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Angle-resolved secondary photoelectron emission from graphene interfaces
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Angle-resolved secondary electron emission spectra were analyzed for studying the electron transmission
properties of graphene when it is tightly bound to a metallic substrate and when it is decoupled from the latter.
As respective model systems, graphene/Ni(111) and graphene/Au/Ni(111) were considered. We discovered
two types of spectral structures linked with the transmission properties of graphene: bands related to scattering
resonances and to umklapp reflection. These findings are interpreted based on an ab initio theory of the scattering
of the outgoing electrons by the graphene overlayers. The experimental secondary electron emission maps are
in good agreement with the calculations, indicating that such approach can be successfully applied for studying
the electron transmission properties of a variety of two-dimensional materials.
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I. INTRODUCTION

Quasi-two-dimensional (Q2D) materials, such as
graphene, silicene, hexagonal boron nitride, and transition
metal dichalcogenides, as well as their various composites
and heterostructures, have received much attention in the last
years [1,2]. These materials are promising for applications
in the emerging fields of nanoelectronics, spintronics, energy
conversion and storage, catalysis, biosensors, etc., owing
to the low-dimensionality, flatness, and unique transport
properties of Q2D systems [3–7].

The information about electronic properties can be ob-
tained experimentally by means of angle-resolved photoelec-
tron spectroscopy (ARPES), allowing us to map the electron
band dispersions. It is widely applied to different kinds of
Q2D materials, where the main attention is paid to the analysis
of the primary photoelectrons, providing insight into the fine
electronic structure of the valence band, particularly near the
Fermi level. This gives valuable information on the properties
of the charge carries, their group velocity [8], concentration
[9], spin texture [10], information on the charge transfer [11],
many-body interactions [12], etc.

In the standard experiment, the spectral structure of the sec-
ondary electrons located mostly in the low-energy part of the
ARPES spectrum is quite often overlooked or does not receive
enough attention and discussion. At the same time, this part of
the photoelectron spectra also contains essential information
about the properties of the studied material. For example, this
makes it possible to explore the electronic structure of unoc-
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cupied states near the vacuum level [13–16] or to investigate
the electron transmittance of the Q2D system. In particular,
the transmission coefficient T (E ) of graphene at low kinetic
energies was studied with this method [17,18]. Note that
ARPES studies of secondary electrons allow us to get unique
information on the angular dependence of T (E ) or on the
reflection coefficient R(E ), which are usually explored via the
target current spectroscopy [19,20], very low-energy electron
diffraction (LEED) [21,22], and angle-resolved low-energy
electron transmission and reflection [23–25] methods. This,
in turn, has enabled us to determine the thickness [26,27],
homogeneity [28,29], crystallinity [17], and lattice parameters
[18,30], and to recognize the Q2D systems to be functional
and efficient in low-energy electron holography [31], field
emission electron sources [32], or for optoelectronics and
related areas.

In that regard, the most interesting features of electronic
structures considerably influencing the T (E ) coefficients are
the scattering resonances embedded into energy continuum.
The existence of scattering resonances, i.e., quasistationary
bound states with complex eigenenergies, has been shown
theoretically for a single-atom-thick system, and in particular
for graphene [33]. These states appear due to a strong coupling
of the electron’s motions perpendicular and parallel to the
layer. The signature of such resonances has been obtained the-
oretically in simulations of the secondary electron emission
spectra for suspended graphene [34] as well as experimentally
in such spectra taken from graphene formed on different sub-
strates [17,24,35]. But the most obvious confirmation of exis-
tence of quasistationary states was obtained in experiments
with low-energy electron point-source microscopy. It was
found that low-energy electrons with energy and momentum
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satisfying the resonance conditions undergo strong reflection
[25]. This is clearly observed in the experimental data as a set
of sharp minima in the angular dependence of the transmission
function T (E , k‖) for freestanding graphene.

