a BN in vacuum (dotted blue line), the exponential model of the same (dotted red

particle of nearly constant thickness, with the probed line indicated by a yellow  line), and approximate sample thickness (green triangles). The edge of the
arrow. b, Shown are the intensity of the BN phonon signal peak (at 173 meV)  particle is at R = 0.
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