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Time-of-flight momentum microscopy reveals sixfold symmetric sharp features of decreased intensity (dark
lines) in constant-energy maps for clean Ir(111) and graphene/Ir(111). The dark lines have been observed for
p- and s-polarized light in the photon-energy range of 20–27 eV and result from scattering of photoelectrons
at the surface potential barrier. The phenomenon is strongly related to threshold effects in low-energy electron
diffraction. A quantitative analysis of the dark lines’ positions shows that the relevant reciprocal-lattice vector
corresponds to the lattice of the topmost layer (in our case graphene and Ir, respectively). The dark lines appear in
the momentum patterns only in a certain photon-energy range satisfying the additional condition that the electron
wavelength matches the lattice periodicity.
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I. INTRODUCTION

The surface of a crystal, breaking the translational sym-
metry of the three-dimensionally periodic potential inside
the solid crystal, strongly changes the electronic states near
the surface and therefore influences the interaction of any
material with the environment. The precise spatial dependence
of the surface potential barrier plays an important role for
the occurrence of two-dimensional electronic surface states.
Surface barrier scattering of photoelectrons with low kinetic
energy provides a very efficient tool for the investigation of
details of the surface potential barrier [1]. By measuring inter-
ference patterns for photoelectrons in the momentum domain,
Winkelmann et al. [2] resolved specific quantum-mechanical
effects of the surface barrier region of a Cu(001) surface.

While photoelectron interference observed for single-
crystal surfaces is quite well understood, it remains an open
question whether the reciprocal-lattice vector involved in
the scattering process at heterogeneous surfaces comprising
adsorbed monolayers is dominated by the substrate or by the
adsorbate.

In order to answer this question, we compare a graphene
layer grown on Ir(111) with the clean Ir(111) surface.
Graphene, a two-dimensional honeycomb lattice of carbon
atoms, has recently become one of the most intensely studied
materials due to remarkable properties such as high thermal
conductivity, optical transparency, mobility of electrons at the
Fermi level, and Dirac massless fermions [3–5]. Numerous
intriguing properties of graphene originate from its nontrivial
electronic structure. The valence and conduction band is
connected at the K points of the surface Brillouin zone (SBZ)
forming six pairs of head-to-head cones in the (E,kx ,ky)
space with linear dispersion in the vicinity of Fermi energy
level [6,7]. The graphene/Ir(111) system has an important
characteristic: the Dirac points of graphene coincide with
partial band gaps in the projected spectral density of Ir(111).
Therefore, the particular electronic states of graphene are
preserved in the proximity of the Fermi level [8,9].

In the present article we analyze interference patterns
appearing as dark lines in the photoemission spectra observed
for graphene on Ir(111) and for clean Ir(111) using time-of-
flight (ToF) momentum microscopy [10]. These two samples
are characterized by different topmost layers and, therefore,
different surface barriers between the material and vacuum.
ToF momentum microscopy is characterized by simultaneous
acquisition of all photoelectrons in the full half space above the
sample in an energy interval between the Fermi energy (EF)
and 4 eV below EF. This data array comprises the full SBZ
and energy range of interest without the need for sequential
measurements or sample rotation.

The dark lines originate from a diffraction process occurring
at the surface barrier between the material and vacuum.
The phenomenon is strongly related to threshold effects
in low-energy electron diffraction (LEED). Highly resolved
LEED intensities showed rapid oscillations at the emergency
threshold of a new reflex [11]. The oscillations were firstly
explained by surface resonances [12]. However, the hypothesis
was refuted by theoretical studies of Le Bossé et al. [13] and
Gaubert et al. [14], who proved that interference between the
barrier or bulk reflections and the second-order bulk reflected
beams at the threshold result in a Rydberg-like series of fine
structures. In the present study we focus on the comparison
of the graphene/Ir(111) heterosystem with the clean Ir(111)
surface, revealing the reciprocal-lattice vector relevant for the
appearance of the dark lines.

