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We investigate the secondary low-energy electron emission induced by inelastic electron scattering from
graphene and layered materials thereof. By applying a coincidence detection of the primary scattered and
the emitted secondary electron we unravel pronounced resonance features otherwise overshadowed by the
largely structureless secondary electron energy distribution. Supported by density functional theory
calculations we show that these structures are the signature of prominent resonances above the vacuum
threshold which originate from interlayer states acting as a doorway state for electron emission.
Remarkably, some of these doorway states open up only for samples with more than five layers.
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Low-energy electron (LEE) emission plays a key role in
today’s high-resolution microscopy and nanotechnology.
For example, the imaging contrast in scanning electron
microscopy (SEM, Everhart-Thornley detectors) [1-3] and
helium ion microscopy (HIM) [4-6] rely on secondary LEE
emission. Other LEE related techniques include electron-
beam-induced chemical processing [7,8], deposition tech-
niques [e.g., focused-electron-beam-induced deposition
(FEBID) [9,10] ] or LEE-driven damage in biomolecules
[11,12], among many others. Despite the importance of
LEEs in a plethora of biological, chemical and physical
processes a microscopic understanding of the underlying
mechanisms which determine the energy profile of LEEs
emitted from solid surfaces is still lacking.

One focus of the extensive literature on LEE emission
[13—-16] has been on carbon-based materials such as
graphite [17-19]. Graphite is involved in many applications
due to its low secondary electron yield, e.g., for electron
optics and wall material in charged particle storage rings
where multipacting is a well-known issue and needs to be
reduced to a minimum [20,21]. While many LEE spectra
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consist of a mainly featureless energy distribution, graphite
stands out due to a distinct and nondispersive feature at
~3.3 eV above the (sample) vacuum level £, (i.e., 7.9 eV
above the Fermi level Ey) [22,23]. This peak commonly
referred to in the literature as the “X peak” [24], originates
from plasmon decay into single-particle hole excitations
[23]. Here we experimentally and theoretically demonstrate
that such peaks in LEE spectra not only mirror structures in
the density of states (DOS), but serve as unambiguous
signatures of Feshbach resonances acting as doorway states
to the continuum states in the vacuum. We are able to
quantify the effective coupling strength of these doorway
states to the continuum for single-layer graphene, bilayer
graphene, and graphite at the I" point for states between the
vacuum energy E,,. and E — E,,. = +15 eV. By applying
density functional theory (DFT) we show that structures in
the DOS and band dispersion alone cannot account for the
modulations in the LEE spectrum. Instead, an ensemble of
material-specific and layer-number-specific doorway states
are key in shaping the structured LEE spectrum. As the
properties of these resonances can be traced to their
interlayer character, we expect modulations of the LEE
spectrum to be a generic phenomenon of layered materials.
Feshbach resonances result from the energetic degeneracy
and coupling between quasibound and continuum states.
Interestingly, this type of resonance occurs in the present
case of layered materials and allows to identify these
resonances as doorway states to LEE emission.

In this Letter we explore the LEE emission from single-
layer graphene (SLG) and bilayer graphene (BLG) as
well as graphite, the bulk limit of many layers. In the
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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 (E;) or two coincident secondary electrons (Ey,E,) are
detected energy-resolved with a hemispherical energy analyzer
(HEA, E;) and a multichannel plate (MCP) detector using a time-
of-flight (TOF) approach (E,), 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
(Eq, E,) 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.

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 ef al.
[25]. Additionally, we performed measurements using a
highly oriented pyrolitic graphite (HOPG) sample of ZYB
quality with a nominal mosaic spread of (0.8 £ 0.2)° 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 x 1071 mbar. Figure 1(a) shows the exper-
imental geometry used to measure electron pair emission.

The final energy E; 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 (E,)
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 £, <« E; [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 z- and (x + o)-
plasmon peaks. Smaller shoulders may indicate double and
triple plasmon excitation.

