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Visualizing Electronic Chirality and Berry Phases in Graphene Systems
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Electronic chirality near the Dirac point is a key property of graphene systems, which is revealed by the

spectral intensity patterns as measured by angle-resolved photoemission spectroscopy under various
polarization conditions. Specifically, the strongly modulated circular patterns for monolayer (bilayer)
graphene rotate by =90° (£ 45°) in changing from linearly to circularly polarized light; these angles are
directly related to the phases of the wave functions and thus visually confirm the Berry’s phase of 7 (27)
around the Dirac point. The details are verified by calculations.
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Electronic chirality and the Berry’s phase are topics of
central importance to graphene physics [1-3]. The direc-
tion of the isospin vector in monolayer graphene tracks
the rotation of the electronic crystal momentum, resulting
in a Berry’s phase of 7 [4,5]. By contrast, the isospin in
bilayer graphene rotates twice as fast, resulting in a Berry’s
phase of 27 [6,7]. These unusual phase properties in
graphene systems lead to an unconventional quantum
Hall effect, which has attracted widespread interest in
utilizing graphene as a new platform for electronic appli-
cations [1]. Angle-resolved photoemission spectroscopy
(ARPES) has been employed extensively to examine the
conical band dispersion relations [8,9]. Previous studies of
monolayer graphene, using either s or p polarized light,
show that the intensity patterns have a cosine functional
form with a maximum along the I'K direction [9-13].
Another study found that the intensity pattern for bilayer
graphene from s polarized light has two nodes along the
I'K direction, which can be linked to the Berry’s phase
[14].

In this work, we employ ARPES with both circularly
and linearly polarized light to probe the phase relations of
the wave functions. While these relations are already
known from simple tight-binding models, the use of circu-
larly polarized light allows direct sensing of the phases in a
visual manner. Specifically, the strongly modulated circu-
lar patterns for monolayer (bilayer) graphene rotate by
+90° (*£45°) in changing from linearly to circularly
polarized light. These angles and directions of rotation
are determined by the phase angle of the incident light
polarization, and arise from the interplay between elec-
tronic chirality and coherent interference of dipole transi-
tions from the s and p polarization components. The
observed ARPES patterns are in excellent agreement
with calculations. The phases of electronic wave functions
are hard to extract in general, but the information is critical
for a number of systems including, apart from graphenes,
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topological insulators, complex oxides, and magnetically
ordered materials. Our work on graphene layers as model
systems demonstrates that photoemission with circularly
polarized light is a powerful approach to solve the phase
problem.

Our ARPES measurements were performed at the
Synchrotron Radiation Center, University of Wisconsin-
Madison, using the new U9 VLS-PGM beam line. All
spectra were taken with the sample temperature at 60 K.
The polarization purity is better than 99% for HP and VP,
and better than 80% for LCP and RCP. The accuracy of
sample alignment with respect to light polarization is better
than 2°. Monolayer and bilayer graphene samples were
prepared on the Si-face of a 6H SiC (0001) substrate by
graphitization of the surface in an atmosphere of 10™° Torr
of disilane to ensure growth of graphene layers with large
domain sizes [15,16]. The coverage of graphene layers,
excluding the 6+/3 X 6+/3 buffer layer, is deduced from the
Dirac-cone feature near the K point [17-19].

Our ARPES geometry and the coordinate system in
relation to the graphene atomic structure and the
Brillouin zone are shown in Figs. 1(a)-1(c). Four polariza-
tion configurations were employed: horizontal polarization
(HP, or p polarization), vertical polarization (VP, or s
polarization), left circular polarization (LCP) and right
circular polarization (RCP). The geometry is such that
the vector potential A of the incident light lies nearly
within the sample plane; thus A, can be ignored to first
order. Figure 1(d) shows ARPES results around the K point
measured along the y direction with LCP and RCP.
Evidently, photons with different helicity selectively excite
one of the two branches of the Dirac cone with opposite
isospin directions. The observed difference can be charac-
terized by a dichroism coefficient, D, defined as

D ==, — L)/, + 1), (1
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FIG. 1 (color online). Experimental geometry and circular
dichroic data. (a) Schematic of experimental setup. HP and VP
correspond to p and s polarizations, respectively. Looking
toward the sample, LCP (RCP) corresponds to counterclockwise
(clockwise) rotation of the electric field vector. (b) Coordinate
system relative to the atomic structure of a monolayer graphene.
(c) Surface Brillouin zone. q is wave vector measured from K.
(d) Photoemission spectra from monolayer graphene near the K
point measured along y using 30 eV photons. The four panels
correspond to LCP, RCP, their sum and difference.

where [y, I,, I3, and I, are peak intensities of the energy
distribution curves as specified in Fig. 1(d), and the + and
— signs correspond to the 77 and 7 bands, respectively.
Measurements show that D is close to unity near the K
point at 30 eV photon energy. This large dichroic effect
results from the different characters of the initial states on
the two branches of the Dirac cone; the variations in the
photoemission final states are negligible over the narrow
range in reciprocal space [20].