II. EXPERIMENTAL DETAILS

Graphene on Ir(111) was grown in a dedicated preparation
chamber. The initial cleaning process included ion sputtering
and annealing at 1300 K in oxygen (5 × 10−8 mbar). The
cycles were followed by flash-annealing up to 1500–1800 K;
the base pressure was better than 5 × 10−10 mbar. A graphene
layer was grown on the clean Ir(111) crystal surface by
heating in ethylene at a partial pressure of 2 × 10−7 mbar with

2469-9950/2017/96(15)/155108(7) 155108-1 ©2017 American Physical Society

https://doi.org/10.1103/PhysRevB.96.155108


A. ZAPOROZHCHENKO-ZYMAKOVÁ et al. PHYSICAL REVIEW B 96, 155108 (2017)

FIG. 1. LEED pattern of graphene/Ir(111).

heating up to 1520 K. The process is self-limiting, forming a
single graphene layer [15]. Finally, the surface structure of the
graphene/Ir(111) sample was checked by LEED (Fig. 1).

The mismatch of the lattice constants of graphene and
Ir(111) leads to a regular Moiré-like superstructure of the
graphene as investigated by scanning tunneling microscopy
[15]. Several configurations of graphene on Ir(111) occur [16],
which can also be distinguished by LEED [17]. In our case the
diffraction pattern (Fig. 1) shows intense superstructure re-
flexes that are symmetrically placed around the specular beam
(00) and all higher-order Ir(111) diffraction beams. Ir reflexes
appear more intense. Direct comparison to different variants
described in Ref. [17] reveals that in our case the graphene
layer has been grown in the R0 orientation. This is in accor-
dance with the momentum patterns of our earlier study [10].

The photoemission experiments were performed at BESSY
II, Helmholtz-Zentrum Berlin at beamline U125-2 NIM in
8-bunch mode [10] (measurements with p-polarized light) and
single-bunch mode (measurements with s-polarized light). A
sketch of the experimental geometry is shown in Fig. 2. The
graphene/Ir(111) sample was illuminated at a shallow angle of
22°. Emitted electrons were recorded by the ToF k microscope
with its optical axis oriented perpendicular to the surface. The
data were measured in the range of excitation energies from
14 up to 23 eV for s polarization and up to 27 eV for p

polarization. For the sake of direct comparison, all data sets
were obtained at identical microscope settings.

FIG. 2. Experimental geometry. For s-polarized light the electric
vector points along the y axis; for p-polarized it lies in the x-z plane
at 22° off the z axis.

The k microscope consists of three main parts—-the
objective lens, the imaging column, and the field-free drift
section (length 700 mm) for ToF parallel energy recording.
In order to decouple momentum and energy coordinates the
drift section is completely separated from the imaging column.
Electron rays arising from different points of the sample
at equal angles are collected in the back-focal plane of the
objective lens and form the reciprocal, or Fourier image [18].
This is the fundamental principle of band-structure imaging
using a momentum microscope.

A delay-line detector is mounted at the end of the ToF tube
and serves as a time- and space-resolving detector. It consists
of a multichannel-plate stack and two crossed delay lines. Each
arriving electron is registered with its spatial coordinates kx ,ky

and its time of arrival at the detector surface with respect to
the bunch marker of the photon beam [19]. The time of flight
determines the kinetic energy of the electron, thus yielding the
binding energy EB by reference to EF. More details on the
method of momentum microscopy can be found in Ref. [20].

