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The graphite &, dispersion from the region with a size of several micrometers was measured via photoelectron
momentum microscopy. The w-band dispersion over an entire Brillouin zone was investigated. We found that
the degeneracy of the 7w bands was eliminated in the ALH reciprocal lattice plane and their symmetries were
reduced from Cg, to C;,. We attributed this phenomenon to the coupling of the graphite surface w band of
a single-domain threefold structure with the sixfold bulk &, dispersion which has been neglected to date. We
used this symmetry breaking to image the monoatomic step of the graphite surface. Further, the precision of
determining k. dispersion and the effect of surface resonance are discussed.
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I. INTRODUCTION

The electronic structures of solids and surfaces can
be revealed by angle-resolved photoelectron spectroscopy
(ARPES) based on the laws of energy and momentum con-
servation during photoemission. Energy tunable synchrotron
radiation assessing bulk k, dispersion information has been
applied to many materials [ 1-18]. Soft x-ray excitation has the
advantage of a large photoelectron emission cross-section of
valence-band electrons. However, the information from de-
tected photoelectrons is limited within the surface region due
to the photoelectron’s shorter mean-free-path length, A,, than
that of bulk-sensitive measurement by hard x-ray excitation
[19]. Crossover from a two- to three-dimensional electronic
structure has been discussed for several layered materials
[8-13]. Disentangling surface resonance states from the bulk
electronic structure of topological materials [14,15] and black
phosphorus [16,17] using ARPES, for instance, is a contem-
porary issue.

The surface electronic state of graphite was investigated
via scanning tunneling microscopy [20-22] and core-level
photoelectron spectroscopy [23-25]. In graphite k, dispersion
research, however, surface state contribution has not yet been
discussed to the best of our knowledge [1-7]. We revisited the
graphite k, dispersion via um-area selective ARPES [26-28].
In this study, we report the observation of threefold symmet-
ric surface states coupled with bulk &, dispersed m bands.
The finding highlights the relevance of considering surface
effects in bulk electronic state measurements. The question
we address is as follows: How accurate can we measure the k;,
dispersion?
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II. EXPERIMENTAL DETAILS

Selected graphite hexagonal crystal flakes were mounted
on a sample holder, cleaved in air, and degassed at 500°C
under ultrahigh vacuum conditions [7,29-31]. Valence-band
dispersion was measured using a photoelectron momentum
microscope (PMM) [26-28] at the linear polarization soft
x-ray beamline BL6U of the UVSOR Synchrotron Facility,
Japan [32]. The sample temperature was kept at 15 K during
the measurement.

One of the 'K directions was aligned horizontally toward
the a/k, axis. C-C bonds (I'M directions) perpendicular to the
a/k, axis were aligned vertically along the b/k; axis. The sur-
face normal direction was aligned to the axis of the analyzer
(z). The axis of the incident light was positioned at 6;, = 68°
off from the z axis. The electric vector of the incident light
was within the a-z plane. Photon energy was varied from
52.0 to 120.0 eV to observe valence-band k, dispersion in
two Brillouin zones (BZs). Using the photoemission electron
microscope lens of the PMM, the magnified sample image
by 400 times was projected onto a hemispherical analyzer
entrance aperture of 0.2 mm x 0.8 mm. Photoelectrons within
a few um in diameter on the sample surface were selected
for momentum-resolved photoelectron momentum distribu-
tion (PMD) analysis with an acceptance diameter of 4 A~
This acceptance diameter is independent of the kinetic energy
of the photoelectrons in the PMM measurement. The work
function and the pass energy of the PMM were 4.523 and
10.0 eV, respectively.

III. RESULTS AND DISCUSSION

Figures 1(a)-1(i) show a series of graphite valence-band
PMD patterns with binding energies (BEs) of 2.5 and 3.0 eV
excited by various photon energies. The hexagonal BZ of
graphite is indicated in Figs. 1(a) and 1(j). As shown in
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FIG. 1. (a)—(i) The graphite valence-band PMD patterns with
BEs of 2.5 and 3.0 eV excited by various photon energies. Hexag-
onal BZ is indicated in (a) and (j). BZs stacked in the k, direction
and photoelectron wavevectors corresponding to (a), (e), and (i) are
shown in (k).