Considering graphene formed on a substrate, it is reason-
able to assume that certain features in the spectral pattern of
secondary electrons will be determined by the transmission
coefficient T (E , k‖) of the graphene layer. Such a system
can be thought of as consisting of two parts: the substrate,
which acts mainly as a source of secondary electrons, and
the graphene layer on its surface. The latter acts as a filter
for the secondary electrons because of its strongly selective
transmission properties. Then, the reasonable question arises:
How and to what extent do the properties of the interface be-
tween graphene and substrate affect T (E , k‖)? Depending on
whether graphene is strongly bound or only weakly coupled
to the substrate, it may act differently as a filter for electrons.

Here, we address this point and evaluate in detail the
properties of the transmission coefficient for graphene tightly
covalently bound to the metallic substrate and for graphene
experiencing only moderate interaction with the underlying
material. In particular, we performed combined experimental
and computational studies for graphene formed on nickel and
on gold, reflecting the extreme cases of strong and weak
coupling to the substrate, respectively. We studied the low-
kinetic-energy ARPES spectra for both systems and compared
them with calculations of T (E , k‖) for freestanding graphene
and graphene on a nickel surface. Our theoretical results are in
a good agreement with the ARPES experiments. Additionally,
we performed a comparative analysis of the bare metallic
substrates Ni(111) and Au/Ni(111), i.e., without graphene
layer on top. This allowed us to visualize and separate the
substrate-related spectral features.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

Graphene-based systems and bare metallic films were pre-
pared in situ under ultrahigh vacuum (UHV) conditions. The
base pressure in the UHV chambers was 2 × 10−10 mbar.
Single-layer graphene was synthesized by chemical vapor de-
position (CVD) on a crystalline Ni(111) film with a thickness
of 12 nm deposited on a clean W(110) surface. The sharp
(1 × 1) hexagonal LEED pattern of the Ni(111) film indicated
its high crystallinity. The graphene synthesis was performed
at substrate temperature of 600 ◦C and propylene (C3H6)
pressure of 1×10−6 mbar for 15 min. Under these conditions,
graphene growth on the hot metal surface lasts till the catalyt-
ically active metal is not passivated by a single graphene layer
[10]. The obtained graphene was characterized by the hexag-
onal LEED pattern identical to that of the Ni(111) surface
due to the close lattice parameters of graphene and Ni(111).
Graphene was released from the tight chemical interaction
with the substrate by the intercalation of gold atoms into the
interface between graphene and Ni(111). Overlayer of gold
with a thickness of 4 Å was deposited at room temperature on
top of graphene/Ni(111) system with subsequent annealing
up to 550 ◦C for 10 min. The thickness of the gold overlayer
was monitored with a quartz microbalance. As a result of gold
intercalation, a superstructure close to (10 × 10) appeared in
the LEED pattern due to incommensurate lattice parameters of

graphene (nickel) and gold [36]. The samples of bare metallic
films of Ni(111) and Au/Ni(111) were prepared as described
above but skipping the CVD procedure.

ARPES spectra of graphene-derived systems were ob-
tained at the U125/2-SGM beamline of the BESSY II syn-
chrotron radiation facility (HZB Berlin) using the RGBL-2
station and linearly polarized radiation. The experiments with
clean metallic films were performed at the resource center
Physical Methods of Surface Investigation of Research Park
of Saint Petersburg State University. In the latter case, a
narrow-band UV He-discharge light source Scienta VUV 5k
was used. All measurements were done with a hemispherical
energy analyzer VG Scienta R4000.

To eliminate the effect of the contact potential difference
between the sample and the analyzer, and to correct the
measured kinetic energies of photoelectrons, we used the
following values of the work function: 4.05, 4.56, 5.37, and
5.55 eV for graphene/Ni, graphene/Au/Ni, Ni(111), and
Au/Ni, respectively [37,38].