III. EXPERIMENTAL RESULTS

The complete 3D photoemission intensity array I(EB ,kx ,ky)
of graphene/Ir(111) has been measured for excitation with p-
and s-polarized synchrotron radiation at 10 different photon
energies between hν = 15 and 27 eV. Figure 3 shows selected
constant-energy cross sections of the data array acquired at
hν = 22 eV. In order to eliminate part of the linear dichroism
in the angular distribution [21] the sections were symmetrized
according to the graphene symmetry. The sections display
the flowerlike Ir 5d band augmented by the graphene π

band [22]. At the Fermi level the graphene π band shows
up as the six Dirac points with high intensity [Fig. 3(a)].
With increasing binding energy, the Dirac cones open with
linear dispersion. At first the π band appears as circles,
showing the previously observed dark corridors [19] that
emerge as partially suppressed intensity [see Fig. 3(b)]. For
higher binding energy, the π band exhibits six triangular-
shaped features [Fig. 3(c)]. The data taken in this experiment
complement data measured earlier with p-polarized light for
an identical sample (see, for instance, Ref. [10]). The different
photon polarization manifests in different relative intensities
of the bands and the position of the dark corridors. We note
that Fig. 3(c) clearly shows the hybridization of the graphene
π band with the Ir d bands, visible at the inner basis of each
triangle (oriented toward �); for details, see Ref. [10]).

The structures of interest for this study are the lines of
decreased photoemission in the constant-energy maps within
areas of otherwise homogeneous photoemission intensity.
These dark lines are hardly visible in the constant-energy maps
for graphene in Ir(111) as shown Fig. 3(a), and therefore green
arrows and a dotted line indicate the position of the dark lines.
In Figs. 3(b) and 3(c) the dark lines remain invisible, which
can be explained by the smaller photoemission intensity and
hence lower signal-to-noise ratio in the area where the dark
lines are expected.

In order to enhance the visibility of the dark lines we
adjust the contrast and brightness of the constant-energy and
momentum sections largely overexposing the π -band related
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FIG. 3. (a)–(c) Constant-energy sections of the photoemission intensity array I(EB ,kx ,ky) for graphene/Ir(111) for three binding energies
EB , measured with s-polarized light. The red arrow in (a) indicates the orientation of the electric vector ε of the photon beam. White crosses
denote K, K′ and the center of the SBZ. All bands except the bright bands around K and K′ originate from iridium. Dotted line indicates dark
line.

features as shown in Fig. 4 for higher binding energies. At
EB > 2 eV the dark lines start crossing the most intense
photoemission features of the graphene/Ir(111) sample. These

features serve as a suitable background for visualization of the
dark lines. At EB > 3 eV the dark lines become fully visible
[Figs. 4(d)–4(h)].

FIG. 4. Dark lines appearing in single isoenergetic slices at excitation energies of (a)–(i) hν = 22 eV; (j) hν = 21 eV. The binding energy
EB is noted in the bottom right corners. (i) and (j) show constant-energy slices at identical binding energies taken at different photon energies.
Green arrows and dotted lines mark crossing points of dark lines, revealing a shift with photon energy.

155108-3



A. ZAPOROZHCHENKO-ZYMAKOVÁ et al. PHYSICAL REVIEW B 96, 155108 (2017)

FIG. 5. Sketches in reciprocal space illustrating the formation of dark lines. (a) EB (k||) representation; the blue parabola marks the
photoemission horizon, centered at �̄ (k|| = 0). The red arrow connects two equivalent electron states h̄k0 and h̄(k0 + g), with reciprocal-lattice
vector g. States positioned on the two black parabolas (denoting the photoemission horizons centered at k|| = +/ − g) are translated by g
onto states on the blue photoemission horizon. Hence in the EB (k||) scheme the black parabolas mark the positions of the dark lines in the
observed patterns. (b) Same as in (a) but plotted as a constant-binding-energy slice in reciprocal space (kx,ky). The reciprocal-lattice points of
the honeycomb structure are indicated by gray dots. The green dashed lines mark the first SBZ. Dark lines appear as section of the black circles
centered at adjacent reciprocal-lattice points (at k|| �= 0) with the area within the photoemission horizon of the first SBZ (blue circle).

