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ABSTRACT: The Dirac-like electronic structure of graphene
originates from the equivalence of the two basis atoms in the
honeycomb lattice. We show that the characteristic parameters of
the initial state wave function (sublattice symmetry and isospin)
can be determined using angle-resolved photoemission spectros-
copy (ARPES) with circularly polarized synchrotron radiation. At
a photon energy of hv = 52 eV, transition matrix element effects
can be neglected allowing us to determine sublattice symmetry
and isospin with high accuracy using a simple theoretical model.
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raphene, a monolayer of sp>-hybridized carbon atoms

forming a honeycomb lattice, is renowned for its peculiar
electronic structure that makes it a promising candidate for
possible applications in many different fields, such as graphene-
based high-mobility electronic devices,' saturable absorbers for
the creation of femtosecond laser pulses,2 sensors for single
molecule detection,® or even as a building block in anyonic
circuits for quantum computation.”> The peculiar electronic
structure, where two linearly dispersing bands intersect each
other at the Fermi level, can be directly visualized using angle-
resolved photoemission spectroscopy (ARPES).® There, the
interference of photoelectrons emitted by the two carbon
atoms within the unit cell leads to the suppression of
photocurrent on part of the Fermi surface (dark corridor).” "'
In principle, the resulting cosine-shaped intensity modulation
contains information about the relative phase between the two
triangular sublattices (the isospin ;) as well as the sublattice
symmetry.”'® Furthermore, recent polarization-dependent
ARPES experiments have revealed that the position of the
dark corridor depends on the polarization of the incident
photons,"' "% and that the rotation of the dark corridor with
chan%r} light polarization is related to graphene’s Berry phase
of .

As the electronic properties of graphene crucially depend on
both the isospin and the sublattice symmetry (the difference in
isospin allows for the crossing of the linearly dispersing bands
at the K-point,"*'* while the sublattice symmetry is intimately
linked to the absence of a band gap at the Dirac point),'*"” it
would be desirable to obtain them directly from an ARPES
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experiment. This information is contained in the photoemission
transition matrix elements. Unfortunately, it is masked by an
additional intensity modulation caused by the geometry of the
experimental setup as well as by final state effects'® that are
often neglected when interpreting ARPES data. Furthermore, it
has turned out that the common choice of a single plane wave
final state is usually inappropriate.'’ This may explain why the
determination of the isospin and the sublattice symmetry in
graphene on the basis of multi-Brillouin zone photoemission
data resulted in rather large discrepancies from the theoretically
predicted values.'® The alternative approach using Fourier-
transformed scanning tunneling microscopy images faces
similar difficulties as it is only able to place an upper limit on
the degree of sublattice symmetry breaking.*® A simple solution
to this problem would be to find a situation where the influence
of spurious effects caused by the experimental geometry and
final state wave function on ARPES data is reduced to a
minimum.

Here, we show that precise values for isospin and sublattice
symmetry can be obtained from ARPES experiments using both
right and left circularly polarized light. We will present a simple
theoretical model based on refs 7, 9, and 10 that allows us to
distinguish the intensity modulation caused by the sublattice
interference from the one caused by the setup and by final state
effects. We find that for certain photon energies the latter is
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negligible, which enables us to determine the isospin 6, and a
parameter A that is related to the sublattice symmetry directly
from the ARPES data. Furthermore, by exciting the sample with
circularly polarized light at different energies, we can rotate the
position of the dark corridor in agreement with first-principles
calculations.

We prepared graphene monolayers by thermal graphitization
of SiC(0001) in ultrahigh vacuum. Details about the sample
preparation are given in ref 19. The measurements were done
at the Synchrotron Radiation Center (SRC) in Stoughton,
Wisconsin at the variable polarization VLS-PGM beamline that
delivers right (RCP) and left circular polarization (LCP) of
photons in the energy range from 15 to 250 eV. The ARPES
setup offers an angular resolution of 0.4° and an energy
resolution of better than 10 meV. During measurements the
sample was kept at a temperature of 50 K.