The theory that relates the fine structure in angle-resolved
secondary emission spectra with LEED was put forward by
Feder and Pendry [39], and it was experimentally verified by
Bovet et al. [40]. The original derivation [39] was based on
thermodynamic considerations, and it can be understood by
drawing on the one-step theory of photoemission, in which
the transmission properties of the surface are included into
the time-reversed LEED state |�〉, i.e., the photocurrent in
a given direction is proportional to the probability of the
photoelectron to transfer to the |�〉 state. For primary pho-
toelectrons, the probability depends on the matrix element of
the excitation operator. For secondary electrons, we are not
in a position to calculate the true nonequilibrium distribution
function; however, it is plausible to assume that the probability
to occupy the |�〉 state is proportional to the probability to find
the particle in this state inside the solid. This probability is
finite because the wave function �(r) decays into the interior
of the crystal. This decay simulates the inelastic scattering of
the photoelectron and is achieved by introducing the optical
potential—the energy dependent imaginary potential −iVi,
which is spatially constant in the crystal and zero in the
vacuum half-space. It can be shown [41] that this probability
is proportional to the total current T (E , k‖) carried by the |�〉
state.

The LEED wave functions are obtained by solving the
Schrödinger equation for the scattering of a plane-wave in-
cident from the vacuum. For graphene on Ni(111), a semi-
infinite geometry was adopted, in which the space is divided
into three regions: the substrate half-space, where the potential
is that of the bulk Ni crystal; the selvage region, where the po-
tential gradually transfers from the periodic bulk distribution
to the vacuum level; and the vacuum half space. The potential
is taken to be the self-consistent one-particle potential of the
density-functional theory in the local density approximation.
In the surface layers, it is calculated as a potential of a
finite-thickness slab, which comprises seven Ni layers and a
graphene layer on each side of the slab. In the inner layers
of the slab, it matches the bulk potential, and the graphene
overlayer belongs to the fragment of the slab embedded
between the semi-infinite bulk and vacuum. In the vacuum,
the scattering wave function is given in terms of plane waves,
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FIG. 1. ARPES-derived band structure of graphene coupled to the Ni(111) substrate measured along the high-symmetry directions. (a) As-
measured survey intensity map depicted as I (E , k‖). (b) The second-order derivative of the intensity map (a) taken near the �̄ point and (c) the
map I (E , k‖) taken near the K̄ point with the geometry shown in the inset. ARPES data were taken with hν = 40.8 eV (a), (b) and 21.2 eV (c).

and in the bulk it is a linear combination of Bloch solutions.
The two representations are joined together continuously and
smoothly at a boundary between the substrate and the surface
using the variational method introduced in Ref. [42]. A similar
procedure was used to calculate the electron transmission
through a freestanding graphene layer, see Ref. [33].

III. RESULTS AND DISCUSSION

Figure 1(a) shows the electronic structure of graphene
tightly bound to the nickel substrate measured with ARPES
along the high-symmetry directions. The strong covalent
bonding between C 2pz and Ni 3d orbitals is reflected in a
large shift of the graphene bands to higher binding energies by
about 2–3 eV. Together with the π and σ states of graphene,
the Ni 3d bands near the Fermi level are also well seen.
However, a closer look at the spectrum near the �̄ point
reveals an additional spectral pattern, which was also seen
in a previous study [17]. The respective k‖-range is shown
in Fig. 1(b) as a second derivative of the ARPES intensity
plot, where the mentioned spectral feature, labeled α, becomes
better visualized. Another interesting feature is the black con-
tour marked β. Its dispersion extends over all photoemission
angles and is well seen at the K̄ point [Fig. 1(c)]. In contrast
to the highly intense features that stem from the π and σ

states, the β feature is seen as a black contour, indicating a
suppression of the ARPES signal.

Thus, in addition to the known valence band structure of
graphene/Ni(111), there are other peculiarities of the ARPES
spectra. One may assume that the α and β features appear due
to scattering of the secondary electrons at graphene and/or
its interfaces with metal and vacuum. One may associate the
rather broad α band with the resonant electron transmission
through the graphene layer [33], while the sharp β feature is
known to be caused by pre-emergent beam effects in electron
diffraction [18,43]. This will be discussed further in more
detail, involving the computational analysis.