In the (E|, E,) coincidence maps for SLG, BLG, and
HOPG measured under identical conditions [Figs. 1(c)-1(e)]
we can identify an island near £; — E,,. ~ 150 eV stretching
from3 eV < E, — E,,. <30 eV, representing the excitation
and direct decay of a (z + o) plasmon. The z-plasmon
excitation, while visible in panel (b), is not present in the
(E,, E,) coincidence maps because, for the present exper-
imental geometry, observation of the direct decay of the z
plasmon is kinematically forbidden [23].

In the region of low-energy secondary electron emission
(E, <30 eV), where in the rEELS spectrum only HOPG
exhibits a strong peak at 3.3 eV, the (E|, E,) map reveals a
distinct E, feature also for BLG, however, at a different
energy of 7.7 eV. Both features are also clearly visible in the
projected E, spectra (Fig. 2), where we have integrated the
joint (E;, E,) spectra for all three materials over the energy
interval 0 < E| — E,,. <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 E; window
over which the projection is performed leaves the position
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FIG. 2. Secondary low-energy (LEE) spectra for (a) SLG,
(b) BLG, and (c) HOPG. These E, spectra were obtained by
integrating the double differential data in Figs. 1(c)-1(e) over E;
in the range [0, 140] eV and normalized to the bin at 18 eV. The
inset for HOPG displays the second derivative of the energy
spectrum. (d) Density of states (DOS) and projected DOS
(pDOS) for sp? and p, orbitals, shifted vertically for better
visibility.

of these peaks unchanged (see Appendix A), indicating the
absence of significant energy-momentum dispersion of the
spectra. This demonstrates even further that the low-energy
electron emission from these van-der-Waals materials is not
a result of a direct electron-electron scattering but domi-
nated by plasmon decay into electron-hole excitation.

The plasmon can either directly decay via emission of an
electron [cf. the island in the (E|, E,) maps in Fig. 1] or
populate excited states with energies above the vacuum
level which eventually decay resonantly into continuum
states in the vacuum. The observed LEE spectrum is thus
determined by the population of these quasibound
(E > E,,.) resonant states and their subsequent coupling
to the continuum.

To elucidate the origin of the distinct features in the LEE
spectra, we have calculated the electronic structure of SLG,
BLG, and HOPG using the Vienna Ab initio Simulation

Package (vasP) (see Appendix B for details). The starting
point is the DOS and the corresponding projected DOS
(pDOS) for the sp? and p, orbitals shown in Fig. 2(d).
Clearly, the density of electronic states provides a first-
order estimate of the distribution of accessible energies for
LEE emission. Indeed, all three materials feature a pro-
nounced and nearly identical DOS peak at ~3.3 eV above
vacuum. In particular, the pDOS for the sp? orbitals
features peaks at both relevant energies 3.3 and 7.7 eV,
with the first one being more pronounced. In contrast, for
the p, orbitals the pDOS exhibits only one step at ~7 eV,
which is not reflected in the present experimental spectra.
There are no apparent differences either in the pDOS or in
the total DOS for the three materials, which indicates that
the population of excited states should proceed similarly.

In view of the close similarity of the pDOS for these
three layered materials [Fig. 2(d)], the marked difference in
the LEE spectra [Figs. 2(a)-2(c)] appears quite surprising
and unexpected. To explore its underlying mechanism we
have performed a stabilization analysis [27,28] of the
excited quasibound states that contribute to the peak in
the pDOS. These band structure states above the vacuum
threshold can be viewed as Feshbach resonances coupled to
the continuum states in the vacuum. Accordingly, we
perform slab calculations consisting of the material itself
(SLG, BLG, or a large number of layers, 14 or 22, of
graphene representing HOPG) and a region of vacuum of
height L., separating the periodic replica of the material in
the z direction normal to the surface layer. The finite
vacuum region delimited by L., supports a discrete
representation of the emission continuum. When varying
L., the energies of the discretized continuum states scale
as eqn & 1/L2,. > 0 while energies of quasibound states
localized inside the material with resonance energies
er > 0 above the vacuum threshold remain (nearly) inde-
pendent of L,,.. This distinct parametric variation of the
spectrum as a function of L,,. not only allows to disen-
tangle band structure from continuum states but also
permits to quantify the strength of coupling of the quasi-
bound states to the continuum through the size of the
avoided crossing between e.gn(Lyae) and eg(Lygc): the
larger the avoided crossings, the stronger the coupling
between the continuum states and the respective (resonant)
quasibound states (see Appendix B).