The constant-energy maps in Fig. 4 reveal that the dark lines
represent circular arcs. The arcs show a systematic shift to
larger momentum values with increasing binding energy. The
dark lines are relatively sharp compared to the band features
originating from the graphene layer and the Ir surface. The
suppression of the photoemission intensity due to the dark
lines depends on the binding energy and on the photon energy,
revealing a maximum visibility in the binding-energy range
between 3.3 and 4.4 eV [Figs. 4(d)–4(g)] for a photon energy
of 22 eV.

IV. DIFFRACTION MODEL

For a quantitative description of the dark-line positions,
we extend the diffraction model given in Ref. [1] including a
graphical representation of the effect.

In the photoemission process the transversal momentum
of the escaping photoelectron is conserved since the surface
barrier acts only on the perpendicular momentum. However,
in addition elastic and inelastic scattering events occur. Within
the lattice a state with momentum h̄k is equivalent to a state
with h̄(k + g), where g is a reciprocal-lattice vector. After
diffraction at the surface barrier, the kinetic energy for motion
along the surface normal E⊥ is given by [2]

E⊥ = Ekin − E‖ = Ekin − h̄2

2m
|k‖ + g|2 . (1)

E⊥ equals zero for an electron traveling parallel to the surface,
i.e., at the boundary of total reflection, leading to the kinetic
energy of photoelectrons in this particular state:

Ekin = h̄2

2m
|k‖0 + g|2 . (2)

k||0 denotes a state positioned within the photoemission
horizon but after addition of g is equivalent to a state right on
the photoemission horizon within the next SBZ. The expected

positions of the dark lines according to Eq. (2) are sketched
in Fig. 5. Figure 5(a) shows the band dispersion EB(k||)
representation with the marked (blue) photoemission horizon,
centered at �̄ (k|| = 0). States positioned on the two parabolas
centered at k|| = +/ − g are translated by g onto states on the
photoemission horizon. Hence in the EB(k||) representation
the black parabolas mark the positions of the dark lines in
the observed patterns. Figure 5(b) shows the corresponding
constant-binding-energy slice in reciprocal space (kx,ky). The
reciprocal-lattice points of the graphene or the topmost Iridium
structure are indicated by gray dots. Dark lines appear as
section of circles centered at adjacent reciprocal-lattice points
(at k|| �= 0). The kinetic energy measured outside of the
crystal follows from Ekin = hν − � − EB where � is the work
function. Accordingly, at the Fermi level the kinetic energy can
be expressed as Ekin = hν-�.

The motion parallel to the surface results in emerging
interference and absorption channels and hence to intensity
oscillations starting at the threshold value k||0 according to the
energy condition, Eq. (2). At ideal surfaces the interaction of
the electron with the surface is dominated by elastic scattering
leading to characteristic interference patterns. In this case one
expects a rapidly oscillating intensity as a function of EB or
k||0 as discussed in Ref. [2]. In our case, we rather observe
a decreased intensity for k||0 leading to the dark lines. No
signatures of an intensity increase or oscillations are visible in
the data (see Figs. 4,5,7). We take this as a hint that in our case
inelastic scattering is the dominant channel of the interaction.
This might be attributed to scattering at residual gas adsorbates
or surface defects.

In the following, we use the diffraction model based on
Eqs. (1) and (2), sketched in Fig. 5, to intensify the visibility
of the dark lines on the expense of the sharpness of band
features. Figure 6 shows a collection of averaged momentum
slices. Summing up rescaled slices in a binding-energy interval
between the Fermi energy and EB = 3.5 eV reveals the

155108-4



MOMENTUM-RESOLVED PHOTOELECTRON ABSORPTION IN . . . PHYSICAL REVIEW B 96, 155108 (2017)

FIG. 6. Sum images of rescaled momentum sections of
graphene/Ir(111) measured at (a) hν = 22 eV, p polarized; (b) hν =
22 eV, s polarized; (c) hν = 21 eV, s polarized; (d) hν = 20 eV, s

polarized. Red arrows show the orientation of the electric vector ε

of the photon beam [being out of plane for (a)]. Green arrows mark
the dark lines. Dashed lines indicate the shift of the dark lines with
increasing photon energy. The momentum scales correspond to the
momentum section at the Fermi level. Dark areas in the central part
in (c),(d) are experimental artifacts (defect on the image unit).

