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From its advent, high-resolution electron energy loss spectroscopy (HREELS) has emerged as one of the
most versatile tools in surface science. In the last few decades, HREELS was widely used for the
fundamental study of (i) chemical reactions at the surfaces of model catalysts (mostly single crystals),
(i) lattice dynamics (phonons), (iii) surface plasmons and (iv) magnons. However, HREELS has
experienced a continuous decay of the number of daily users worldwide so far, due to several factors.
However, the rise of Dirac materials (graphene, topological insulators, Dirac semimetals) offers new
perspectives for HREELS, due to its unique features enabling ultrasensitive detection of (i) chemical
modifications at their surfaces, (ii) Kohn anomalies arising from electron—phonon coupling and (iii) novel
plasmonic excitations associated to Dirac-cone fermions, as well as their eventual mutual interplay with
other plasmon resonances related to topologically trivial electronic states. By selected case-study
examples, here we show that HREELS can uniquely probe these phenomena in Dirac materials, thus

Received 19th August 2021, validating its outstanding relevance and its irreplaceability in contemporary solid-state physics, thus

Accepted 26th October 2021 paving the way for a renewed interest. In addition, recent technological upgrades enable the
combination of HREELS as an add-on to photoemission apparatuses for parallel readout of energy and
momentum of surface excitations. Open issues for theoretical modelling of HREELS related to the

dependence on primary electron beam energy and scattering geometry are also critically presented.
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determined by their compactness and easy integration with
standard surface-science chambers.

In HREELS, probing electrons are reflected from a conduc-
tive single-crystal surface and scattered electrons are analyzed

Introduction

Inelastic scattering of low-energy (<200 eV) electrons at sur-
faces represents one of the most sensitive tools to investigate

surface excitations.'” The lack of penetration by probing slow
electrons endows HREELS with an extreme sensitivity to surface
excitations, which can be quite dissimilar compared to their
bulk counterparts, especially for the case of collective electronic
excitations.

More than 50 years ago Propst and Piper reported for the
first time the evidence of electron energy losses induced by the
excitation of vibrational modes on a W(100) surface,® paving
the way for the rise of HREELS. Specifically, the design of
spectrometers with nominal energy resolution of 0.5 meV
(4 cm™") by Harald Ibach in 1990s expanded the range of applica-
tions of probing slow electrons,” determining the large-
scale diffusion of HREELS spectrometers, whose success was
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as a function of the loss energy. Usually, primary electron beam
energies used in HREELS are below 6 eV. Such low energies
are optimal for the obtainment of energy resolution in the meVv
range, enabling the investigation of surface vibrations, as well
as plasmons.

Historically, the main aim of HREELS was to probe vibra-
tions of chemisorbed species at single-crystal surfaces of metal
catalysts to unveil surface chemical reactions ruling catalysis.
HREELS was a valid ally in investigations on heterogeneous
catalysis (see as examples papers by Nobel Prize winner
Gerhard Ertl, in collaboration with Karl Jacobi’™#), also thanks
to its possibility to identify adsorption sites of reactants’
(including sub-surface sites®*??).

Owing to the competitive energy resolution, HREELS became a
suitable alternative to inelastic helium atom scattering (HAS)**™>*
to probe the dispersion relation of phonons. While HAS is more
powerful for acoustical phonons,>*® HREELS is particularly
suitable for semiconductors. Starting from 1997, ie., seven
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years before the isolation of graphene,” HREELS was used
by Karl-Heinz Rieder in Germany®*’ and, moreover, Chuei
Oshima and Takashi Aizawa in Japan®*™** to investigate the
dispersion relation of phonons of “monolayer graphite”. These
investigations already clarified the key features of graphene/
metal interfaces, such as the strong hybridization of n states
of graphene with Ni d bands, removed by the intercalation
of atoms.

Furthermore, HREELS gave a huge contribution in the
measurement of dispersion relations of plasmons of free-
electron (alkali metals,** magnesium®* and aluminum®®) and
d-electron metals (silver**™*® and gold®*”") and, successively,
acoustic surface plasmons in Be(0001),>> Cu(111)** and
Au(111)**® and dynamic interfacial polarons for monolayer
FeSe/SrTiO;.>® Especially, the capability to probe momentum-
resolved excitations spectra evidenced differences in the disper-
sion relation, whose detection is hindered for optical techniques.

