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a  b  s  t  r  a  c  t

An  exfoliated  Kish  graphite  sample  on  a  heavily  n-doped  Si substrate  covered  with  native  oxide  was
prepared  with  a conventional  micromechanical  cleavage  method.  From  angle-resolved  photoemission
spectra  (ARPES),  we  measured  the band  structure  of  graphite  over  photon  energies  from  28  eV  to  116  eV.
The inner  potential  V0 = 17.25  eV  is  determined  with  a period  from  the  band  dispersion  in the  KH  direction.
A  set  of  parameters  in  the tight-binding  method  and the SWMcC  model  for graphite  is extracted  from
eywords:
RPES
raphite
he tight-binding method
WMcC model

the  fitted  results.  A  comparison  of constant-energy  mapping  results  at  large  binding  energy  indicates  the
reliability  of  the  tight-binding  parameters  extracted  from  the  ARPES  results.

© 2014  Elsevier  B.V.  All  rights  reserved.
and structure

. Introduction

Graphite comprises weakly coupled layers of carbon atoms with
 honeycomb structure in two-dimensional sheets. Graphite is
 semi-metal because the charge carriers occupy small regions
long the edges of the Brillouin zone. For an understanding of the
lectronic structure of graphite, the tight-binding approach pro-
ides direct insight into the interactions between individual carbon
toms. Wallace proposed the first tight-binding model for graphite
1]; soon after, the band structure of graphite was  calculated with
erturbation methods by Slonzewski and Weiss, and McClure [2,3].
even parameters that define the interaction energy of various car-
on atoms in graphite lattices were introduced and are referred to
s the SWMcC  model [4–6]. This model described successfully the
and structure of graphite; its seven parameters were evaluated in
any experiments, such as the de Haas–van Alphen effect [7–9],

dH oscillation [10–12], infrared spectra [13–16], transport prop-
rties [17], high-field magnetoreflectance [18] and angle-resolved

hotoemission spectra [19,20]. In that SWMcC  model, the content
f the trigonal warping effect indicated by the value of �3 is insen-
itive to the shape of the Fermi surface, but in many experiments

∗ Corresponding author. Tel.: +886 35780281x6423; fax: +886 35783813.
E-mail address: makalu@nsrrc.org.tw (C.-M. Cheng).

ttp://dx.doi.org/10.1016/j.apsusc.2014.12.124
169-4332/© 2014 Elsevier B.V. All rights reserved.
the parameters of the SWMcC  model are extracted from the behav-
ior of electron and hole carriers at the Fermi surface, which creates
an uncertainty of the determined �3 value. In contrast, the trigonal
warping effect can affect strongly the shape of contours of con-
stant energy in the region of large binding energy. Angle-resolved
photoemission spectra (ARPES) provide a general tool to probe the
band structure of solids. In this work, we  recorded, at high reso-
lution, ARPES of Kish graphite on a heavily n-doped Si substrate
over an energy range 28–116 eV. The parameters of the SWMcC
model are extracted from the band mapping results. With the tight-
binding method we  simulated the constant mapping contours in
satisfactory agreement with experimental results.

2. Methods

With a conventional micromechanical cleavage method we pre-
pared exfoliated Kish graphite samples on a heavily n-doped Si
substrate covered with native oxide. Because the spot size of the
synchrotron beam can be larger than the size of exfoliated graphite,
the advantage of a heavily n-doped Si substrate is the presence of a
thin native oxide layer that insures negligible charging effects dur-

ing ARPES measurements and provides a featureless background
below 4 eV of the Fermi level. The preparation of an exfoliated
Kish sample ex situ involved annealing at 500 ◦C in a UHV environ-
ment for 12 h before ARPES measurements. The ARPES experiment

dx.doi.org/10.1016/j.apsusc.2014.12.124
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ig. 1. (a) Crystal structure of graphite; the correspondence denotes the relation b
b)  The Brillouin zone of graphite with the high symmetry points.

as performed at National Synchrotron Radiation Research Center
NSRRC) in Taiwan at beamline BL21B1. The photoemission spectra
ere collected in an UHV chamber equipped with a hemispherical

nalyzer (Scienta R4000) at 45 K and base pressure 5 × 10−11 Torr.
he total energy resolution is better than 30 meV; the angular res-
lution is 0.2◦ over the entire range of photon energy.