A. Weakly bound graphene

Let us turn now to a system where graphene is only weakly
coupled to the substrate, namely to graphene/Au/Ni(111).
Intercalation of gold into the graphene/Ni interface allows us

to separate the chemically active 3d orbitals of the Ni(111)
surface from the C pz states of graphene making it quasifree-
standing [36,44].

In Fig. 2(a), we present a comparison of the computed
electron transmission coefficient T (E , k‖) through a free-
standing graphene layer together with the ARPES intensity

(a)

(b)

FIG. 2. (a) Comparison of the computed electron transition prob-
ability (gray scale) through freestanding graphene with the ARPES
data (colored) taken from graphene/Au/Ni(111). Experimental data
are shown as a second derivative of as-measured intensity plot.
ARPES data were obtained at hν = 68 eV. The dispersion of π	

and σ 	 conductive bands was taken from Ref. [33]. Marked with
dotted lines are the levels of constant-energy maps depicted in
Figs. 3 and 5. (b) Comparison of the as-measured ARPES data from
graphene/Au/Ni(111) with their second-order energy derivative.
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obtained from the graphene/Au interface. The experimen-
tal photocurrent map and the computed T (E , k‖) data are
shown in orange and gray color schemes, respectively, for the
low-kinetic-energy range, where the spectral features caused
by the scattered secondary electrons are expected. The dark
regions indicate low measured intensity of photoelectrons or
low calculated transmission T (E , k‖). For better contrast, we
present the ARPES data as a second derivative of intensity
plot with negative sign: −d2I/dE2. In Fig. 2(b), we show the
isoenergy surfaces for the kinetic energies of 7.5 and 13 eV
for the as-measured case (left half-maps) and as a second
derivative (right half-maps). One can see that the spectral
features are much sharper and better seen in the second-
derivative maps.

In the theoretical T (E , k‖) maps in Fig. 2(a), one can
distinguish branches of low transmission. The most prominent
one, indicated by α, is the scattering resonance due to the
quasistationary states embedded into the energy continuum
above the vacuum level [33,45]. When electron moves per-
pendicular to the surface with energy just below the real part
of the eigenvalue of such resonance state, it is elastically
scattered along the surface and totally reflected. For electrons
moving perpendicularly to a freestanding graphene layer, the
resonant energy is 27.5 eV [33]. As we can see from Fig. 2(a),
the dark branches α of T (E , k‖) are also prominent away
from the �̄ point at lower energies. Their dispersion is in
excellent agreement with the very narrow dark bands in the
ARPES data within the energy window from 8 to 13 eV.
The calculations also predict a rapid variation of T (E , k‖)
in moving across the resonance: A total reflection T = 0
abruptly changes to a narrow bright band of T = 1, i.e., total
transmission of electrons through graphene. Both spectral dips
and peaks are expected to be observed experimentally as
low and high photoemission intensity in the vicinity of the
quasistationary states. In particular, such shape of T (E , k‖)
explains the spectral feature α near the �̄ point in Fig. 1.
We also suppose that the “free-electron-like parabolic bands,”
observed previously in the ARPES spectra of Ref. [17] and
angle-resolved secondary electron emission maps of Ref. [35],
are actually the features of the secondary electron distribution
corresponding to the lines of total transmission. As shown
in Ref. [33], the resonance states split into three branches at
the �̄ point. The ARPES data in Ref. [17] also reveal a third
band passing through the bright cone near 27 eV along the
�̄K̄ direction, which is in a good agreement with theoretical
prediction. Note that the fit of dispersion E (kx, ky) of the
resonances by a set of parabolic bands can be done only for
the relatively large kinetic energies.