However, progressively users of HREELS have decreased
after 2000 up to a surprisingly low number of groups world-
wide, with most apparatuses abandoned or rarely working, as
evident from statistics on published papers (Fig. 1). The rea-
sons are related to the general decline of traditional surface
science. For the specific case of HREELS, the reasons are (i) the
complex preparation of surfaces of single crystals, (ii) the need
of a deep surface-science expertise of users for experiments and
data analysis, (iii) the lack of spatial resolution in conflict with
research on nanostructures, (iv) high costs of experimental
apparatuses working in ultrahigh vacuum only, and (v) pro-
longed acquisition times especially for plasmons and phonons.

Although statistics suggest the unfortunate decay of an
historical technique for surface science, several issues suggest
the possible renaissance of HREELS as a Phoenix from its
ashes. Actually, the advent of nanostructures and nanomaterials
(nanowires, nanotubes, exfoliated flakes of two-dimensional
materials) was detrimental for HREELS, due to the lack of spatial
resolution to probe nanomaterials. However, currently many
groups working on nanomaterials are moving their interest
towards topological materials,”” wherein topological surface
states, existing only on highly ordered surfaces of bulk single
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Fig. 1 Number of scientific publications based on HREELS from 1974 to
2021. Adapted from Scopus.
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crystals, play a pivotal role in electronic transport
catalysis.®' %3

In this context, HREELS can provide a notable contribution
to research in contemporary condensed matter physics and
physical chemistry, as we will illustrate with case-study examples
of recent applications of HREELS to study Dirac materials,
demonstrating its irreplaceability and its crucial role to unveil
physical and chemical processes at surfaces, complementary to

state-of-the-art operando techniques for studying catalysis.®* "

Chemical reactions at the surface of
Dirac materials

Graphene, the forefather of two-dimensional materials, has
been long reputed as an inert material.”” Such an assumption
is due to the use of Raman spectroscopy, characterized by a
probing depth in the 300-650 nm range. The application of
HREELS has changed this common picture with unambiguous
data in ref. 73. Explicitly, the vibrational spectrum of water-
exposed graphene probed by HREELS is dominated by intense
bending and stretching C-H vibrations at 180 and 360 meV
(Fig. 2b), associated to the vibration of carbon atoms against
H fragments coming from water decomposition (Fig. 2a), as
demonstrated by the expected shift of vibrational features upon
D,O dosage. While high-resolution synchrotron-based X-ray
photoelectron spectroscopy (XPS) at the highest surface sensi-
tivity for C-1s (photon energy of 400 eV) only detects the
effective decoupling of graphene from Ni substrate, due to
intercalated water-derived fragments, HREELS can depict the
microscopic mechanisms ruling water-derived graphene hydro-
genation. As a matter of fact, the absence of O-H stretching at
450 meV in Fig. 2b indicates that OH fragments are intercalated
below graphene. Thus, H atoms are adsorbed on the interior
side of the graphene overlayer, while OH atoms form chemical
bonds with the Ni substrate (Fig. 2a). While XPS do not clarify
if water is totally decomposed or not, HREELS can ensure the
absence of molecular water, whose vibrational spectrum is
dominated by the typical modes of ice (see ref. 74 for a review),
as evidenced in vibrational spectra taken at 7 = 100 K, with a
desorption temperature of 140 K (Fig. 2c).

By means of a time-resolved HREELS spectra, one can follow
the desorption of H fragments through the gradual quenching
of C-H vibrational features, which disappear for the complete
desorption at T'= 450 K. Correspondingly, thermal programmed
desorption (TPD) experiments indicated the recombination of
H atoms into H, desorbing from the graphene surface.

Accordingly, the evolution of the complex system depicted in
Fig. 2 can be unveiled through HREELS, with conclusions fully
validated by other surface-science techniques, which however
are ineffective for providing a picture on the physicochemical
processes owing to their missing surface sensitivity.

Another possible frontier for HREELS applications is related
to the chemical reactivity of topological materials.

Specifically, the type-II Dirac semimetal PtTe, was shown to
display high chemical stability in its defect-free surface, while
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Fig. 2 (a) Representation of water intercalation underneath graphene/Ni(111). The H atoms, coming from water decomposition, form bonds with

graphene, inducing a buckling of the sheet. OH groups are buried underneath graphene and they are undetectable for HREELS. (b) HREELS spectra for
water-dosed graphene/Ni(111) at room temperature. The evolution of spectra upon heating at different temperatures is shown. Adapted from ref. 73. (c)

Vibrational spectrum of ice on graphene at T = 100 K (red curve) with the

representation of librations, scissoring and stretching (both symmetric and

asymmetric) modes. The black curve illustrates the vibrational spectrum of ice/graphene after heating at T = 140 K. Adapted from ref. 73.

