PHYSICAL REVIEW B 73, 045124 (2006)

Fermi surface and edge-localized states in graphite studied by high-resolution angle-resolved
photoemission spectroscopy
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We have performed ultrahigh-resolution angle-resolved photoemission spectroscopy on graphite single crys-
tal (kish graphite). We have successfully determined the electronic band structure in the close vicinity of the
Fermi level and found an extremely small hole-like Fermi surface centered at the K(H) point. We also found
a weakly dispersive band near the Fermi level around the K(H) point, which is not predicted by the bulk band
calculation. The origin of this anomalous feature is discussed in relation to the electronic states characteristic

of the stepped surfaces.
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I. INTRODUCTION

Carbon-based nanomaterials (nanographite) such as nano-
tube and fullerene have generated a considerable interest
since they show a variety of interesting physical properties
such as superconductivity, metal-semiconductor transition,
and one-dimensional behavior known as Tomonaga-
Luttinger liquid. These anomalous properties owe strongly to
the dimensionality, size, and geometry of graphene (single-
layer graphite sheet). For example, it has been theoretically
suggested' ™ that a graphite ribbon possesses a characteristic
electronic state near the Fermi level (Ey) called the edge-
localized state. This newly created electronic state at the
edge has been intensively discussed in relation to the mag-
netic and transport properties. It has been theoretically pre-
dicted that the magnetic property of graphite ribbon strongly
depends on the structure of edge, zigzag, or armchair type,'*
and also on the stacking sequence of graphite layers.® It is
also known that adsorption of hydrogen, oxygen, and fluo-
rine atoms to graphite ribbon remarkably affects and changes
the character of edge-localized state.”® Recent STS/STM
studies reported a signature of the edge-localized state near
Er in the density of states (DOS).? For better understanding
of the origin of such anomalous properties of nanographite, it
is important to elucidate the basic electronic structure such as
the band structure and the Fermi surface (FS) of graphene
and/or graphite. Although angle-resolved photoemission
spectroscopy (ARPES) has been employed on kish graphite
(artificially grown single-crystalline graphite),'*!3 the pre-
cise electronic structure in the close vicinity of E relevant to
the anomalous properties has not been well elucidated be-
cause of the limitation of the energy and momentum resolu-
tions.

In this paper, we present ultrahigh-resolution ARPES re-
sults on high-quality kish graphite. In addition to the 7 and o
bands which are fully consistent with the bulk band calcula-
tion, we found an anomalous almost nondispersive band very
close to Ep. This band is not predicted by the bulk band
calculation and appears only in the very small momentum
region around the K(H) point in the Brillouin zone, where
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the highly dispersive 7 band produces a tiny hole pocket.
The experimental results are discussed in relation to the
edge-localized states and the dangling bond characteristic of
the surface.! 1415

II. EXPERIMENTS

Kish graphite is artificially grown single-crystalline
graphite produced during purification of iron at high
temperatures.'® The high single-crystalinity of kish graphite
used in this study was confirmed by the sharp sixfold x-ray
Laue diffraction pattern. ARPES measurements were per-
formed using a GAMMADATA-SCIENTA SES-2002 spec-
trometer with a high-flux discharge lamp and a toroidal grat-
ing monochromator at Tohoku University. We used the He I«
(hv=21.218 ¢V) and He Ila (40.814 eV) resonance lines to
excite photoelectrons. The energy and angular resolutions
were set at 4—10 meV and 0.2°, respectively. Crystals were
cleaved in situ in an ultrahigh vacuum of 2 X 107! Torr to
obtain a clean surface for measurement. The Fermi level (Ey)
of samples was referred to that of a gold film evaporated
onto the sample substrate.

III. RESULTS AND DISCUSSION

Figure 1(a) shows valence-band ARPES spectra of kish
graphite measured at 20 K along the 'KM (AHL) direction
with the He Ila resonance line. We clearly find several
highly dispersive bands. One band has the top of dispersion
at the I'(A) point at 4 eV and disperses toward the higher
binding energy on approaching the K(H) point. This band
has the bottom at about 12 eV at the K(H) point and then
disperses back toward the lower binding energy on approach-
ing the M(L) point. We also find another prominent peak
located at about 8 eV at the I'(A) point. This band rapidly
approaches Er on moving toward the K(H) point, where the
spectrum shows a clear Fermi-edge cutoff indicative of a tiny
hole pocket centered at the K(H) point. These features of the
overall valence-band structure are consistent with previous
ARPES results.!%!3 In order to see more clearly the disper-
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FIG. 1. (Color) (a) ARPES spectra of kish graphite measured at
20 K along the I'KM direction using He I« resonance line. (b) The
experimental band structure of graphite (bright areas) obtained by
plotting the second derivative of ARPES-spectral intensity as a
function of wave vector and binding energy, compared with the
modified first-principles band structure calculation (red lines) (Ref.
17).