There are a few less intense branches of the calculated
T (E , k‖), which cross the �̄ point at the kinetic energies of
4–9 eV. They coincide with π	 and σ 	 states in the conduc-
tion band of graphene calculated in the repeated supercell
geometry (periodically stacked graphene layers) [33]. For
comparison, we show these states with blue and yellow lines
in Fig. 2(a). Quasistationary bound states in the conduction
band have been predicted to be accompanied by the resonant
transmission of secondary electrons passing through a thin
layer [46], and they can also act as emission centers populated
by the scattered photoelectrons [14,15]. At certain k‖, the
resonances may turn into true bound states embedded into

the energy continuum [33,45]. In our calculations, π	 and
σ 	 states of freestanding graphene layer manifest themselves
as scattering resonances. We keep referring to the respective
features as π	 and σ 	 bands for convenience, following the
widely used notation. In the experimental data in Fig. 2(a), we
can see that the branch of the local maximum of T (E , k‖)
along the σ 	 band coincides with the region of enhanced
ARPES signal in the window of 4–7 eV along �̄K̄ .

The narrow dark features of the calculated distribution
T (E , k‖), marked by β, are shifted to higher energy with
respect to the scattering resonances and cross the �̄ point
at 33.1 eV. In contrast to the α resonances, the β features
do not depend on the details of the electronic structure of
the crystal and are determined mainly by the lattice geome-
try [33,47]. Their energy positions are characterized by the
emergence condition for the electron scattered by a reciprocal
lattice vector G‖: E (k‖) ∼ |k‖ + G‖|2. The same effect is
observed in LEED as oscillations of the intensity of each
diffracted beam just below the emergence threshold of a new
nonspecular beam [48–51]. The origin of the fine structure in
the I(V) LEED dependences was intensively discussed in the
1970s–80s and can be described by simple models [47,52,53].

In Ref. [30], it was shown that the threshold effects arise
from the scattering in the monoatomic overlayer while the
substrate plays a minor role. Therefore, the crystalline quality
of the surface, its homogeneity, existence of any defects
and adsorbates would play a key role in how the threshold
phenomena are manifested in T (E , k‖). The signature of
such effects has been recently observed in the photoelectron
microscopy [18,43] and spectroscopy measurements [17] as
the appearance of the sharp dips of the photoelectron intensity
similar to the β structures in Figs. 1 and 2. We also believe that
the respective feature marked by β ′ in Fig. 2(a) has a common
origin with β. However, the appearance of β ′ is caused by
the diffraction of the secondary electrons at the Au/graphene
interface rather than at the interface with vacuum. The reason
for this will become obvious from our further considerations.

The most explicit evidence for the correlation between
the calculated distribution T (E , k‖) and the variations of the
emission intensity observed experimentally is seen in Fig. 3,
where the isoenergy cuts derived from the ARPES maps and
calculations are compared. The positions of these cuts on the
energy scale are depicted in Fig. 2(a) by the dotted lines. The
horizontal kx and vertical ky axes are parallel to the �̄K̄ and
�̄M̄ directions, respectively. The comparison of the experi-
mental results for graphene/Au/Ni(111) with the calculations
for freestanding graphene is shown in the Figs. 3(a)–3(f).
There is a rather good agreement between experiment and
theory for all k‖ directions. The most prominent dark feature
around the �̄ point together with the neighboring bright
area are labeled α, following our previous notation. These
peculiarities are characterized by the minimal and maximal
transparency of graphene for low-kinetic-energy electrons and
are linked to the scattering resonances in the conduction
band. Such abrupt changes of the transmission coefficient of
graphene are in perfect accord with the general picture of the
scattering of low-energy electrons at a flat 2D lattice with
quasistationary states in the continuous spectrum.