Fig. 1(k), photoelectrons from the vicinity of the M and K
points are detected by the excitation with photon energies
of (a) 52.0, (e) 84.0, and (i) 116.0 eV, whereas photoelec-
trons from the vicinity of the L and H points are detected
by the excitation with photon energies of (c) 68.0 and (g)
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FIG. 2. The graphite 7 band dispersions along the M"TM™ and
L~AL™ directions. Two 7 bands are observed in the M~ T'M™ direc-
tion, (a) and (c), whereas they degenerate in the L~ AL" direction,
(b) and (d).

100.0 eV. An inner potential value of 17.17 eV was used
to estimate the wavenumber [7]. The M points on the +k;
and —k; sides, and their C3, symmetric equivalent points
are denoted as M and M, respectively [Fig. 1(a)]. The L
points on the +k, and —k; sides and their C3, symmetric
equivalent points are denoted as Lt and L™, respectively
[Figs. 1(c) and 1(g)].

Sixfold symmetric cross-sections of the m band on the
AsM4K4 and AgMgKg spherical surfaces were obtained for
52-eV [Fig. 1(a)] and 116-eV [Fig. 1(i)] excitations, respec-
tively. The cross-sections of the 7 band at the AsMsKs spher-
ical surface were obtained for 84-eV excitation [Fig. 1(e)].
Note that in the latter case (e), the degenerated 7 band was
split into two branches, namely, into the 7oy, and 7yign bands,
and their separate cross-sections were observed [bottom
figure in Fig. 1(e)].

The two bands, mpign and ey, are recognized at the M+
and M~ points [Figs. 2(a) and 2(c)], whereas only one band
is observed at the L™ and L~ points [Figs. 2(b) and 2(d)].
Hereinafter, instead of the exact k, value, the notation of
I' or A at the same k, as M/K or L/H is used, because
there are no bands along the I'/A axis in this BE range.
The mpign and 7oy bands at the M point were separated by
680 meV. The my;gn and 716y bands were observed in the first
and second BZs, respectively, for 52-eV excitation [Fig. 2(a)]
and visa versa for the 84-eV excitation [Fig. 2(c)]. The pho-
toelectron intensity outside the first BZ is darker than the
inside intensity. These intensity modulations are due to the
photoelectron interference from four different carbon atoms in
the unit cell, namely, the photoelectron structure factor effect
[7,33-36].
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As shown in Figs. 2(b) and 2(d), the 7 -band saddle energy
at the Lt and L™ points differed by 260 meV, yielding the
symmetry breaking of the PMD patterns. The cross-section of
the 7 band with 2.5-eV BE is triangular and surrounds
the K/H point regardless of any excitation photon energy
[Figs. 1(a)-1(i)]. With an increase in BE up to 3.0 eV, the
m band expands toward the M/L points, forming a central
hexagonal round shape. In this study, we found that for 68-
and 100-eV excitations, the symmetry is reduced from Cg, to
C3,. The above-mentioned 7 triangle features around the K/H
point at 2.5-eV BE show gaps at the L™ and L~ points for
68- and 100-eV excitations, respectively [Figs. 1(c) and 1(g)].
Further, the hexagonal round shape in the first BZ at 3.0-eV
BE touched with the second BZ band at the L™ and L™ points
for 68- and 100-eV excitations, respectively.

The axis of the detector and the incident photon direction
form a mirror-symmetry plane a-z, whereas the crystal surface
mirror plane is aligned to the b-z plane. Note that graphite
crystals with an ABAB - - - -type stacking structure are sixfold
symmetric around the z axis, whereas a surface with one type
of termination is threefold symmetric. Therefore the inversion
of symmetry at the L] and the L5 points [Figs. 1(c) and 1(g)]
is due to the surface structure of the sample. The microscope
function of the PMM has a merit of the detection area suffi-
ciently small to select only one type of graphite termination
structure on the cleavage plane.