. Tight-binding calculations of graphite

The form of graphite comprises many coupled graphene sheets
ith Bernal or AB stacking order. A graphene sheet comprises car-

on atoms in two sets in a single layer with a honeycomb structure.
wo carbon atoms with atoms of basis A and B form a hexagonal
tructure with a periodic unit cell. A Bernal stacking order has two
oupled graphene layers with inequivalent sites A1 and B1 on the
ower sheets and A2 and B2 on the upper sheets. Fig. 1(a) displays
he crystal structure of graphite; lattice vectors are described as

�1 = a0(1/2,
√

3/2, 0), �a2 = a0(−1/2,
√

3/2, 0) and �a3 = (0,  0, 2c0)
n which a0 = 2.46 Å is the lattice parameter and c0 = 3.35 Å is the
istance between two adjacent graphene sheets. To understand
he electronic structure of graphite, the tight-binding method gives
irect insight to sketch its energy band. The tight-binding Hamil-
onian of graphite is expressed as [20,21].

(�k
)

=

⎛
⎜⎜⎜⎜⎜⎝

E0 + � + �5(� 2 − 2) �0f (�k) �1� 

�0f ∗(�k) E0 + �2(� 2 − 2) �4�f ∗ (�k
)

�1� �4�f (�k) E0 + � + �5(� 2

�4�f (�k) �3�f ∗(�k) �0f
(�k

)
n which the tight-binding hopping parameters �0, �1, �2, �3,
4, �5, � are described in Fig. 1(b); f

(�k
)

= exp(ikxa0/2
√

3) +
 exp(−ikxa0/2

√
3) cos(ky/2) for �k = (kx, ky); � = 2cos(kzc0).

he SWMcC  model provides a treatment of the electron
nergy band near the Fermi level of graphite according to
he (k · p) method based on the crystal symmetry. Parameters
� ′

0, � ′
1, � ′

2, � ′
3, � ′

4, � ′
5, �′) in the SWMcC  model can correspond

o the tight-binding hopping parameters individually [4,21].
n this work, the band structure of graphite along � KM (AHL)
irection was measured over an energy range 28–116 eV by
sing ARPES. The band dispersion of graphite around the K
oint for each incident photon energy was sketched correctly
rom the fitted results of energy distribution curves (EDCs)

nd momentum distribution curves (MDCs) in photoemission
ntensity mapping results. To find the tight-binding hopping
arameters in graphite, the inner potential V0 in ARPES results
as determined from the period of band dispersion for two �
n the interactions of individual carbon atoms and the tight-binding parameters � i .

�4�f ∗ (�k
)

�3�f (�k)

) �0f ∗(�k)

E0 + �2(� 2 − 2)

⎞
⎟⎟⎟⎟⎟⎠

bands in KHK direction. Then the band structure of graphite
sketched with the tight-binding method was compared with the
band structure determined from the ARPES results at photon
energies 49.91 eV and 84.08 eV to extract a set of tight-binding
parameters. The band dispersion at other photon energies and the
constant energy mapping results simulated with the extracted
parameters were compared with ARPES result to examine the
precision of fitted results. The parameters in this SWMcC  model
are obtained from the correspondence relation between the two
methods. Fig. 2(a) shows the band structure of graphite in plane
along � KM directions. We  used reported SWMcC  parameters [4]
E′

0 = −0.024 eV, � ′
0 = 3.16 eV, � ′

1 = 0.39 eV, � ′
2 = −0.02 eV, � ′

3 =
0.315 eV, � ′

4 = 0.044 eV, � ′
5 = 0.038 eV, � = −0.008 eV in our

calculations. The results are consistent with previous calculations
[5,20]. Fig. 2(b) is an enlarged plot of Fig. 2(a) near the K point. Two
touching points along the � KM direction are shown in Fig. 2(b): one
is located in the K� direction and another at the K point. Around
the K point, there are four touching points between the valence and
conduction bands. Three touching points are located at 0◦, 120◦

and 240◦ deviating from the K� line; a fourth point is located at the
K point. A clear trigonal warping effect is visible in the contours of
constant energy at the K point. Fig. 2(c) displays the simulated result

of band dispersion along the KH direction. The � bands are
most separated at the K point, but almost merge at the H point.
Fig. 2(d) and (e) shows the simulated constant energy contours in
plane at H (kz = 0.47 Å−1) and K (kz = 0 Å−1), respectively. Each con-
tour separated by 0.1 eV is plotted from 0.1 eV to 0.7 eV in both
pictures. A strong trigonal warping effect at the K point is vis-
ible. Because the trigonal warping effect is strongly affected by
the value of �3, a larger �3 = 0.443 eV suggested recently from
the de Haas–van Alphen effect implies that there exists a tri-
gonal warping effect stronger than that proposed by preceding
authors [9]. Fig. 2(f) shows contours of constant energy at 0.1,

0.5, 1.0 and 1.5 eV at the K point simulated with two  proposed
parameters of the SWMcC  model; the set of parameters in solid
blue lines is currently used in Fig. 2(a), and another contour set
labeled with solid red lines uses the recently reported parameters
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as �kf = �kfz + �k‖, in which wave vector kfz is derived as the normal
component of electron wave vector k⊥. In ARPES experiments, the
normal component of electron wave vector k⊥ of the initial state
ig. 2. (a) The band structure of graphite along the � KM direction; (b) enlarged b
onstant energy contours at the H point; (e) constant energy contours at the K poin

rom the de Haas–van Alphen effect [9]. The difference in con-
tant energy contours plotted with SWMcC  parameters in Fig. 2(f)
n two sets becomes larger at large binding energy, indicat-
ng that �3 can be evaluated correctly with a constant energy

apping result at large binding energies. To determine the tight-
inding parameters, the constant energy mapping images were
lotted from ARPES results to extract the tight-binding parameters
orrectly.