dark-line pattern with sixfold symmetry with good contrast.
The averaging method exploits the fact that the dark lines
exactly coincide with the (paraboloid-shaped) photoemission
horizon of the first repeated SBZ. The corresponding outward
dispersion (away from k = 0) with increasing binding energy
has been compensated by rescaling each individual momentum
slice by a factor proportional to (X − EB)2 [see Eq. (2)] before
they were summed up. This procedure substantially reduces
the statistical noise.

Six circularly shaped dark lines are now clearly observed
within the first Brillouin zone, marked by green arrows. Each
line is a section of a circle that extends beyond the field of
view. The dark lines occur both for p- and s-polarized light
in the same range of excitation energies. Please note that the
Ir(111)- and graphene-related band features are partly blurred
in the sum image due to their different dispersion relations.
The graphene π band appears in this projected image as a
sixfold star, confined at its inside by a circle. Ir bands appear
mainly inside and outside of this star as marked in Fig. 6(c).

With increasing photon energy the position of the dark lines
in k space moves toward smaller k values [see comparison in
Figs. 6(a), 6(c) and 6(b), 6(d)]. At 22 eV the dark line appears

at kx = 0.82 Å
−1

, whereas at 21 eV its position is shifted by

0.06 Å
−1

away from the center of the SBZ.
The evaluation of the corresponding spectral functions

I(EB ,kx ,ky) for the clean Ir(111) surface, measured with

FIG. 7. Sections through the measured spectral density function
of Ir(111) depicted as sum image of rescaled momentum sections (a)
measured at a photon energy of hν = 23 eV and as EB vs k sections
measured at (b) hν = 23 eV and (c) hν = 27 eV. Green arrows mark
the positions of the dark lines. The dashed vertical line indicates the
position of one of the dark lines. As in Fig. 6, the momentum scale
in (a) corresponds to the momentum section at the Fermi level.

p-polarized light, also reveals the occurrence of dark lines.
A selection of sections is shown in Fig. 7.

In order to confirm the proposed model quantitatively, we
compare the measured positions of the dark-line reciprocal-
lattice vector resulting from Eq. 2 for clean Ir(111) and
graphene/Ir(111) measured at several photon energies with the
corresponding literature values from structural investigations.
From the lattice constants of graphene and Ir in real space
(2.46 Å [23] and 2.71 Å [24], respectively) we calculate the

lengths ggraphene = 2.95 Å
−1

and gIr = 2.68 Å
−1

. Evaluation
of the data shown in Fig. 6 reveals an experimental value

ggraphene = 2.92(3) Å
−1

, which is in good agreement with
the structural data of graphene. For the case of clean Ir the
reciprocal-lattice constant obtained from the position of the

dark lines is gIr = 2.74(6) Å
−1

, which agrees with the expected
value within the error bar. We conclude that in both cases,
graphene/Ir and clean Ir, the reciprocal-lattice vector of the
topmost layer determines the position of the dark lines, i.e.,
the underlying process happens at the very surface.

Table I summarizes the dark-line positions as measured
and calculated from the lattice constants. The work functions
of clean Ir and graphene/Ir are assumed to be 6 and 5 eV,
respectively. The uncertainty in the evaluation of the dark-line
position is 4% in the case of graphene/Ir(111) and larger (13%)
in the case of clean Ir(111) because of the smaller intensity
variation.

Intensity profiles across the dark lines (not shown here)
reveal an intensity decrease with a full width at half maximum

of less than 0.03 Å
−1

. This value corresponds to the momentum
resolution of the present experiment.