Figures 2(a) and 2(b) show typical constant energy maps
of the 77* and 7 bands of monolayer graphene, respec-
tively, using the four polarization configurations. For each
band, the semicircular pattern rotates counterclockwise in
90° steps in going from HP to LCP to VP and to RCP.
Furthermore, the patterns of the 77 and 7= bands are related
by inversion. The plots on the right-hand side of Fig. 2
show the measured intensity variations of the semicircular
arc patterns about the azimuthal angle 6 of the wave vector
k relative to the K point [Fig. 1(c)]. The results are well
described by cosine functional forms related by 90° off-
sets. These angular offsets are related to the phase of the
initial state wave functions, ‘I’}‘, which are given, to first
order, by

(a)
0.1

HP (-0.05 eV)

VP (-0.05 eV)

0.0

-0.1

k, (A7)

LCP (-0.05 eV) RCP (-0.05 eV)

0.1

6 (in units of m)

0.0

00 05 10

01 Intensity

16 17 18 16 17 18
k. (A7) « HP; * VP;

(b) LCP; - RCP
0.4 LHP (0.9 eV VP (-0.9 eV)

0.0

-0.1

k, (A7)

LCP (-0.9 eV)

RCP (-0.9 eV
oA CP (-0.9 eV)

6 (in units of m)
o -
3 =)

0.0

0.0 0.5 1.0

-0.1 Intensity

16 17 18 16 17 18
k (A

FIG. 2 (color online). ARPES data from monolayer graphene
taken with HP, VP, LCP, and RCP using 30 eV photons. The
Dirac point is at —0.45 eV. (a) Constant energy maps at
—0.05 eV. (b) Constant energy maps at —0.9 eV. The right
panels show the intensity of each semicircular arc as a function
of #. Each intensity curve has been normalized to unity maxi-
mum intensity.
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where R is a lattice vector, ¢ is the carbon p, orbital, a is
the C-C bond length, and the summation is over all lattice
vectors. The + and — signs correspond to the 7* and 7
bands, respectively. The phase factors associated with the
two sublattices, /2, determine the chiral properties of
the electronic states and give rise to a Berry’s phase of 7
upon incrementing the azimuthal angle 6 by 27r.

The allowed final state of photoemission ‘I"; near the K
point must be of even parity with respect to reflection about
the xz plane. A straightforward calculation yields the
photoemission intensities for the 7 and 7 bands [20]:
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where £, and £, are the dipole transition matrix elements
for the carbon p'Z orbital excited by the x and y components
of the vector potential, A, and A, respectively. With
A, =0 for HP and A, = 0 for VP, the first and second
terms on the right-hand side of Eq. (3) yield the patterns
excited by HP and VP, respectively. The results, propor-
tional to 1 = cos(@), are in good agreement with experi-
ment [13]. However, the results are independent of the sign
of . A transformation § — —#@ reverses the phases of the
chiral electronic states [Eq. (2)], but leaves the intensity
patterns invariant. Thus, measurements based on HP and
VP alone are insufficient to fully determine the chiral phase
relationships.

This indetermination can be resolved by using circularly
or elliptically polarized light, for which the third term on
the right-hand side of Eq. (3) comes into play. This term
contains a factor of sin(6), an odd function of @; thus, these
measurements should uniquely specify the sense of 6. At
30eV, &, = &, as will be shown below. With A, being real
and A, being imaginary for elliptical polarization, the
photoemission intensity is reduced to

1o 2] PA2[1 = cos(6 + 2x)], 4)

where Aj = |A > +|A,|* and y = arg(A, + A)) is the
phase angle of the light polarization. Equation (4) shows
that the intensity patterns have the same cosine forms as
the case of linear polarization except for an angular offset
of 2y, or twice the phase angle of the elliptical polariza-
tion. A nonzero offset removes the sign ambiguity of 8; and
the patterns become asymmetric with respect to the trans-
formation § — —@. With y = —#/4, 0, 7/4 and 7/2 for
LCP, HP, RCP, and VP, respectively, the patterns should
rotate clockwise in 90° steps following this sequence,
which is indeed observed experimentally (Fig. 2). The third
term in Eq. (3), resulting from interference between the
dipole transitions excited by A, and A, uniquely deter-
mines the direction of rotation.

