Vibrational EELS in the electron microscope at atomic resolution
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Vibrational electron energy loss spectroscopy (EELS) in the (scanning) transmission electron
microscope ((S)TEM) was first reported in 2014 [1] and has since been used by several groups
to successfully probe the vibrational response of a wide range of materials at the nanoscale [2].
While ≤ 1Å electron probes are readily available in aberration-corrected instruments, it has
proven to be somewhat of a challenge to go beyond the nanoscale and achieve atomic resolution
in vibrational STEM-EELS. One of the complicating factors here is that beam electrons can
undergo either “dipole” or “impact” scattering when interacting with vibrational modes in a
sample. Dipole scattering occurs in polar materials, is delocalised (~10-100 nm) and dominates
the vibrational loss spectrum for small scattering angles. Impact scattering, however, is
localised at the atomic scale, occurs in polar and non-polar materials, and dominates for larger
scattering angles.
In conventional STEM-EELS geometries, the bright field (BF) disc is centred on the EELS
aperture, resulting in dipole scattering dominating the loss spectrum (for polar materials) and a
large relative contribution of the elastic (zero loss) peak (for all materials). By using a dark field
(DF) EELS collection geometry (i.e., the BF disc and EELS aperture do not overlap), the
relative contributions of elastic and dipole scattering is significantly reduced, favouring instead
impact scattering. Probing a thin sample of hexagonal boron nitride (hBN), we used DF-EELS
to demonstrate that atomically resolved vibrational EELS is possible [3]. Our results also
confirm that contrast in high-angle annular dark-field (HAADF) or Z-contrast imaging is based
on phonon scattering. Furthermore, we used vibrational DF-EELS to probe the vibrational
response of a single trivalent substitutional Si atom in a single layer of graphene [4]. The Si
defect has a vibrational signature distinctly different from that of the surrounding carbon atoms,
that is effectively localised to the defect atom itself. This is not simply due to vibrational modes
being localised near the Si atom, but rather to defect-induced “pseudo-localised” modes:
vibrational modes extended spatially over the whole system (as the “bulk” modes in graphene)
which at the same time have an increased amplitude on the Si atom.
Returning now to vibrational BF-EELS, it turns out that, even for polar materials, impact
scattering can be mapped at atomic resolution, albeit at the cost of a significant reduction in
signal-to-noise as compared to DF-EELS [3, 5]. A further complication arises in that, at least
for hBN, the atomically resolved contrast in a BF vibrational loss map can be reversed as a
function of defocus [5]. This BF-EELS “contrast reversal” is due to channelling of the incident
electron probe and does not occur in DF-EELS. In light of this, using a DF-EELS geometry
clearly is advantageous when acquiring vibrational loss maps at atomic resolution in the

electron microscope [6].
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