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Low energy electron emission from highly oriented pyrolitic graphite, single- and bilayer graphene has been 
studied by detecting secondary electrons in coincidence with inelastically scattered primaries. Resonant features 
are identified in the coincidence spectra which are shown by DFT calculations to be signatures of Feshbach 
resonances resulting from the interlayer character of final states strongly coupling to vacuum, forming electronic 
doorway states enabling electron escape. The appearance of these states depends on the number of layers. 

 
Figure 1. (a) Reflection electron energy loss spectra (REELS) for 173 eV electrons reflected from quasi-freestanding 

single- layer graphene (SLG, green), bilayer graphene (BLG, blue), and highly-oriented pyrolitic graphite (HOPG, 
red); (b-d) electron correlation maps of the two electrons leaving the surface (one reflected and one secondary), 
detected with a hemispherical energy analyzer (HEA, E1) and a time-of-flight detector (TOF, E2), respectively. 
All heat maps use the color scheme indicated in panel (b) representing the logarithm of the electron yield. 

 
Figure 1a shows the reflection electron energy loss spectra of layered graphitic surfaces bombarded with 173 eV 
electrons. Panels b-e represent the double differential coincidence spectra on a false color scale. The strong 
resonance at E1=3.3 eV for HOPG in Fig 1a is seen in the coincidence spectrum in Fig 1d as a horizontal stripe 
at E2 − Evac =3.3 eV and has been christened X- peak [1] in the literature since its origin posed a riddle. 
Analysis of the coincidence data [2] revealed that it is caused by the liberation of solid-state electrons by 
plasmon-excitation (by the primary) and subsequent -decay which can escape via so-called doorway states, i.e., 
the coupling of quasi-bound conduction band states with free-electron vacuum states [3,4], which are formed in 
the course of the interaction. The coincidence spectrum of bilayer graphene displays a similar resonance, albeit 
at a different energy of ∼7.7 eV, while no such feature was observed in single layer graphene. 

The electronic structure of the studied materials in itself cannot explain the observed structures. However, 
DFT calculations prove that these resonances are signatures of Feshbach resonances acting as doorway states to 
the continuum states in vacuum. Their occurrence depends on the number of layers, demonstrated both by DFT 
calculations as well as experimentally [3] and are expected to be more generally observable for layered 
materials.  
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experiments, we use quasifreestanding layers of SLG
and BLG. The samples were fabricated by annealing
epitaxially grown zero-layer and monolayer graphene on
4H-SiC(0001) in hydrogen atmosphere at 550°C and 860°
C, respectively. The graphene used as a precursor was
produced by adapting the procedure from Kruskopf et al.
[25]. Additionally, we performed measurements using a
highly oriented pyrolitic graphite (HOPG) sample of ZYB
quality with a nominal mosaic spread of ð0.8" 0.2Þ° which
was mechanically exfoliated in air before being introduced
in the vacuum chamber. All samples were annealed under
ultrahigh vacuum conditions at 500°C (HOPG) and 350°C
(SLG, BLG) prior to and several times during week-long
measurements. The vacuum pressure during the measure-
ment was ≤ 4 × 10−10 mbar. Figure 1(a) shows the exper-
imental geometry used to measure electron pair emission.

The final energy E1 of scattered 173 eV electrons, incident
at an angle of 60° relative to the surface normal of the
target, is measured using a hemispherical energy analyzer
(HEA) at 60° with respect to the sample surface normal,
which corresponds to a Bragg maximum for this geometry.
A microchannel plate (MCP) detector with a RoentDek
delay line anode is placed above the surface and provides
the energy information on the secondary slow electron (E2)
for coincidence measurements using a time-of-flight (TOF)
approach (cf. Ref. [23]). Despite the indistinguishability of
electrons, the identification of scattered primary and
secondary electrons in this (e,2e), i.e., one electron in,
two electrons out, process is well justified in the present
case for the region of strongly asymmetric energy distri-
bution E2 ≪ E1 [Fig. 1(b)] we focus on since the exchange
amplitude is small compared to the direct scattering
amplitude [26]. Note that all energies are given with respect
to the sample vacuum level. Low currents of 2.6 pA were
used for coincidence studies to ensure a reasonable true-to-
false ratio on the order of unity. Figure 1(b) shows
(noncoincident) reflection electron energy loss spectra
(rEELS) for all three materials for a primary beam energy
of 173 eV. While the LEE spectra (left side) look different
for the three materials, only the HOPG spectrum displays
the pronounced “X peak” at 3.3 eV. The right side of
Fig. 1(b) displays the energy loss spectrum of the primary
electron where the elastic peak (zero energy loss at 173 eV)
has been cut off to more clearly display the π- and ðπ þ σÞ-
plasmon peaks. Smaller shoulders may indicate double and
triple plasmon excitation.
In the ðE1; E2Þ coincidence maps for SLG, BLG, and

HOPGmeasured under identical conditions [Figs. 1(c)–1(e)]
we can identify an island nearE1 − Evac ∼ 150 eV stretching
from 3 eV≲ E2 − Evac ≲ 30 eV, representing the excitation
and direct decay of a (π þ σ) plasmon. The π-plasmon
excitation, while visible in panel (b), is not present in the
ðE1; E2Þ coincidence maps because, for the present exper-
imental geometry, observation of the direct decay of the π
plasmon is kinematically forbidden [23].
In the region of low-energy secondary electron emission

(E2 ≲ 30 eV), where in the rEELS spectrum only HOPG
exhibits a strong peak at 3.3 eV, the ðE1; E2Þ map reveals a
distinct E2 feature also for BLG, however, at a different
energy of 7.7 eV. Both features are also clearly visible in the
projected E2 spectra (Fig. 2), where we have integrated the
joint ðE1; E2Þ spectra for all three materials over the energy
interval 0 ≤ E1 − Evac ≤ 140 eV. The upper cutoff is
chosen to suppress the distortion of the projected spectra
by the direct plasmon energy loss peak. For SLG
[Fig. 2(a)], the spectrum is largely structureless with only
a slight enhancement around 7.7 eV while BLG [Fig. 2(b)]
displays a more pronounced asymmetric peak at this energy
and only a small peak at 3.3 eV which dominates the LEE
spectrum of HOPG [Fig. 2(c)]. Variation of the E1 window
over which the projection is performed leaves the position
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FIG. 1. Low-energy electron spectroscopy. (a) Schematic of the
experimental setup: 173 eV electrons impact on a sample surface
under 60° with respect to the sample surface normal: either one
electron (E1) or two coincident secondary electrons (E1,E2) are
detected energy-resolved with a hemispherical energy analyzer
(HEA, E1) and a multichannel plate (MCP) detector using a time-
of-flight (TOF) approach (E2), respectively. (b) Reflection elec-
tron energy loss spectra (rEELS) for quasifreestanding single-
layer graphene (SLG, green), bilayer graphene (BLG, blue), and
highly-oriented pyrolitic graphite (HOPG, red). Corresponding
(E1, E2) correlation maps for all three materials are shown in
panels (c)–(e), respectively. All heat maps use the color scheme
indicated on top of panel (c) adapted to represent the logarithm of
the respective electron yield counts.
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