Figure 3 summarizes the maximum coupling matrix
elements between quasibound states above the vacuum
level |¢gr) and continuum states |¢eon)s Oc; see Eq. (B1).
The three panels on the right show examples of typical
(avoided) crossings for each of the three materials. For SLG
and BLG we find only very small avoided crossings (i.e.,
Oc < 1 meV) near 3.3 eV above vacuum indicating a very
weak (or absence of) coupling of the quasibound state to
the continuum consistent with the absence of a pronounced
“X peak” in the LEE spectrum. However, for HOPG, there
are substantial avoided crossings, again in line with the
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FIG. 3. The logarithm of the magnitude of the coupling matrix
element of quasibound states above the vacuum level |¢g) and
continuum states |(eon)» S¢ see Eq. (B1) is shown. Connecting
lines to guide the eye. In the panels on the right, we show for each
material (each also representing a different coupling strength) a
typical (avoided) crossing appearing at the I" point as L., is
varied. The data from Fig. 7 is shown on a magnified scale in
dependence of AL, = Ly — Lyac material with  Lyesig =

14.0 A, Lyyepig = 17.8 A, and Ly, ops = 15.5 A.

prominent emission of secondary electrons at this energy in
the experiment. In Fig. 4, we showcase the evolution of
associated Kohn-Sham eigenstates along the avoided
crossing near 5.7 eV for HOPG: the “continuum” states
(frame @) appear as standing waves in the vacuum region of
the slab; the quasibound resonance is localized between the
carbon layers within the bulk (frame ®). At the avoided
crossing, we observe a strong hybridization between the
two states (frame ®). Figure 8 shows similar wave
functions along sample (avoided) crossings for SLG
and BLG.
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FIG. 4. Wave functions of the quasibound states and the
discretized vacuum continuum states of HOPG (red dots) under-
going an avoided crossing. In the frames @-® on the right, three
exemplary wave functions are shown for an HOPG slab of 14
layers corresponding to the avoided crossing as function of L.,
labeled @-® in the left panel. Colors represent isosurfaces of
increasing charge density (from blue to yellow). Rendered using
the software Vesta [29].

Lyvac (A)

These avoided crossings are associated with a class of
quasi-bound states of HOPG which are dispersive in the z
direction and strongly couple to the vacuum continuum
states in line with the resonances featuring maximum
probability density in between the layers of HOPG
(Fig. 4). The interlayer characteristics, however, fully
develop only a few layers below the surface. These
interlayer-centered resonances thus form the doorway
states for electrons excited into the DOS above vacuum,
as precursors to free continuum states outside the material.

We conjecture that it is not a suppression of the
excitation probability by scattering, but the suppression
of the coupling to the vacuum continuum states that is
responsible for the shape of the observed LEE spectra
(Figs. 1 and 2). At 7.7 eV, avoided crossings for HOPG are
smaller by an order of magnitude compared to the ones at
3.3 eV. Therefore, a pronounced peak at 7.7 eV is absent,
although careful analysis, indeed, shows a small feature
also at 7.7 eV in the double-differential spectrum [see
Fig. 1(b) and inset of Fig. 2(c)]. BLG displays small but
finite avoided crossings between quasibound states and
vacuum continuum states at this energy, consistent with the
appearance of a peak in secondary electron emission.
Hence the size of the avoided crossing as a function of
L,,. and consequently the magnitude of the coupling
matrix element between quasibound states of the band
structure above the vacuum level and plane wave con-
tinuum states proves to be key to describe structures of the
LEE spectrum. For SLG, the coupling matrix elements for
all relevant avoided crossings are < 1 meV. For BLG, there
is no sizable avoided crossing for the energy level near
3.3 eV but we find avoided crossings between 6 and 8 eV.
For HOPG, avoided crossings appear for all energies with
the 3.3 eV feature exhibiting a coupling stronger by an
order of magnitude than for BLG or SLG.