Figure 3(a) shows the graphite 7 band k, dispersion along
the M/L axis. Intensity profiles from the six M/L axes were
added to each data point. The sinusoidal curves (dotted and
dashed lines) in Fig. 3(a) show the 7 band &, dispersion. Their
amplitudes were fixed at 680 meV, which was the energy
splitting value at the M point in Figs. 2(a) and 2(c). The
edges of the curves were fixed at the M points. The center of
the sinusoidal curves was located at 2.90-eV BE. The PMD
patterns in Fig. 1 and the band dispersions in Fig. 2 show
that the m-band k. dispersions along the M*/L* axes are
not equivalent. Therefore the graphite m-band k, dispersions
along the M /L™ and M~ /L~ axes must be plotted individu-
ally [Figs. 3(b) and 3(c), respectively]. The sinusoidal curves
with the half wavelength of Fig. 3(a) are used in Figs. 3(b) and
3(c). The gap between the two curves was set to 260 meV.

The intensity difference between the graphite m-band
k, dispersions along the M /L* and M~ /L~ is shown in
Fig. 3(d). The red or blue part corresponds to where the
intensity along the M+ /L axis is stronger or weaker than that
along the M~ /L~ axis. Notably, the maximum and minimum
intensity differences appear at points shifted by 0.3 A~! below
the M and L points, respectively, on the M/L axis but not at
the high symmetric reciprocal lattice points.

Figures 4(a)—4(d) show the graphite r-band atomic-orbital
configurations at the M and L points. There are two bands,
Tow [Figs. 4(a) and 4(b)] and mpien [Figs. 4(c) and 4(d)],
with a bonding and an antibonding interlayer atomic-orbital
configuration within a unit cell. The bulk 71,y and mpien bands
have different BEs at the M point as seen in Figs. 2(a) and 2(c)
(all bonding or antibonding), whereas they degenerate at the
L point (bonding and antibonding alternatively). The bond-
ing interaction is removed for Figs. 4(a) and 4(d), whereas
antibonding interaction is removed for Figs. 4(b) and 4(c)
by cleavage. Owing to the broken symmetry of the surface,
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FIG. 3. The graphite = band k, dispersion along the (a) M/L
axis. Owing to the broken symmetry on the surface, the degenerated
m band at the A point is split in two. The graphite = band k,
dispersions along (b) the M*/L* and (c) M~ /L~ axes and (d) their
difference.

the degenerated mw bands at the L points are split into two
branches. Then we conclude that the degeneracy at the L
points is because of the coupling of the surface state with
the bulk k. dispersed m band by this cleavage. Because the
symmetry breaking exists only in the topmost two graphite
layers, the energy splitting at the L points is attributed to
the initial surface electronic structure. The hybrid of surface
and bulk electronic states has been observed in monolayer
Ni films on Cu (001) substrates and has been deeply dis-
cussed based on the hetero-interaction of Ni 3d and Cu
sp bands [37-39]. The current case of the homo-interaction
between the graphite surface and the bulk 7 bands was fi-
nally detected using the symmetry breaking on the outermost
surface.

The k, symmetry breaking of the photoelectron intensity
along the M/L axis in Fig. 3(d) was not symmetric with
respect to the M point, unlike the photoelectron structure
factor effect which is solely determined by the atomic-orbital
configuration of the initial state [7]. The interference be-
tween photoelectrons from the surface bilayer atomic orbitals
arranged locally in threefold symmetry results in intensity
modification [30,40]. Simplified models of constructive and
destructive interferences causing the threefold symmetry are
shown in Figs. 4(e) and 4(f), respectively. This interference
depends on the kinetic energy of the photoelectrons and
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FIG. 4. The graphite m,, band atomic-orbital configurations at
the (a) M and (b) L points and the myigp, band atomic-orbital con-
figurations at the (c) M and (d) L points. Bonding interaction is
removed for (a) and (d), whereas antibonding interaction is removed
for (b) and (c) by cleavage. Degeneracy in the ALH symmetry plane
is eliminated by this cleavage. “B” denotes “bonding.” Photoelectron
interference effect from the surface bilayer atomic orbitals; (e) con-
structive and (f) destructive cases.