The narrow β arcs crossing each other in the �̄K̄ directions
appear due to the threshold effects in the diffraction of the
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FIG. 3. Constant energy maps of the calculated electron transition probability (gray scale) through graphene compared with the measured
2D emission patterns (colored) of secondary electrons photoexcited from (a)–(f) graphene/Au/Ni(111) and (g), (h) graphene/Ni(111).
The 2D emission patterns were taken with 68 eV of photons; second-order energy derivative of data is presented.

secondary electrons at the crystal-vacuum interface. This is
why these features are well described by the circles, which
are the isoenergy cuts of free-electron-like paraboloids shifted
away from the �̄ point by a reciprocal vector of the graphene
lattice [17,18]. At low kinetic energies, the α and β features
move to the borders of the Brillouin zone in accordance with
their dispersion laws [Fig. 2(a)]. At the energies of 9.5 and
7.5 eV, the experimental data reveal a new set of dark β ′ arcs
[Figs. 3(d) and 3(e)]. The β ′ bands can be described by the
free-electron-like paraboloids shifted from the �̄ point by a
reciprocal vector of the Au(111) surface. This suggests that
the β ′ features stem from the threshold effect in the diffraction
of the secondary electrons at the Au/graphene interface.

Below 7.5 eV, the features originating from the π	 and
σ 	 states embedded into the energy continuum of graphene
conduction band become visible in the isoenergy cuts of the
calculated T (E , k‖) [Fig. 3(f)]. The respective structure of T
is also reflected in the ARPES maps as wedgelike features
along �̄K̄ with varying intensity of photoelectron signal. Such
behavior is consistent with the calculations, which predict that
the energy dependence of reflection near the quasibound states
has the form of a Fano resonance [33,45] with abrupt changes
from total reflection to full transparency.

As seen from Fig. 3(f), the most pronounced features in
the spectra of secondary electrons at the lowest energies are
not determined by the spectral structure of the transmission
coefficient of graphene. As will be discussed further, this dis-
crepancy can be explained by the specific angular distribution
of the secondary electrons formed in the bulk of the substrate.

B. Tightly bound graphene

As seen from Figs. 2 and 3, there is a good general
agreement of the ARPES spectral features of graphene on
gold and the theoretical transmission coefficient for free-
standing graphene. Then the question arises: How does the
angular distribution of secondary electrons change in the
case of graphene tightly bound to the substrate, like in

the graphene/Ni system? In Figs. 3(g) and 3(h), we com-
pare the ARPES data for this system with the theoretical
T (E , k‖) of freestanding graphene. Similarly to the case of
freestanding graphene, the dark β arcs are well seen in the
secondary electron emission maps of graphene/Ni but the
overall spectral pattern of tightly bound graphene differs from
that of freestanding graphene and graphene/Au/Ni. Also,
in the spectra of both graphene/Ni and graphene/Au/Ni at
the lowest energies there are arcs, which are absent in the
calculated T (E , k‖) for freestanding graphene and, thus, are
likely related to the substrate. The latter will become clear
from the comparison of the experiment with the calculations
of T (E , k‖) for graphene on the nickel surface.

Figure 4 shows our calculated transmission spectra for
two configurations of graphene on nickel: top-fcc and bridge-
top [54,55]. As above, by β we mark the narrow features
indicating the drop of the transmitted electron current caused
by the threshold diffraction effects. As was discussed earlier
for the case of graphene on gold, at low kinetic energies the

FIG. 4. Comparison of the energy-momentum distribution of
the transmitted current for the two configurations of graphene on
Ni(111): top-fcc (left) and bridge-top (right).
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FIG. 5. Measured 2D emission patterns (colored) of secondary electrons photoexcited from graphene/Ni(111) compared to the constant
energy maps of electron transition probability (gray scale) through the graphene layer atop Ni(111) in cases of (a)–(f) top-fcc, and (g), (h)
bridge-top configurations. 2D emission patterns were obtained at hν = 68 eV; second-order energy derivative of the data is presented.

dispersions of the π	 and σ 	 bands determine the E (k‖) lines
along which the graphene’s transmittance sharply changes.
For the top-fcc configuration [Fig. 4, left], the concave π	

band with a maximum at 10 eV above the Fermi level plays
an essential role as a current-carrying state, while for the
bridge-top configuration this feature vanishes [Fig. 4, right].
The principal difference of the graphene/Ni system from the
freestanding graphene is that the strong hybridization of Ni
and C electronic states leads to the disappearance of the quite
narrow α feature. Instead, a richer structure in the distribution
of the transmitted current appears, see Figs. 2(a) and 4.