The following scenario for LEE emerges: for all three
samples, plasmon decay populates the unoccupied band
structure above vacuum which does not differ significantly
for the three samples of different layer numbers. For SLG,
there are no pronounced doorway states favoring the
transition to free continuum states, which leads to the
structureless energy spectrum (Fig. 2). In the case of BLG,
electrons excited in the bands around 7.7 eV can escape to
vacuum efficiently. Note that the asymmetry seen for the
7.7 eV peak for BLG in Fig. 2 resembles the corresponding
peak in the pDOS (sp?) indicating that unoccupied states
are indeed populated statistically.

In the pDOS, the most prominent peak for all samples is
around ~3.3 eV. However, only for HOPG there is a
dominant coupling of these interlayer states to vacuum.
In addition to the 3.3 eV feature, there are also substantial
couplings for states at ~5.7 eV and ~7-8 eV. At these
energies, there are no obvious peaks in the £, spectrum in
Fig. 2, but the second derivative (cf. insert) shows structures
in both cases.
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The present Letter highlights the power of coincidence
spectroscopy, which allows us to resolve structures in the
LEE spectrum otherwise hidden in a broad background of
the inelastic secondary electron cascade. In this way, we
can identify not only plasmon-mediated excitation proc-
esses but also that there are noteworthy differences in the
LEE spectrum shape for different materials. While it is
known that the above-vacuum band structure plays a role in
the emission process [22,23,30], we identify here a second
key ingredient for LEE spectra: the coupling strength of
these Feshbach resonances to continuum states. Our results
show the origin of doorway states which open up only
above a certain threshold number of layers—the dominant
doorway leading to the “X peak” in HOPG has a threshold
of around five layers.

Our findings provide an important step toward disen-
tangling LEE emission spectra which are rich in informa-
tion on the surface and its electronic structure. We expect
doorway states likely to be key to LEE spectral structures
also for other layered materials.

Acknowledgments—The authors acknowledge funding
from the Austrian Science Fund (FWF) through Grant DOI:
10.55776/DOC142, DOI: 10.55776/COE5 MECS, DOL:
10.55776/Y1174, DOIL: 10.55776/P35539-N, and DOI:
10.55776/PIN7223324. F. S. acknowledges partial funding
from Horizon Europe MSCA Doctoral network Grant
No. 101073486, EUSpecLab, funded by the European
Union. A.B. received funding from the FEuropean
Union’s Horizon 2020 research and innovation program
under the Marie Sklodowska-Curie Grant Agreement
No. 101022318. The computational results presented have
been achieved using the Vienna Scientific Cluster (VSC).

Data availability—The data that support the findings of
this article are not publicly available upon publication
because it is not technically feasible and/or the cost of
preparing, depositing, and hosting the data would be
prohibitive within the terms of this research project. The
data are available from the authors upon reasonable request.

[1] S. Amelinckx, D. Van Dyck, J. Van Landuyt, and G. van
Tendeloo, Electron Microscopy: Principles and Fundamen-
tals (John Wiley & Sons, New York, 2008).

[2] H. Seiler, Secondary electron emission in the scanning
electron microscope, J. Appl. Phys. 54, R1 (1983).

[3] T.E. Everhart and R. Thornley, Wide-band detector for
micro-microampere low-energy electron currents, J. Sci.
Instrum. 37, 246 (1960).

[4] D.C. Bell, Contrast mechanisms and image formation in
helium ion microscopy, Microsc. Microanal. 15, 147 (2009).