chemical instability and spontaneous oxidation in surface TeO,
phases are revealed in defective samples.”® In Fig. 3, HREELS
spectra taken after having exposed (i) defects-free, (ii) defective
and (iii) and C-doped surfaces of PtTe, to H,O and O, are
reported.”” It is evident that the defect-free surface is chemi-
cally inert at room temperature (Fig. 3a) and surface oxide
phases emerge only upon oxidation at 600 K, as indicated
by the occurrence of libration and stretching vibrations of
surface TeO,”” at 61 and 94 meV, respectively. It is evident
that the defects-free surface is chemically inert at room
temperature and surface oxide phases emerge only upon
oxidation at 600 K, as indicated by the occurrence of libration
and stretching vibrations of surface TeO,”” at 61 and 94 meV,
respectively.

The surface chemical reactivity is radically modified in
defective samples, in which the O-Te stretching vibration at
~100 meV is evident in the vibrational spectrum of oxygen-
dosed defective PtTe, surfaces (Fig. 3b). Definitely, Te vacancies

Energy Loss [cm™)

Energy Loss [cm’]

represent the only active sites allowing oxygen adsorption
at room temperature, though the saturation coverage is just
0.01 ML. Concerning water, the use of vibrational spectroscopy
clarifies that water adsorbs molecularly at Te vacancies of
the defective PtTe, surface, as evidenced by the presence of
characteristic vibrational peaks of H,0”* and by the lack of the
O-H stretching vibration of isolated ~OH groups at 450 meV, an
undisputable fingerprint of the presence of isolated OH groups
coming from water decomposition.”* Water molecules desorb
upon annealing at 350 K, as indicated by the vanishing of
H,O-related vibrational features.

The presence of surface carbon doping, with interstitial
carbon atom occupying Te vacancies, activates water splitting
at room temperature, as suggested by the O-H shoulder at
450 meV and C-OH vibration at 155 meV’® in the vibrational
spectrum (Fig. 3c). Water decomposition is also confirmed by
the emergence of both C-H bending and stretching vibrations
at 179 and 366 meV, respectively. The theoretical model
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Fig. 3
at 600 K the vibrational spectrum assumes features related to surface ox
vacancies through ion bombardment. The attained defective PtTe, surface

Energy Loss [meV]

Energy Loss [meV)

(a) HREELS spectra for pristine PtTe, and for the same surface exposed to 10° L of O, and H,O at room temperature. Contrariwise, upon oxidation

idation. (b) HREELS spectra for PtTe, modified with the implantation of Te
was then exposed to 103 L of O, and H,O at room temperature. (c) HREELS

spectra for C-doped PtTe, and the same surface modified by the exposure of 10% L of O, and H,O at room temperature. Adapted from ref. 75.
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confirmed that the energy cost for water decomposition over
substitutional carbon defects is negative (—60 kJ mol ™).

New frontiers for phonon dispersion by
HREELS: Kohn anomalies and elasticity

Kohn anomalies are kinks in the phonon dispersion originated by
sudden modifications in the screening of atomic vibrations by
gapless electrons.”” Kohn anomalies are connected to the electron—
phonon coupling and the shape of the Fermi surface. Accordingly,
they allow the investigation of the interplay between electronic
band structure and lattice dynamics. Based on Raman spectroscopy
experiments by Andrea Ferrari and coworkers, two Kohn anomalies
were recognized in graphite,”® namely, for the E,; mode at I and
the 4, at K, which also are present in graphene.”**

By means of HREELS, a new Kohn anomaly was identified in
graphene/metal interfaces.® Definitely, the presence of a sub-
strate induces a significant coupling of ZO phonons in gra-
phene with Dirac-cone states, which results into an intense
Kohn anomaly at g = 2kg.

As well known, the phonon spectrum in graphene displays six
phonon branches.>®' Fig. 4a display intensity maps for the
various phonons probed by HREELS intensity, with four phonon
branches (ZA, ZO, LA, and LO) can be distinctly detected (Fig. 4b).
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The remaining two phonon branches (TO and TA) are quenched
owing to a selection rule impeding the emission of odd phonons
under reflections by the scattering plane.®” The dispersion rela-
tion of LO (Fig. 4c) and ZO (Fig. 4d and e) modes around I exhibit
a clear cusp at the same momentum g ~ 0.13 A%, ie. g = 2ky.
Note that the deviation from the high symmetry point is due to
the doping of the graphene/Pt(111) interface.