In Fig. 5, we compare the experimental and theoretical re-
sults for the graphene/Ni system for energies between 5.6 and
15.5 eV above the vacuum level. At the lowest energies, the
calculated T (E , k‖) for tightly bound graphene agrees well
with the ARPES-derived secondary electron emission pattern
from graphene/Ni. Our calculation describes successfully
both dark and bright arcs at 5.6 and 7.5 eV. These features are
solely determined by the transmission properties of the nickel
substrate, as they are absent in the calculated distribution of
T (E , k‖) for freestanding graphene. At relatively high kinetic
energies closer to the �̄ point, one can resolve a sequence
of the alternating regions of resonant reflection and resonant
transmission of electrons through graphene. Our calculations
reveal a fine structure of such regions, which are not perfectly
resolved in the experiment, but the positions of these areas and
their contours are very well seen for the kinetic energies above
7.5 eV. Closer to the edges of the Brillouin zone, at higher
energies, one can distinguish the β arcs stemming from the
threshold effects.

Our theory describes the overall ARPES spectrum quite
well. However, there is a small mismatch between measured
and calculated positions of the α and β features at higher

energies. For example, the dark edge of the α-contour at 9.5
and 11 eV and the bright one at 13 eV are closer to the
�̄ point in the ARPES-derived secondary electron emission
maps [Figs. 5(b)–5(d)]. The same is true for the β arcs, see
Figs. 5(a) and 5(b). Above 9 eV, we find that the calculated
energy cuts are shifted to higher energies by ∼1 eV relative to
the experiment, see Fig. 6. Such a stretching of the theoretical
spectrum relative to the experiment is not a typical result of
using the Kohn-Sham quasiparticles for final states. We tenta-
tively ascribe the discrepancy to the uncertainty of the crystal
potential at the interface, which may be caused by small errors
in the geometry of the overlayer assumed in the theory or by
an uncertainty in the charge transfer between the substrate and
graphene overlayer in the ground-state calculation.

C. The role of bulk substrate

In Fig. 7, we compare the secondary electron emission dis-
tributions for clean (left half-maps) Ni(111) and Au/Ni(111)
with those for graphene-covered (right half-maps) surfaces.
There is a rather moderate difference between Ni(111) and
graphene/Ni(111) in the spectral patterns at 5.6 and 6.5 eV,
see Figs. 7(e) and 7(f). The only difference is along the �̄K̄
lines at the corners of a dark hexagon formed by crossing
arcs. For the graphene-capped system, additional features can
be seen in these corners in agreement with the calculated
transmitted current, see Fig. 5(f). With the increase of ki-
netic energy, the fine structure of the graphene’s transmission
coefficient becomes better and better resolved.

The differences in the emission patterns for clean and
graphene-coated Au/Ni substrates are more pronounced than
in the systems without gold, see Figs. 7(a) and 7(e). This
can be explained by the resonant changes of the graphene’s
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FIG. 6. Measured 2D emission patterns (colored) of sec-
ondary electrons photoexcited from graphene/Ni(111) compared to
T (E , k‖) (gray scale) calculated for top-fcc configuration. Corre-
sponding cuts of the theoretical maps were taken at higher kinetic
energies with respect to the experimental data. The kinetic energy of
the theoretical spectrum is indicated on the left and of the measured
one on the right of the respective graph.

transmission in the vicinity of the σ 	 bands. Due to the
strong coupling of graphene to the substrate, the conduction
band states of graphene/Ni are shifted down by about 1–
2 eV relative to those of freestanding graphene. Thus, for the
same energy, the σ 	-related feature appears at different k‖.