[5] K. Ohya, T. Yamanaka, K. Inai, and T. Ishitani, Comparison
of secondary electron emission in helium ion microscope
with gallium ion and electron microscopes, Nucl. Instrum.
Methods Phys. Res., Sect. B 267, 584 (2009).

[6] T. Wirtz, O. De Castro, J.-N. Audinot, and P. Philipp,
Imaging and analytics on the helium ion microscope, Annu.
Rev. Anal. Chem. 12, 523 (2019).

[7] C.R. Arumainayagam, H.-L. Lee, R.B. Nelson, D.R.
Haines, and R.P. Gunawardane, Low-energy -electron-
induced reactions in condensed matter, Surf. Sci. Rep.
65, 1 (2010).

[8] E. Bohler, J. Warneke, and P. Swiderek, Control of chemical
reactions and synthesis by low-energy electrons, Chem.
Soc. Rev. 42, 9219 (2013).

[9] R. M. Thorman, R. Kumar T. P., D. H. Fairbrother, and O.
Ing6lfsson, The role of low-energy electrons in focused
electron beam induced deposition: Four case studies of
representative precursors, Beilstein J. Nanotechnol. 6, 1904
(2015).

[10] M. Huth, F. Porrati, C. Schwalb, M. Winhold, R. Sachser,
M. Dukic, J. Adams, and G. Fantner, Focused electron beam
induced deposition: A perspective, Beilstein J. Nanotechnol.
3, 597 (2012).

[11] L. Sanche, Low energy electron-driven damage in biomo-
lecules, Eur. Phys. J. D 35, 367 (2005).

[12] L. Sanche, Nanoscopic aspects of radiobiological damage:
Fragmentation induced by secondary low-energy electrons,
Mass Spectrom. Rev. 21, 349 (2002).

[13] A.J. Dekker, Secondary electron emission, in Solid State
Physics (Elsevier, New York, 1958), Vol. 6, pp. 251-311.

[14] J. Scholtz, D. Dijkkamp, and R. Schmitz, Secondary
electron emission properties, Philips J. Res. 50, 375
(1996).

[15] A. Shih, J. Yater, C. Hor, and R. Abrams, Secondary
electron emission studies, Appl. Surf. Sci. 111, 251 (1997).

[16] A. Bellissimo, G. M. Pierantozzi, A. Ruocco, G. Stefani,
O.Y. Ridzel, V. AstaSauskas, W.S. Werner, and M.
Taborelli, Secondary electron generation mechanisms in
carbon allotropes at low impact electron energies, J.
Electron Spectrosc. Relat. Phenom. 241, 146883 (2020).

[17] L. Papagno and L. S. Caputi, Electronic structure of graph-
ite: Single particle and collective excitations studied by
EELS, SEE and K edge loss techniques, Surf. Sci. 125, 530
(1983).

[18] P.J. Moller and M. H. Mohamed, An experimental study of
the energy dependence of the total yield due to the incidence
of low-energy electrons onto graphite surfaces, J. Phys. C
15, 6457 (1982).

[19] R. F. Willis, B. Fitton, and G. S. Painter, Secondary-electron
emission spectroscopy and the observation of high-energy
excited states in graphite: Theory and experiment, Phys.
Rev. B 9, 1926 (1974).

[20] R. F. Parodi, Multipacting, arXiv:1112.2176.

[21] P. Costa Pinto, S. Calatroni, P. Chiggiato, H. Neupert, W.
Vollenberg, E. Shaposhnikova, M. Taborelli, and C.Y.
Vallgren, Thin film coatings for suppressing electron multi-
pacting in particle accelerators, in Proceedings of the 2011
Particle Accelerator Conference (JACoW, New York, NY,
2011), pp. 2096-2098, https://proceedings.jacow.org/
PAC201 1/papers/thobs6.pdf.

[22] E. Maeda, T. Takahashi, H. Ohsawa, S. Suzuki, and H.
Suematsu, Unoccupied-electronic-band structure of graph-
ite studied by angle-resolved secondary-electron emission
and inverse photoemission, Phys. Rev. B 37, 4482 (1988).