sive feature of bands in the ARPES spectra, we have mapped
out the band structure and show the result in Fig. 1(b). The
experimental band structure was obtained by taking the sec-
ond derivative of ARPES spectra and plotting the intensity
by gradual shading as a function of wave vector and binding
energy. Bright areas correspond to the experimental bands.
Figure 1(b) also shows the first-principle band calculation of
graphite'” using the JD (Johnson and Dresselhaus) model'®
with AB stacking for two high-symmetry lines, 'KM and
AHL. It is clear from the comparison that the overall disper-
sive feature of bands shows a good agreement between the
experiment and the calculation although there are several
quantitative differences. For example, the o band due to the
C 2p bonding states is located at about 4 eV at the I'(A)
point in both the experiment and the calculation, while the
dispersive feature from the I'(A) point to the K(H) point
shows a quantitative deviation. The lower-lying branch of the
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FIG. 2. (Color) (a) The plot of ARPES-spectral intensity at Ep
as a function of two-dimensional wave vector, showing the experi-
mental Fermi surface of graphite. Bright area shows the strong in-
tensity. (b) Expansion around the K(H) point. A broken circle at the
K(H) point shows the Fermi surface estimated by extrapolating the
band dispersion below Er. An arrow indicates the cut where the
ARPES measurement shown in Fig. 3 was done.

o band is situated at slightly higher binding energy in the
experiment than in the calculation. The 7 band is located at
a slightly higher binding energy in the experiment than in the
calculation at the I'(A) point, while both perfectly coincide
with each other near E at the K(H) point in the energy scale
of Fig. 1(b).

In order to study the detailed electronic structure near Ep
relevant to the observed various anomalous properties, we
have performed ARPES measurements with higher energy
and momentum resolutions using the He I« resonance line.
Figure 2(a) shows the plot of ARPES spectral intensity at E
as a function of a two-dimensional wave vector. The spectral
weight is integrated within 10 meV with respect to Er and
the intensity is plotted by assuming the hexagonal symmetry.
The bright area corresponds to the higher intensity. Figure
2(b) shows an expansion around the K(H) point. As clearly
seen in Fig. 2, the spectral intensity at Ef is sharply peaked
at the K(H) point, demonstrating the existence of an ex-
tremely small Fermi surface at the K(H) point, consistent
with previous ARPES works.!*2! It is noted here that Nish-
imoto et al.'®?° reported that the intensity distribution of
photoelectrons near E is not even in the first and the second
Brillouin zones as well as at the different locations of high
symmetry points. In the present experiment, this intensity
asymmetry is not seen since we assume the hexagonal sym-
metry in illustrating Fig. 2. We have estimated the volume of
the observed small hole-like Fermi surface as follows. We
assumed at first that the hole pocket has an ellipsoidal shape
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FIG. 3. ARPES spectra in the close vicinity of Er measured at
the cut shown by an arrow in Fig. 2(b). Filled circles show the
energy position of peaks.

elongated along the k. (KH) axis with a circular cross section
in the k,-k, plane. The longer axis (2b) of the ellipsoid is
supposed to be a half of the unit cell along the k, axis,
namely the distance between the K and H points, 0.942 A,
as predicted from the band calculation.?> We determined the
shorter axis (2a) of the ellipsoid as 0.034+0.004 A~! by ex-
trapolating the band dispersion near the K(H) point toward
Ej with a linear function. The estimated volume (4ma®b/3)
of the hole-like Fermi surface is 5.7+0.7 X 107* A‘3, which
corresponds to the carrier number of 9.2+1.1X10'8 cm=.
This value is apparently larger than the hole carrier number
(2.0X10'®)  estimated from the Hall coefficient
measurement.”® This difference may be due to the finite en-
ergy and momentum resolution in the ARPES measurement.
We found an anomalous feature in the ARPES spectrum
near the K(H) point which is not predicted from the bulk
band calculation. Figure 3 shows ARPES spectra measured
along the cut slightly away from the hole pocket at the K(H)
point as shown in Fig. 2(b). We at first notice two prominent
structures near Ej around k,=0.0 A~'. One of them, which is
located closer to E and forms a sharp peak at about 80 meV,
shows a steep dispersion toward high binding energy with
rapid broadening of the peak width on going to k,=0.1 A",
This band is assigned as the 7 band as described above. It is
noted here that this 7 band does not cross or touch E since
the measurement was done outside of the hole pocket as
shown in Fig. 2(b). In addition to the 7 band, we find an
anomalous feature (band) at about 130 meV around k,
=0.0 A~!. In contrast to the bulk 7 band, this band shows a
peculiar energy dispersion asymmetric with respect to k,
=0.0 A~ It is almost flat at k,=0.0 to 0.05 A~! while it
shows a slight upward dispersion toward Ep at k,=0.0 to
—0.10 A~!. This asymmetric behavior might be due to the
matrix-element effect in the photoelectron exciting process
since the polarization of incident light is different between
the two cases. We have measured ARPES spectra for several
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FIG. 4. (Color) The experimental band structure near Ey around
the K(H) point obtained by plotting the ARPES-spectral intensity as
a function of binding energy and wave vector, compared with the
projection of the calculated 7r band onto the (001) plane (small
dots) (Ref. 24). The red line shows the peak position of a weakly
dispersive band near Ef indicated by filled circles on the spectra in
Fig. 3.