Details of our one-step approach to photoemission are given
in refs 21—24. The imaginary part of the initial (final) state self-
energy is chosen to be 0.05 eV (4 eV). Real parts were
incorporated via the energy-independent inner potential. The
fully self-consistent electronic structure of free-standing
graphene was calculated within the local density approximation
to density functional theory using the Kohn—Korringa—
Rostoker Green function methodology.>~>” The absence of
the substrate in the calculations is expected to result in
deviations from the experimental findings because the SiC
substrate induces an n-type doping of the graphene layer and
scatters the outgoing photoelectrons which may affect the final
state wave function.

In Figure 1a we present measured Fermi surfaces for epitaxial
graphene excited with RCP and LCP light of different photon
energies, respectively. We find that the position of the dark
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Figure 1. Measured (a) and calculated (b) Fermi surfaces for RCP and
LCP light of different energies.
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corridor differs for RCP and LCP light and rotates away from
the ['K symmetry line. The experimental findings are nicely
reproduced by the first-principles calculations displayed in
Figure 1b. In order to account for the substrate-induced n-type
doping, the calculations in Figure 1b have been shifted to match
the experimental Fermi wave vector.

Our density functional theory (DFT) calculations reproduce
most of the features of our experimental data. The origin of
these features, however, is easier to understand in the
framework of a simple phenomenological model based on a
tight-binding formalism, which allows us to extract the physical
parameters we are interested in by fitting our data. According to
Fermi’s Golden Rule, the photocurrent I is proportional to the
absolute square of the transition matrix element M = (W{HIV,),
where W, are the initial and final state wave functions,
respectively, and H is the interaction Hamiltonian. As the
graphene lattice has two carbon atoms per unit cell, the z-bands
consist of two p_-orbitals that are either centered on atom A or
on atom B. Therefore, we write the initial state wave function as
W) = calp, A) + cglp,, B), where the coefficients ¢, and cg
fulfill le,l* + legl* = 1 and cp/cy = A% with A = 1 (A # 1) for
equivalent (inequivalent) sublattices. The + (—) sign
corresponds to the conduction (valence) band. Further, we
assume that (W{Hlp,, B) = ¢ (¥JHIp,, A). The phase factor
¢” describes the phase difference between electrons emitted
from sublattice A and B, respectively, and has been inserted to
account for the experimentally observed rotation of the dark
corridor with photon energy. In the following, we will skip the
subscript A in Ip,, A) and write Ip,) instead. For our present
purpose we do not need to make any assumption about the
final state wave function W In this case the photocurrent is
given by

I o Ky Hly)l* = (1 * j—AAZ cos(6), — ¢0))|<wf|H|g "

The first factor describes the suppression of photoemission
intensity inside the dark corridor in agreement with previous
models.”'® The (1 + cos 6;)-dependence also follows from ref
7 by expanding the photoemission intensity in the vicinity of
the K-point. The isospin 0y is expected to vary linearly on a
circle around K.'° The phase offset ¢, describes the
experimentally observed rotation of the dark corridor with
photon energy away from ¢ = 180° for the conduction band
and ¢ = 0° for the valence band, where ¢ is defined in the
upper left panel of Figure la. Apart from this sublattice
interference term the intensity is modulated by a second factor
I(WdHIp,)* that depends on the geometry of the experimental
setup and on final state effects,'® that is, it strongly varies with
photon energy. If we assume that I, = [{¥dHlp,)I* ~ constant
within the region of interest around the K-point (we will show
below that this is the case for hv = 52 eV), the photocurrent
can be described by

cos(6, — ¢0)) +c W

where ¢ accounts for the photoemission background. The
difference in photocurrent between RCP and LCP light
(usually referred to as circular dichroism in the angular
distribution (CDAD) of photoelectronsls) is best visualized
by analyzing the normalized intensity difference I,cpap = (Incp
— Iicp)/(Incp + Iicp). After a careful background subtraction,
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we have ¢/Ij < 1, and we obtain the following expression for
the normalized CDAD signal, I cpap =

iA(COS(¢ - ¢RCP) - COS(¢ - ¢LCP))
1+ A* + A(cos(¢p — d)RCP) + cos(¢p — ¢LCP)) 2)
where ¢rcpcp is the position of the dark corridor for RCP and
LCP light, respectively.