For graphene/Au, it is closer to the �̄ point. Therefore, its
contribution to the spectral pattern of secondary electrons is
more pronounced for weakly coupled graphene at the energies
below 7 eV.

For the energy of 7.5 eV along the �̄M̄ direction for
Au/Ni and graphene/Au/Ni, there appear dark arcs due to
the threshold effects associated with the electron scattering
by a reciprocal vector of the Au layer at the graphene/Au
interface (β ′ features). At 9.8 eV, the same effect coming from
the crystal/vacuum interface is observed (β arcs). Because of
the small mismatch (less than 2%) in the lattice parameters
of Ni(111) and graphene, the positions of the β arcs are
nearly identical for these systems. At higher energies for
the graphene-covered surfaces, the most pronounced features
in the spectra of secondary electrons are determined by the
spectral structure of the transmission coefficient of graphene.

The ARPES images at the lowest kinetic energies look
rather similar for Ni and Au/Ni systems. The most pro-
nounced features there are the dark and bright arcs, which
shift to the �̄ point with increasing kinetic energy of electrons.
These arcs are absent in the calculated T (E , k‖) for freestand-
ing graphene, but they appear when graphene is deposited on
Ni(111). Apparently, these features are related to the bulk of
the Ni substrate.

IV. CONCLUSIONS

We performed experimental and theoretical studies of the
fine structure of the ARPES spectra originating from the
secondary electron emission from graphene-covered surfaces.
The secondary electron features are seen as a set of dark
and bright arcs and cones superimposed on the spectral
map of the primary photoelectrons. We explored two sys-
tems: graphene/Au/Ni and graphene/Ni. Graphene on gold
is freestandinglike, while on nickel it is tightly bound to the

FIG. 7. 2D emission patterns of secondary electrons photoexcited from (a)–(d) graphene/Au/Ni(111) and (e)–(h) graphene/Ni(111)
compared to that from the respective metallic substrates: Au/Ni(111) and Ni(111). The data were taken with 68 eV of photons for the
graphene-based systems, and with 21.2 eV of photons for clean metallic substrates. The results are shown as a second derivative of the
as-measured ARPES data.
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substrate. Since the metallic substrate itself influences the
secondary electron spectra, the ARPES measurements were
performed for the respective bare metallic systems, too.

To interpret the experimental data, we calculated the
graphene’s transmission coefficient T (E , k‖), which is closely
related to the angular distribution of secondary electrons. The
calculations reveal two types of features—α and β—in the
energy-angular distribution of electron transmission. The α

features depend on the structure of the conduction band of
graphene and reflect the quasistationary states (resonances)
embedded into the energy continuum. Around the resonance
the transmission coefficient rapidly changes from maximum
to minimum. As a result, a well-defined structure appears in
the secondary electron emission spectra, and the dispersion
of the resonances α can be measured in the ARPES experi-
ment. The β features signify the emergence of the secondary
diffracted beams in vacuum. Their dispersion is determined by
the surface reciprocal lattice G‖. In contrast to the resonances
α, the β features do not depend on the details of the electronic
structure and are observed in the spectra taken from both
the bare and graphene-covered metallic substrates. On the
other hand, the α features do not appear in the spectra of
the graphene-free surfaces. We have also found that for the
kinetic energies below 8 eV, the distribution of graphene’s
T (E , k‖) contains no sharp structures over a wide k‖-region
around the �̄ point, and, thus, the ARPES maps mainly reflect

the structure of the secondary electron emission spectra of the
substrate.

Our study demonstrates that secondary electrons carry
important complementary information about unoccupied elec-
tronic structure, which in the spectra of primary electrons
is blurred by the highly selective optical transitions. The
enhanced surface sensitivity of secondary emission makes it
especially useful for studies of thin overlayers. Good agree-
ment between the ab initio calculations and experimentally
obtained secondary electron emission maps, indicates that
our approach can be successfully applied to the analysis of
electron transmission properties of Q2D materials.
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