The experimental data shown in Figs. 7(b) and 7(c) indicate
that dark lines can only be observed in a narrow interval of
kinetic energies (the ranges of visibility are marked with green
arrows). Similarly, in Fig. 6 it is clearly visible that the dark
lines at EF are pronounced at hν = 22 eV and appear much
weaker at 20 eV. This means that the dark lines are visible for
surface parallel momenta close to half of the first Brillouin-
zone boundary, as we will analyze in the following.
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TABLE I. Positions of dark lines at EF along the �M direction as calculated from the lattice constant (columns 2 and 3) and measured
(columns 4 and 5).

Position from lattice constant (Å
−1

) Position from experiment (Å
−1

)

Ir(111) Graphene/Ir(111) Ir(111) Graphene/Ir(111)
hν (eV) g = 2.68 g = 2.95 g = 2.74(6) g = 2.92(3)

20 0.77 0.97 0.83(10) 0.94(3)
21 0.70 0.91 0.76(10) 0.88(3)
22 0.64 0.85 0.7(9) 0.81(3)
23 0.58 0.79 0.64(8) 0.76(3)
27 0.34 0.56 0.45(6) 0.53(2)

In an attempt to explain this observation, we consider
two isoenergetic electronic states fulfilling the dark-line
condition [Eq. (2)] that possess antiparallel momenta of k|| =
+/ − 0.25g (half of the BZ diameter). The corresponding
wavelengths of their Bloch states electron density equal the
doubled atomic distance in real space. The superposition
of the two density waves traveling in opposite directions
results in a standing wave where the distance of knots
or bows, respectively, matches the atomic lattice. This lat-
tice matching may provide a condition that enhances the
scattering probability in analogy to a nesting phenomenon,
where the nesting vector is given by the Brillouin-zone
boundary.

The photoelectron diffraction effect discussed here differs
both in appearance and in physical origin from previously
reported interference features also showing up as momentum-
dependent intensity reduction. The coherent electronic fringe
structure observed in incommensurate silver-silicon quantum
wells [25] shows a negative effective mass in contrast to the
positive curvature observed in our case. The multitude of
similar interference patterns in lattice-mismatched structures
observed in Ref. [26] originates from replicated bands caused
by the geometrical corrugation of the system. The small
gaps in the graphene π band appearing as a result of the
avoided-crossing effect observed in Ref. [27] also originate
from periodically corrugated graphene on Ir(111).

V. CONCLUSIONS

We have presented a detailed investigation of
three-dimensional photoelectron momentum distributions
I(EB ,kx ,ky) revealing signatures of a photoelectron diffraction
process for the graphene/Ir(111) and clean Ir(111) surface. For
both surfaces sharp interference patterns appearing as dark
lines occur in the constant-energy and constant-momentum

sections. Following a model introduced in Ref. [2] these
dark lines originate from an umklapp process involving
a reciprocal-lattice vector. We find that the relevant
reciprocal-lattice vector corresponds to the respective topmost
layer, i.e., the lattice vector of graphene for the case of
graphene/Ir(111) and the one of iridium for the case of
clean Ir(111). Hence, the umklapp process happens within
the topmost layer. The dark lines are most pronounced for
wavelengths of the electron that lead to an approximate
coincidence of the extremal amplitudes of the electron density
wave traveling parallel to the surface with the atomic positions
of the surface lattice. This fact suggests that the electron
in this state still feels the corrugation of the local potential
although it travels within the surface potential barrier close
to the vacuum region. Hence, beyond the simple model of
a surface barrier depending exclusively on the coordinate
perpendicular to the surface plane, the lateral variation of
the potential must be taken into account. In view of the
fact that the discussed diffraction model does not require
material-specific electronic properties except for the lattice
parameters and excitation energy range, our observation
suggests a general occurrence of the described interference
patterns. While their specific intensity profile will certainly
depend on the reflection and absorption coefficients, the
position of the circular arcs exclusively depends on the lattice
structure of the topmost atomic layer. The dark lines thus
open a way of gaining precise structural data of the surface
layer from low-energy photoemission data.
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