HREELS can be also adopted to evaluate the elastic proper-
ties of adsorbed layers, as demonstrated in ref. 83. Specifically,
by extracting from phonon dispersion the transverse and
longitudinal sound speed, the average Young’s modulus and
Poisson’s ratio in graphite and in graphene grown on Ru(0001),
Pt(111), Ir(111), and BC;/NbB,(0001) were evaluated to be
342 N m ! and 0.19, respectively. On the other hand, Young’s
modulus and the Poisson’s ratio, in the only case of graphene/
Ni(111), were found to be 310 N m~ ' and 0.36, owing to the
stretching of C-C bonds existing in its commensurate overlayer.

Plasmonic excitations of topological
materials

Plasmons—quantized collective oscillations of electrons
observed in conventional metals and semiconductors—have
several possible applications in sensing,®® photonics,®® nano-
medicine®” and desalination.®® Plasmons are also present in
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Fig. 4 (a) Map of HREELS intensity for phonons in graphene/Pt(111). Experiments were carried out with an impinging energy of 20 eV, to maximize
cross-section for phonon excitations. (b) Typical phonon spectrum. (c) LO and (d) ZO dispersion relation at small momenta. (e) Spectra related to points
denoted with (i)=(iv) in panel (d). Adapted from ref. 6. Note that the parallel momentum transfer g, is related to kinematic conditions through
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novel topological phases of matter, as topological insulators”**~*
and Dirac semimetals.”**°° The collective excitation of Dirac-cone
electrons, namely the Dirac plasmon, displays many advantages
over conventional ones, such as a higher propagation velocity and
frequency tunability.

Here, we discuss two case-study examples for HREELS
applications to study plasmons in PtTe, (a topological Dirac
semimetal) and Bi,Se; (a topological insulator).

HREELS experiments on PtTe, (Fig. 5) revealed the presence
of bulk-derived plasmonic excitations (“3D Dirac plasmons”),
showing features directly connected to the anisotropic tilted
cones distinctive of a type-II Dirac semimetal. In consideration
of its bulk nature, the 3D Dirac plasmon is also robust against
surface modifications, with consequent advantages for engi-
neering plasmon-based applications. Moreover, plasmons
could be excited at an energy of only 0.5 eV, corresponding to
a wavelength of about 2.4 um. Accordingly, this discovery has
boosted the rise of optoelectronic applications in which plas-
mons are controlled with near-infrared light.>

However, HREELS can be used also to investigate the interplay
of different plasmonic excitations, as for Bi,Se;.” At small
momenta, the HREELS spectrum of Bi,Se; is dominated by a
feature at 104 meV (Fig. 6b), attributed to a surface plasmon
considering the behavior of its cross-section as a function of the
primary energy and scattering geometry (Fig. 6a). Nevertheless, at
larger momenta (~0.04 A™"), an extra feature, recognized as the
Dirac plasmon, emerges (Fig. 6¢). Momentum-resolved HREELS
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Fig. 5 Momentum-resolved HREELS spectra for PtTe;, acquired for E, =
6 eV as a function of the scattering angle. The corresponding value of the
wave vector along the I'-K direction is reported on the right. The Dirac-
plasmon dispersion is indicated in the inset with green circles, along with
the theoretical loss function. The yellow (red) areas surrounded by the
black lines denote the lack (occurrence) of single-particle excitations in
the energy—momentum plane. The plasmon reaches the interband single-
particle excitation continuum for momenta higher than 0.17 A=%.
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Fig. 6 Dependence on (a) primary electron beam energy (taken in spec-
ular direction with the incidence angle of 55°) and (b) scattering geometry
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spectra; (d) fit procedure showing the presence of two well-distinct
plasmonic excitations; (e) dispersion relation of the Dirac and surface
plasmon. Adapted from ref. 73.

spectra indicate the interplay between the surface and the Dirac
plasmons of Bi,Se; (Fig. 6d). Theory can reproduce experimental
findings, considering the coincidence of three-dimensional
doping electrons and two-dimensional Dirac fermions.(Fig. 6e).

Magnons

Wave packets of spin waves afford the exceptional ability to
carry a quantum bit, the spin, without the transport of charge
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Fig. 7 HREELS spectra with magnon excitations for Cog and NizCos films
grown on Cu(100), with correction to account the Bose occupation
number. Adapted from ref. 95.

or mass. In such a framework, high-momentum/high-energy
spin waves deserve a particular attention, since they allow spin
confinement at the nanoscale. Nevertheless, several basic
issues should be addressed yet. An important hurdle for a
detailed comprehension of the main features of spin waves is
that standard investigation tools do not cover properly the
momentum-energy window, feasible with HREELS with a mod-
ified spectrometer presented in ref. 94 by Harald Ibach and
coworkers.