166401-5


https://doi.org/10.1063/1.332840
https://doi.org/10.1088/0950-7671/37/7/307
https://doi.org/10.1088/0950-7671/37/7/307
https://doi.org/10.1017/S1431927609090138
https://doi.org/10.1016/j.nimb.2008.11.003
https://doi.org/10.1016/j.nimb.2008.11.003
https://doi.org/10.1146/annurev-anchem-061318-115457
https://doi.org/10.1146/annurev-anchem-061318-115457
https://doi.org/10.1016/j.surfrep.2009.09.001
https://doi.org/10.1016/j.surfrep.2009.09.001
https://doi.org/10.1039/c3cs60180c
https://doi.org/10.1039/c3cs60180c
https://doi.org/10.3762/bjnano.6.194
https://doi.org/10.3762/bjnano.6.194
https://doi.org/10.3762/bjnano.3.70
https://doi.org/10.3762/bjnano.3.70
https://doi.org/10.1140/epjd/e2005-00206-6
https://doi.org/10.1002/mas.10034
https://doi.org/10.1016/S0165-5817(97)84681-5
https://doi.org/10.1016/S0165-5817(97)84681-5
https://doi.org/10.1016/S0169-4332(96)00729-5
https://doi.org/10.1016/j.elspec.2019.07.004
https://doi.org/10.1016/j.elspec.2019.07.004
https://doi.org/10.1016/0039-6028(83)90583-6
https://doi.org/10.1016/0039-6028(83)90583-6
https://doi.org/10.1088/0022-3719/15/31/021
https://doi.org/10.1088/0022-3719/15/31/021
https://doi.org/10.1103/PhysRevB.9.1926
https://doi.org/10.1103/PhysRevB.9.1926
https://arXiv.org/abs/1112.2176
https://proceedings.jacow.org/PAC2011/papers/thobs6.pdf
https://proceedings.jacow.org/PAC2011/papers/thobs6.pdf
https://proceedings.jacow.org/PAC2011/papers/thobs6.pdf
https://proceedings.jacow.org/PAC2011/papers/thobs6.pdf
https://proceedings.jacow.org/PAC2011/papers/thobs6.pdf
https://doi.org/10.1103/PhysRevB.37.4482

PHYSICAL REVIEW LETTERS 135, 166401 (2025)

[23] W.S. M. Werner, V. AstaSauskas, P. Ziegler, A. Bellissimo,
G. Stefani, L. Linhart, and F. Libisch, Secondary electron
emission by plasmon-induced symmetry breaking in highly
oriented pyrolytic graphite, Phys. Rev. Lett. 125, 196603
(2020).

[24] H. Yamane, H. Setoyama, S. Kera, K. K. Okudaira, and N.
Ueno, Low-energy electron transmission experiments on
graphite, Phys. Rev. B 64, 113407 (2001).

[25] M. Kruskopf, D. M. Pakdehi, K. Pierz, S. Wundrack, R.
Stosch, T. Dziomba, M. Gotz, J. Baringhaus, J. Aprojanz, C.
Tegenkamp er al., Comeback of epitaxial graphene for
electronics: Large-area growth of bilayer-free graphene on
sic, 2D Mater. 3, 041002 (2016).

[26] J.R. Taylor, Scattering Theory: The Quantum Theory of
Nonrelativistic Collisions (Dover Publications, Inc., Mine-
ola, NY, 2012).

[27] V. A. Mandelshtam, T.R. Ravuri, and H.S. Taylor,
Calculation of the density of resonance states
using the stabilization method, Phys. Rev. Lett. 70, 1932
(1993).

[28] J. Miiller, X. Yang, and J. Burgdorfer, Calculation of
resonances in doubly excited helium using the stabilization
method, Phys. Rev. A 49, 2470 (1994).