In Figure 2, we present a quantitative analysis of the data
displayed in Figure 1. Figure 2a shows the measured (filled
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Figure 2. (a) Measured as well as calculated position of the dark
corridor ¢, for RCP and LCP light as a function of photon energy; (b)
measured as well as calculated peak height of the normalized CDAD
signal on the Fermi surface at E = Eg and k, = 1.7 A~ as a function of
photon energy. Negative values are used in case the sign of the CDAD
signal is reversed.

markers) as well as the calculated position (empty markers) of
the dark corridor ¢, for RCP (circles) and LCP light
(diamonds), respectively, as a function of photon energy. We
attribute the observed variation of ¢, with photon energy to a
change in the final state. In contrast to the theoretical values
which are symmetric with respect to the 'K line, the
experimental results are symmetric with respect to ¢, ~
—10°. This discrepancy might be caused by a slight ellipticity of
the incident light and/or a small misalignement of the sample.

In ref 13, the 90° rotation of the dark corridor away from the
[K line for a photon energy of 30 eV has been related to the
phase angle of the light polarization y = arctan(A},/Ax), where
A,y is the projection of the incident light field onto the sample
surface. Although this purely geometric effect cannot explain
the observed photon energy dependence in Figures 1 and 2
(see Supporting Information for details), it correctly reproduces
the experimental results for hv = 30 eV of ref 13. Furthermore,
the claim made in ref 13 that the position of the dark corridor is
a direct visual confirmation of the Berry’s phase of 7 seems to
be justified only for hv = 30 eV, where ¢pcprcp & £90°.

In Figure 2b, we compare the theoretical (filled circles) and
the experimental peak height (empty circles) of I,cpap along a
momentum distribution curve at E = Eg and k, = 1.7 Alasa
function of photon energy. They exhibit the same behavior with
a general decrease in band peak height with increasing photon
energy. The deviations between experiment and theory around
45 and 75 eV indicate that for these photon energies the
theoretical final state wave function differs from the
experimental one. This might be related to the absence of
the SiC substrate in the calculations.!' Furthermore, our
calculations have shown that for high photon energies (hv > 60
eV) the final state wave function changes rapidly. In this case,
even a small offset in the theoretical photon energy due to the
real part of the self-energy'’ will have a huge effect on the
predicted CDAD signal.
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Figure 3 compares the energy-integrated normalized CDAD
signal of the valence band (note that the position of the dark
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Figure 3. Energy-integrated normalized CDAD signal of the valence
band for hv = 52 eV (a) and hv = 65 eV (b). Red (blue) corresponds
to negative (positive) values. Panels (c) and (d) show the variation of
I cpap on circles with different radii around the K-point as indicated in
panels (a) and (b) for hv = 52 eV and hv = 65 €V, respectively.

corridor differs by 180° between the valence band in Figures 3
and 4 and the conduction band in Figures 1 and 2) for two
different photon energies hv = 52 eV (panel a) and hv = 65 eV
(panel b), respectively. Red (blue) corresponds to negative
(positive) values. The regions around the K-point where Iycp =
Iicp appear white. Prior to energy-integration a Shirley
background has been subtracted from the experimental data.
In order to access the kj-dependence of I,cpap, Figure 3c,d
displays line profiles along circles of different radii around the
K-point as indicated in Figure 3ab. While the normalized
CDAD signal at hv = 52 eV has one nodal line along the ['K-
direction, two additional nodal lines appear for hv = 65 eV. In
contrast to the data for hv = 65 eV as well as the other photon
energies (see Supporting Information), the line profiles for hv =
52 eV can be nicely fitted using eq 2 as will be discussed later in
the context of Figure 4c. Thus we conclude that for hv = 52 eV
the assumption that I[{¥dHIp,)I* & constant within the region of
interest around the K-point holds, which means that the
experimental data is mainly determined by the initial state
properties we are interested in. We attribute this beneficial
situation to a transition in the final state wave function from
mostly s- and p-like partial waves for hv < 52 eV to mostly d-
like partial waves for hv > 52 eV that allowed us to
homogeneously illuminate the cornPlete Fermi surface of
graphene in our previous publication.""