explains the k, symmetry breaking with respect to the M
point. Further theoretical study based on a multiple-scattering
calculation for the valence photoelectron emission is desired
to elucidate the k, intensity dependence.

The surface terminations, ABAB - -- and BABA - - -, can be
specified by using the threefold symmetry of the PMD at the
L point with 68-eV excitation. Figures 5(a) and 5(b) show
the m-band dispersion along the H4LIH4 direction at two
positions, [A] and [B], on the surface shown in Fig. 5(d). No-
tably, the BEs of the parabolic dispersion bottoms at the two
positions differ by 260 meV. As shown in Fig. 5(c), the bottom
energy changed stepwise as the position was scanned. Fig-
ure 5(d) is the microscopy-mode image around the positions
[A] and [B]. Intensity of photoelectrons from the L} point with
the 2.7-eV BE was selected and plotted. Red and blue dots
in Fig. 5(d) indicate the areas where the momentum-mode
photoelectron spectra shown in Fig. 5(c) were measured.
The boundary between the different contrast regions in
Fig. 5(d) is aligned along the HLH direction. Thus the bound-
ary is attributed to the zigzag-type graphite monoatomic
step [22].
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FIG. 5. (a) and (b) The m-band dispersion along the H,L;H,4
direction at two positions [A] and [B], respectively. Photon energy
was 68 eV. (c) Photoelectron spectra of the L point measured at the
various positions indicated by red and blue dots in (d). (d) Micro-
scopic image around the positions [A] and [B]. Photoelectrons from
the L] point and 2.7-eV BE were selected. The boundary is attributed
to a zigzag-type monoatomic step of the graphite.

The current observations provide us a hint to the ques-
tion presented earlier: How accurate can we measure the
k. dispersion? The k, resolution is often defined by the in-
verse of the photoelectron inelastic mean-free path, A,, as
Ak, > 27! [41,42]. In this case, A is less than 1 nm [30],
which corresponds to the thickness of several atomic lay-
ers. However, the observed bulk dispersion differs from the
discrete electronic states of several layers of graphene [4],
meaning that the measurement is also sensitive to the bulk
electronic states from much deeper than A,. Thus the precision
of the k. dispersion periodicity is determined by almost one
order of magnitude better than the inverse of the A,. More-
over, the k, dispersion bandwidth is affected by the coupling
with the surface electronic state, as shown in this study. The
accuracy and resolution of k, dispersion bandwidth determi-
nation are limited by A, attenuation [43], especially when
the surface resonance state couples with the bulk k,-dispersed
band.
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IV. CONCLUSION

In conclusion, the graphite &, dispersion from several um
regions was measured using the PMM. The 7 -band dispersion
across two complete BZs was investigated. We found that in
the ALH plane, the degeneracy of the 7 bands was eliminated,
and their symmetries were reduced from Cg, to C3,,. This phe-
nomenon is attributed to the coupling of the graphite surface
state of a single-domain threefold structure with the sixfold
bulk &, dispersed 7 band. We used this symmetry breaking to
image the monoatomic step of the graphite surface. Note that
surface resonance must be considered when determining the
k, dispersion, although the existing photoemission measure-
ments neglected such an effect, with few exceptions [36,44].
So far valence-band mapping measurements from large areas
have yielded an average signal acquisition from twin domains.
In this study, we have succeeded in characterizing the effect

of such a coupling in a surface geometry with broken sym-
metry using pum-area-selective valence-band mapping and
momentum-resolved photoelectron microscopy [28].
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