cuts and found that this anomalous feature appears only
around the K(H) point. This feature has not been resolved in
the previous ARPES experiments'®~131921 possibly due to
the insufficient energy and momentum resolution, and the
relatively coarse energy/momentum mesh in the ARPES
measurements.

In order to elucidate the origin of this anomalous feature
near E, we plot in Fig. 4 the ARPES spectral intensity as a
function of binding energy and wave vector, together with
the projection of the bulk 7 band onto the (001) plane.?* As
clearly seen in Fig. 4, the projection of the 7 band shows a
good agreement with the hole-like 7 band in the experiment.
The anomalous feature is observed well outside the projec-
tion of the 7 band, indicating that the dispersion along k, of
the 7 band is not responsible for the anomalous feature. The
antibonding electron-like 7 band (7" band) might be the
origin of the anomalous feature. However, as seen in Fig. 4,
the 7" band is situated well above Ej in this momentum
region and cannot explain the anomalous band below Ep.
The coupling of electrons with a certain bosonic excitation as
observed in cuprate superconductors>-2° cannot explain this
observation because the band produced by such an excitation
should follow or mimic the original hole-like dispersion of
the 7 band?’ with a considerable renormalization of the
bandwidth near E. However, the observed anomalous band
shows an electron-like character in contrast to the hole-like 7
band. The angle-integrated-type background as the origin of
the anomalous band is simply denied since such a back-
ground structure in ARPES spectrum would show no disper-
sion contrary to the small but finite energy dispersion of the
observed band. The edge-localized state predicted from the
calculation for graphite ribbons'~* may be one of plausible
explanations for the observed anomalous band. According to
the recent calculation,’ a zigzag edge of graphite ribbon pos-
sesses an almost-flat band slightly below E around the K
point in good agreement with the present observation. We
speculate that the cleaved surface of kish graphite has similar
zigzag edges at the steps. In fact, recent STS/STM studies’
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reported the existence of zigzag steps and resultant edge-
localized states on graphite surface. It has been also revealed
that the zigzag step affects the electronic structure substan-
tially away from the step since the edge-localized state is
observed on the flat surface about 35 A away from the step.’
This long-distant effect of the zigzag step may account for
the observation of the edge-localized states by ARPES which
probes the electronic structure averaged over a wide area of
the surface. Another plausible explanation for the observed
anomalous feature is the presence of dangling bonds on the
surface.'®!3 It has been theoretically suggested by Jensen and
Blase' that the character of graphite surface is dramatically
affected by the presence of dangling bonds. These dangling
bonds are associated to undercoordinated carbon atoms at
point or extended defects at the step edges. According to the
STM measurement by Hahn and Kang,' such dangling
bonds which are not passivated by adsorbates contribute to
the DOS near Ep. We speculate that dangling atoms or
dimers at armchair or zigzag edges, which are not passivated
by the adosorbates, may be formed in the present experiment
where we cleave the sample in an ultrahigh vacuum of 2
X 10~" Torr. In this case, the observed anomalous feature
near Er in the ARPES experiment may be explained by the
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dangling-bond scenario. Further theoretical and experimental
studies to elucidate the anomalous electronic structure at the
step edges in graphite are necessary.

IV. CONCLUSION

We reported ultrahigh-resolution ARPES results on kish
graphite. We have determined precisely the band structure
and the Fermi surface. In addition to the 7 and o bands
which are fully consistent with the bulk band calculation, we
found an anomalous almost flat band in the close vicinity of
Ep around the K(H) point, which is not predicted from the
bulk band calculation or explained in terms of possible in-
trinsic or extrinsic effects related to the bulk 7 band. We
have discussed the origin of this anomalous feature in rela-
tion to the electronic states characteristic of the stepped sur-
faces.
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