Because the intensity of ARPES is governed by the matrix
lement effect, we simulated this effect to plot correctly the
onstant energy mapping images and to compare with exper-
mental results. The intensity of ARPES is governed by the
roduct of a matrix element squared and a spectral function [22],

(k, Ekin) ∝
∣∣∣Mk

f,i

∣∣∣2
A(k, ω). The matrix element term Mk

f,i
is defined

y �f (�kf )|Hint|�i(�ki), in which �f (�kf ), �i(�ki) are wave functions of
he final and initial states, respectively. Assuming the interaction
erm Hint to be treated in a dipole approximation

(�A · �p
)

and the

nal state �f (�kf ) considered to be a plane wave, the matrix element

s expressed as [23]

k
f,i ∝

(�kf · �ε
)∫

d3�re−i�kf ·�r�i

(�k
)

ig. 3. Photoemission spectra in the KH direction with varied incident photon ener-
ies,  where the incident photon energies are transformed to k⊥ with chosen inner
otential 17.25 ± 0.48 eV. The fitted peak positions of inner � band with varied k⊥
alues are labeled with white circles and the red lines are the simulated results of
and  dispersion along KH direction.
ructure of (a) around the K point; (c) band dispersion along the KH direction; (d)
omparison of constant energy contours with two reported parameters.

in which �kf is the momentum of the final state inside the solid,

and �ε is the polarization unit vector. Wave vector �kf is expressed
Fig. 4. False color plot of graphite EDC vs k|| at photon energies 49.91 eV (a) and
84.08 eV (b). (c) and (d) are the first-derivative plots of (a) and (b). The solid lines
are  TB fits to data.



232 C.-M. Cheng et al. / Applied Surface Science 354 (2015) 229–234

Table 1
SWMcC  parameters (in eV) from the present and previous experimental works.

SWMcC parameters Previous graphitea Previous graphiteb Present work

� ′
0 3.16 3.15 3.12

� ′
1 0.39 0.375 0.355

� ′
2 −0.020 −0.0243 −0.020

� ′
3 0.315 0.443 0.24

� ′
4 0.044 0.07 0.12

� ′
5 0.038 0.05 0.038

�′ 0.008 −0.002 −0.008
E −0.024 −0.02505 −0.024

b
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a Ref. [4].
b Ref. [9].

ased on a free-electron model in the final state can be derived as
24]

⊥ =
√

2m

�2
(Ekin cos2 	 + V0)

n which Ekin is the kinetic energy of the photoelectron, V0 is the
nner potential and � is the angle between the emitted photoelec-
ron and the detector. Because the intensity of photoemission is
roportional to the interference term squared, a constant energy
ontour mapping image around the K point can be simulated from
he product of the matrix element squared, the spectral function

nd a geometric factor including the polarization of the inci-
ent beam and the experimental geometry. The constant energy
apping images with the matrix element effect are simulated to

ompare with experimental data.

ig. 5. (a–e) Results of constant energy mapping at the Fermi surface, −0.30, −0.75, 1.00
imulated constant energy mapping images with the Fermi surface, −0.30, 1.00 and 1.50
4. Results and discussion

Fig. 3(a) shows photoemission spectra in the KH direction
with varied incident photon energy. At photon energy 28 eV
(kz = 2.79 Å−1) the peaks of two � bands are most separated. With
increasing energy of the incident photon, the peak positions of two
� bands merge gradually together, and separate again. The peak
positions of the two  � bands exhibit an oscillatory behavior with
varied photon energy. The incident photon energy can be replaced
with the normal component of electron wave vector k⊥; a mapping
image of the photoemission spectra along the KH direction over a
wide energy range can be plotted as a function of k⊥. The oscilla-
tion period of two � bands is �/c0 in the image of photoemission
intensities. The chosen inner potential V0 is crucial and must sat-

isfy a constraint that the period of two � bands merged together is
equal to n�/c0 with integer n. The fitted peak positions of inner �
band with varied kz values labeled with white circles and the sim-
ulated curves of dispersion in the KH direction are plotted in Fig. 3.