In order to determine the isospin 6 and the sublattice
symmetry parameter A directly from the experimental data,
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Figure 4. (a) Energy-integrated intensity of the valence band averaged over different radial distances with respect to the K-point together with a fit
based on eq 1. (b) Isospin (6, — ¢rcprcp) as a function of ¢. Continuous lines are drawn according to (6, — Preprcp) = ¢ with Ppcp = 6° and Py cp
= —17° (c) normalized CDAD signal on a circle around the K-point averaged over different radial distances with respect to the K-point together

with a fit based on eq 2.

Figure 4a shows the energy-integrated intensity of the valence
band for hv = 52 eV averaged over different radial distances
from K. The data points for RCP (LCP) light are shown in red
(blue). By fitting this data to the model in eq 1 we can
determine the position of the dark corridor for RCP and LCP
light, ¢prep = (6 = 1°) and ¢ cp = (=17 + 1°). The fits are
shown as continuous lines in Figure 4a.

Furthermore, we can directly calculate the ¢-dependence of
the isospin 6, via (6 — ¢rcprcp) = arccos((I; — I)/1,), where
the coefficients I; and I, are obtained from the maximum and
minimum intensity in Figure 4a via I} = (I + Inin)/2 and I =
(Imax = Imin)/2. The resulting isospin(6,(¢p) — ¢reprcp) is
shown as dots in Figure 4b. The continuous lines are drawn
according to 6, = ¢ with offsets of ¢pcp = 6° and ¢y cp = —17°,
respectively. The good agreement gives an experimental
confirmation for the assumption that 6, varies linearly on a
circle around the K-point. The remaining slight deviations from
the expected linear behavior might be caused by a non-Shirley
background contribution and/or small residual final state
effetcs.

In order to also determine the sublattice symmetry parameter
A we have to make use of the normalized CDAD signal in eq 2
that neither depends on the intensity I, which drops out
because of the normalization, nor on the background ¢ as ¢/I,
< 1 after subtracting a Shirley background. In Figure 4c, we
averaged the normalized CDAD data from Figure 3a,c over
different radial distances from the K-point. The resulting data
points (open black spheres) can be nicely fitted to the model in
eq 2 with A = 1.0 £ 0.1 (see continuous line in Figure 4c). In
principle this result can be directly deduced from the amplitude
of I cpap in Figures 3¢ and 4c as this amplitude can only be
smaller than one if A # 1, if ¢/I, < 1 is not fulfilled (which we
exclude by subtracting a Shirley background), or if [(W{Hlp,)I*
~ constant is not fulfilled (which we exclude by our careful
choice of the photon energy). Thus, we are able to determine
the parameters c, and cg in the initial state wave function of
graphene as lcy gl* = (0.50 + 0.05) and ¢z = (1.0 =+ 0.1)cye.

In summary, we have developed a simple phenomenological
model where the photocurrent in graphene is proportional to
the product of the well-known sublattice interference term and
an additional term that depends on the geometry of the
experimental setup as well as on the final state wave function.
By considering the normalized CDAD signal we were able to
identify hv = 52 eV as a photon energy where the latter
contribution is negligible so that the experimental data is
mainly determined by the properties of the initial state. We
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confirmed experimentally that the isospin 6y varies linearly on a
circle around K and that the value of the sublattice symmetry
parameter is A = 1.0 + 0.1 obtaining a much better azgreement
with theoretical predictions than previous results.'””” There-
fore, our results confirm that the sublattice symmetry in
epitaxial graphene is conserved which makes a substrate-

induced band gap opening unlikely.
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The Supporting Information contains experimental results for
photon energies that are not shown in the main paper, as well
as a more detailed comparison with with ref 13. This material is
available free of charge via the Internet at http://pubs.acs.org.
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