[29] K. Momma and F. Izumi, vesta 3 for three-dimensional
visualization of crystal, volumetric and morphology data, J.
Appl. Crystallogr. 44, 1272 (2011).

[30] V.N. Strocov, P. Blaha, H.I. Starnberg, M. Rohlfing, R.
Claessen, J.-M. Debever, and J.-M. Themlin, Three-dimen-
sional unoccupied band structure of graphite: Very-low-
energy electron diffraction and band calculations, Phys.
Rev. B 61, 4994 (2000).

End Matter

Appendix A: Energy dispersion of E, peaks—To
investigate the dispersion of the horizontal E, features in
the (e,2¢) maps in Fig. 1, we have integrated all counts
in different E, ranges. E| = 140 eV is considered as
maximum energy to prevent an overlap with the (7 + o)-
plasmon island. Figure 5 shows these projected E,
spectra for the single-, bilayer and HOPG sample. For
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FIG. 5. E, energy distribution projections for SLG (a), BLG

(b), and HOPG (c). For the five different energy spectra, all
counts in Fig. 1 for a given E; energy window labeled on the
right-hand side of each panel are summed up. All spectra are
normalized to the bin at 18 eV and shifted along the y axis for
better comparison.

SLG, the spectrum is featureless for all five E; ranges.
The 7.7 eV and 3.3 eV peaks for BLG and HOPG,
respectively, are visible in all spectra without significant
energy dispersion and changes of the peak shapes.

Appendix B: Coupling of local excitations to free
continuum states—We perform slab calculations of
HOPG, BLG, and SLG, with periodic boundary
conditions in all three spatial directions. We choose the
z axis perpendicular to the surface. The height of the
slab is thus the sum of the height of the material itself,
comprised of one (SLG), two (BLG), and 14 (or 22)
graphene layers for HOPG, and the vacuum L,
separating the block of material from its periodic
replicas in z direction.

Since we require an accurate model of wave functions
above the Fermi level, we employ a large plane-wave
energy cutoff of 1200 eV, and a k-point Monkhorst grid of
60 x 60 x 30 for HOPG and 60 x 60 x 1 for SLG and
BLG. The supercell for HOPG consists of two layers of
carbon atoms in Bernal stacking, forming a hexagonal
lattice with a lattice constant of 2.47 A and an interlayer
spacing of 3.4 A. Above the Fermi level, the associated
electronic structure features conduction band (CB) states
which represent localized resonances in the continuum for
energies above the work function of the solid. We consider
Ly > 10 A to avoid finite-size effects in z direction.
Figure 6 shows the resulting band structure of all three
materials given with respect to the sample vacuum level
for Ly, =27.2 A,

The energy of CB states will only weakly depend on
L,,.. However, a finite L., results in the discretization of
the continuum (cont) states as standing waves in z
direction, with ni~2L,,, (n€N) with e, x Lj2.
Consequently, calculating Kohn Sham eigenenergies as a
function of L., provides a way to disentangle both types of
states from each other (Fig. 7).

166401-6


https://doi.org/10.1103/PhysRevLett.125.196603
https://doi.org/10.1103/PhysRevLett.125.196603
https://doi.org/10.1103/PhysRevB.64.113407
https://doi.org/10.1088/2053-1583/3/4/041002
https://doi.org/10.1103/PhysRevLett.70.1932
https://doi.org/10.1103/PhysRevLett.70.1932
https://doi.org/10.1103/PhysRevA.49.2470
https://doi.org/10.1107/S0021889811038970
https://doi.org/10.1107/S0021889811038970
https://doi.org/10.1103/PhysRevB.61.4994
https://doi.org/10.1103/PhysRevB.61.4994

PHYSICAL REVIEW LETTERS 135, 166401 (2025)