 and 1.50 eV, respectively, of binding energy taken at photon energy 84.08 eV. (f–i)
 eV, respectively.
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ig. 6. (a–e) Results of the constant energy mapping at the Fermi surface, −0.30, −
f–i)  Simulated constant energy mapping images with the Fermi surface, −0.30, 1.0

s shown in Fig. 3, the peak position of inner � band around the H
oint in experiments is extremely sensitive even with a few change
f 0.025 Å−1 of kz value, the behavior ensures the precision of the
hosen inner potential because the variation of the inner potential
lso makes the change of kz The inner potential V0 = 17.25 ± 0.48 eV
or the present ARPES experiments is extracted with period �/c0
rom the band dispersion in the KH direction. The difference of peak
ositions for the inner � band at the K point between experimental
esult and simulation in Fig. 3 originates from a larger reported � ′

1
alue in the simulation [4].

Fig. 4(a) and (b) displays the band mapping results of photoemi-
sion intensity near the K point taken at photon energies 49.91 and
4.08 eV. The measured cut in Fig. 4(a) and (b) is along the � -K-M
irection. The sharp band-mapping results allowed us to extract
recisely the tight-binding parameters from the band dispersion of
raphite. The photoemission intensity in the K� direction in Fig. 4
s strong for the momentum smaller than that at the K point, but
apidly decreases and vanishes in the KM direction for the momen-
um larger than that at the K point. Such behavior is attributed to
he interference of wave functions of two � bands [23]. Fig. 4(c)
nd (d) shows the first derivative of the band-mapping results in
ig. 4(a) and (b), which are used to examine the fitted results of the
ight-binding method. The bare band dispersion is governed mainly
ith the �0, �1, �3, �4 values; the slope of the band dispersion is

overned by �0, the splitting energy of two � is mainly determined
y �1 and the electron-hole asymmetry is originated from �4, but
re insensitive to the change of the �2, �5 values. In contrast, the
hape of the Fermi surface is more sensitive to the variation of the
2, �5 values.
In the present work, we use the reported �2, �5 values [4]
nd extracted other tight-binding parameters with results fit-
ed from ARPES spectra. A comparison of present and previously
roposed values is listed in Table 1. The calculated curves with
1.00 and 1.50 eV, respectively, of binding energy taken at photon energy 49.91 eV.
1.50 eV, respectively.

extracted parameters are also overlapped on the experimental
result in Fig. 4. Only a small deviation at photon energy 49.91 eV
exists between the fitted curve and the experimental result at
binding energy 2.0 eV. Our fitted result still shows satisfactory
agreement with experimental data over a wide range of pho-
ton energy. A smaller extracted �3 = 0.24 eV from our extracted
result implies a smaller trigonal warping existing in graphite, and
is also near the value previously reported from the ARPES result
[19,20].

We examine the accuracy of the extracted tight-binding param-
eters with constant energy contour plots; �3 is especially sensitive
to the content of the trigonal warping effect in the constant energy
mapping result. The simulated constant energy mapping images
of the matrix element effect can be plotted and compared with
experimental results.

Fig. 5(a)–(e) shows the results of the constant energy mapping at
the Fermi surface, −0.30, −0.75, −1.00 and −1.50 eV, respectively,
of binding energy taken at photon energy 84.08 eV. The incident
beam has p-polarization in the dispersive plane. The fitted con-
stant energy contours are also plotted in Fig. 5(a)–(e) and agree
satisfactorily with experimental data. Fig. 5(f)–(i) displays the sim-
ulated constant energy mapping images with the Fermi surface,
−0.30, 1.00 and 1.50 eV, respectively; a line of width 200 meV and
Lorentzian shape is used in the spectral function. The simulated
results are consistent with ARPES results. Fig. 6(a)–(e) shows the
same results of the constant energy mapping at the Fermi surface,
−0.30, −0.75, −1.00 and −1.50 eV, respectively, of binding energy
taken at photon energy 49.91 eV. The experimental results in the
KM directions in Fig. 6 exhibit a small deviation from the fitted con-

stant energy contours at large binding energies, but the simulations
of constant energy mapping images in Fig. 6(f)–(i) also duplicate the
ARPES results, revealing the reliability of extracted tight-binding
parameters in the present ARPES experiments.
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. Conclusions

We  undertook high-resolution ARPES experiments on graphite
amples of high quality over photon energies from 28 eV to 116 eV.
he inner potential V0 = 17.25 eV is determined with period 2�/c0
rom the band dispersion in the KH direction. Parameters in the
ight-binding method and SWMcC  model in graphite are extracted
rom the fitted results of the ARPES experiments. A comparison
f constant energy mapping results in both simulation and ARPES
xperiments at large binding energies confirms the reliability of the
xtracted tight-binding parameters.
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