The chirality of bilayer graphene is another interesting
test case. The Dirac cone is split into two pieces. For the
main cone at the Dirac point, the phase factors e*?/2 in
Eq. (2) are replaced by e=¢. Thus, the isospin rotates twice
as fast as the monolayer case [7]. As a result, the intensity
patterns become ‘“‘compressed” by a factor of 2 as a
function of #. The single intensity maximum for the mono-
layer case for each polarization configuration becomes two
intensity maxima separated by 180°. The angular offset for
the different polarization configurations should become
one half of the monolayer case, or 45°. Specifically, the
two intensity maxima should be located at 6,,,, = +y,
*x + 7, with the — and + signs corresponding to the

7" and 7 bands, respectively. This is indeed seen in
the experiment [Fig. 3(a)]. Because of the splitting of the
Dirac cones, the photoemission intensity described by
Eq. (4) should additionally be modified to include this
effect [20]. This explains the other details of the data and
why the intensity maximum at 6 = 7 for HP appears
missing [14,21]. Figure 3(b) shows the calculated intensity
patterns, which agree well with the experiment. The char-
acteristic 45° rotations of the intensity patterns between
linear and circular polarizations, as well as the angular
positions of the intensity maxima, are direct consequences
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FIG. 3 (color online). ARPES data from bilayer graphene
taken with HP, VP, LCP, and RCP using 30 eV photons. The
Dirac point is at —0.3 eV. (a) Constant energy maps at
—0.05 eV. (b) Calculated results with a Gaussian broadening
of o =0.015 A~" in k space.
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of the electronic chirality and a Berry’s phase of 27 in
bilayer graphene (vs. 77 in monolayer graphene).

The interference term in Eq. (3) depends on the phase
difference between ¢, and §,. Let

AeB = &/, 5)

where A and S are the amplitude ratio and phase differ-
ence, respectively, which can both depend on the photon
energy because of variations in the final state. The ampli-
tude ratio A can be extracted from the intensity ratio
(=A%) between VP and HP at § = +7/2 [Fig. 4(a)].
The phase difference B can be extracted from the measured
dichroism coefficient D [Fig. 4(b)] via

B = cos1<D(127—;)\2)). (6)

The deduced S [Fig. 4(c)] is close to zero for photon
energies above 30 eV, but increases at lower photon
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FIG. 4 (color online). Deduction of the phase difference 8 for
monolayer graphene. (a) The photoemission intensity ratio
(=A%) between VP and HP at =0.4 eV relative to the Dirac
point as a function of photon energy. The ‘““error bars™ indicate
the differences between results for the 77* and 7 bands. (b) The
corresponding dichroism coefficient, D, obtained similarly.
(c) The deduced phase difference () between transition matrix
elements from HP and VP.

energies, where final-state band structure effects become
significant [20,22]. Our results show that £, = £, is well
satisfied at 30 eV, which leads to very simple pattern
rotations seen in Figs. 2 and 3. At high photon energies,
band structure effects for the photoemission final states
diminish, and we expect A — 0 and B8 — 0 based on
symmetry considerations [20]. However, an additional
contribution from surface photoemission can come into
play at very high photon energies [20,23-25], and the
analysis can become more involved.

Our study thus shows that polarization-dependent
ARPES can be a powerful tool for probing the phases of
electronic wave functions in solids. While circular dichroic
effects are well known in gas phase ARPES [26-28], much
less has been studied for solid-state systems because of
complications including electron correlation [29,30]. The
Dirac Fermions in graphene systems are of special interest
because of their chirality and nontrivial Berry’s phases,
which can be conveniently probed by elliptically polarized
light with a built-in rotation of the vector field. Interference
of the dipole transitions gives rise to the observed pattern
rotations governed by the ellipticity of the incident light.
This understanding and the methodology presented here
should be useful for exploring other systems and problems
including topological insulators, spin splittings and
magnetic ordering. In particular, the surface states on
topological insulators should have a nontrivial Berry’s
phase, and a recent photoemission study indeed revealed
interesting circular dichroic effects [31,32]. Further analy-
sis of the topological states based on the present method is
underway.
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