K M r

FIG. 6. Band structures of SLG (a), BLG (b), and a 14-layer
slab of HOPG (c). Discretized continuum states are plotted with
slightly transparent color.
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FIG. 7. Energy levels for (a) SLG, (b) BLG, as well as a (c) 14-
and a (d) 22-layer slab of HOPG for different simulation cell sizes,
consisting of the material slabs plus the vacuum in-between, L.,.
Energy levels from the band structure at the I point of the
respective material are not influenced by the slab size and can
be seen as horizontal lines (see arrows at the right side). Free
continuum states decrease in energy with increasing slab size. The
crossings of band structure and continuum states (or rather, the
avoided crossing) give access to the coupling strength from the
material to free vacuum. In (a)—(c), one sample (avoided) crossing
is indicated by orange ellipses. These (avoided) crossings are also
shown more clearly in the small panels at the right of Fig. 3.

Around a crossing at LY., the “diabatic” conduction-
band states ecg appear as (almost) horizontal lines,
ecB(Lyac) ® (0, while the “diabatic” continuum energies
€.ont can locally be well approximated by a first-order
Taylor expansion as €on(Lya) ® €9 + @+ (Lyae — LY%),
Following  degenerate  perturbation  theory, the
Hamiltonian around the crossing is then given by

L, 5
H(1)<Lvac> ~ <€CB( ac) c ) (B1)
5C gcom(Lvac)

The eigenenergies of H")(L,,.) follow an avoided cross-
ing, with 6. the interaction strength between the conduc-
tion band and the continuum. We extract the interaction
strength by fitting @ and 6. to DFT data. Consequently,
avoided crossings between vacuum levels with CB states of
the same symmetry emerge; some (avoided) crossings are
marked with orange ellipses in Fig. 7. Close-up views of
exemplary crossings of all three materials are shown in
Fig. 3. Note that we used a smaller L,,. for the example
wave functions in Figs. 4 and 8 for presentation purposes.

Relating the magnitude of the avoided crossings to the
coupling is the key insight underlying the stabilization
methods for characterizing Feshbach resonances [27,28].
The size of these avoided crossings determines the cou-
pling, and thus the interaction strength between the
continuum state and the respective conduction band.
Note that the finite size of the slab supercell results in
discretization of both the continuum (represented by only a
finite L,,.) as well as the band structure in z direction
(represented by a finite number of graphite layers). We have
carefully checked both limits numerically: with respect to
L,,. we find convergence to an almost constant 6o for
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FIG. 8. (Avoided) crossings for SLG (a) and BLG (b). The

panels to the right show the corresponding wave functions in the
vacuum continuum (®, @), avoided crossing (@, for BLG only),
and quasi-bound states (®, ®), respectively. The material layers
are visualized using gray dots. Colors represent isosurfaces of
increasing charge density (from blue to orange). Rendered using
the software Vesta [29].
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L, > 30 A. Furthermore, the coupling strength per unit
energy interval for 14 and 22 layers agree with each other to
within about 10%. Examples of the electron density
distribution for both cases (and within the crossing) are
shown in Fig. 4 for HOPG and in Fig. 8 for SLG and BLG
for a characteristic crossing each.

Appendix C: Influence of the substrate on the band
structure—To estimate the potential impact of the SiC
substrate, we compare the band structure of monolayer
graphene (see main text) with the band structure of a
monolayer graphene placed on a SiC substrate with
intercalated hydrogen (Fig. 9). For those orbitals located
at the graphene layer (green dots), we find only minimal
changes and no hybridization with SiC orbitals (gray
dots), suggesting that there is no significant impact on
the electronic structure of graphene due to the presence
of the SiC substrate.

o
B
18uaags uorjoafoid ‘o1

FIG. 9. Comparison of band structure of monolayer graphene
(a) and graphene on SiC with H intercalation (b), in a slab
supercell containing 5 x5 graphene unit cells, a hydrogen
intercalation layer, and 4 x 4 SiC unit cells (with four layers
in z direction). The color scale shows the relative projection
strength # = > (¢ |w)|* of the Kohn-Sham orbitals [y ) on
the atomic orbitals |¢,,,) (I =s, p, d) of graphene.
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