Despite the small cross section for electron/solid exchange
scattering, it is now possible to detect spin waves in ultra-thin
ferromagnetic films with an energy resolution of 3-4 meV.?>%

Fig. 7 displays HREELS spectra with spin wave excitations
for a cobalt and nickel-cobalt film deposited on a copper
crystal. The spin wave spectra exhibit features corresponding
to diverse eigenmodes of the film.

New technological capabilities

Recently, a new HREELS source enabling parallel readout of
energy and momentum has been introduced,”” allowing the
integration of HREELS in modern hemispherical electron
energy analyzers. In particular, this system is designed as an
add-on device to typical photoemission chambers. Accordingly,
the same apparatus could measure XPS and angle-resolved
photoemission spectroscopy (ARPES), together with vibrational
spectroscopy and phonon dispersion measurements. Using the
2D detector system of the analyzer enables considerable para-
llelization and decreases the acquisition time by orders of
magnitude compared to the traditional approach.
Conventional HREELS apparatuses have a single channel
energy analyzer, providing angular resolution by a mechanical
rotation. However, spanning a Brillouin zone to complete a
dispersion relation could be time consuming. As an example,
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experiments for phonon dispersions, due to the weak signal,
can last even more than one month. Similar to the introduction
of energy and angular resolved detectors for ARPES in 1994, this
latest development in HREELS represents a breakthrough to
parallel energy and angular detection. Notably, a full phonon
dispersion of a Cu(111) surface was acquired in seven minutes
with an energy resolution of 4 meVv.%”

It is worth mentioning that the astonishing recent upgrades
of EELS acquired with transmission electron microscopy (EELS-
TEM) have enabled the acquisition of optical phonons of
graphene with atomic resolution,’® although the energy resolu-
tion is ~30 meV, ie. still far from HREELS standards.

An open issue: the dependence of the
loss function on kinematic conditions

Theoretical reproduction of HREELS spectra still does not
cover successfully the effects of the change of the impinging
energy and scattering geometry. However, HREELS spectra can
show drastic changes by changing the primary electron beam
energy and the scattering angle. Here, we show the case-study
example of Ag thin films (Fig. 8). Beyond the surface plasmon
of Ag at 3.9 eV, it is evident that a broad feature at 8 eV only
can be observed in HREELS spectra acquired under nearly
grazing incidence in a narrow range of primary electron beam
energy from 40 to 43 eV (Fig. 8a). On the contrary, this mode
(attributed to a multipole plasmon, according to predictions
in ref. 99) is absent far from grazing incidence (Fig. 8b).
One can infer that multipole plasmon can be excited merely
upon stringent kinematical conditions. It was suggested that
Ag multipole plasmon can be excited uniquely by electron
reflection around the jellium edge.'®®°* In these experi-
mental conditions, interference effects between the incident
and the reflected beam produce non-monotonous behavior of
the intensity of the surface plasmon as a function of the
impinging energy.
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Fig. 8 HREELS spectra of Ag/Ni(111) measured in off-specular geometry
as a function of the impinging energy for two different conditions (a) o; =
80°, as = 75°% (b) o = 557, as = 50°. Adapted from ref. 101.
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Conclusions

HREELS had a relevant role in the rise of surface science,
thanks to its versatility for studies regarding surface chemical
reactions, phonons, plasmons, and magnons. The change of
interest of the scientific community has caused an unequivocal
decline, at least in the number of daily users. This trend is
common to the whole surface science discipline, due to the
severe hurdles represented by structure and pressure gaps,
which complicate the comparison between experiments in
ultrahigh vacuum on model single crystals with real disordered
systems at near-ambient pressure. The lack of spatial resolution
has also implied a difficulty for HREELS to provide contribu-
tions on exfoliated flakes of two-dimensional materials.

Nevertheless, the advent of topological materials can deter-
mine a renaissance for HREELS, due to its unique features
enabling to reveal surface excitations with remarkable versatility.

Definitely, HREELS is sharing the challenge, currently faced
by surface science, to keep an appointment in modern research
on physical chemistry, solid-state physics and materials
science. Actually, three evident opportunities could put again
HREELS at the vanguard: (i) to use HREELS to unveil physico-
chemical phenomena at surfaces of materials with high relevance
for the scientific community; (ii) to embrace experimental proce-
dures and methods typical of surface science to prevent wrong
interpretation of data regarding novel materials, associated to an
insufficient control of surface processes; and (iii) to use HREELS
to characterize in-situ grown innovative interfaces and hetero-
structures displaying exotic phenomena, with broad potential
interest.
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