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Abstract. In this article, we have reviewed the recent progress of the experimental studies on
ultra-thin films of graphite and hexagonal boron nitride (h-BN) by using angle-resolved electron
spectroscopy together with other techniques. The fundamental properties of these high-quality
films are discussed on the basis of the data on dispersion relations of valence electrons, phonon
dispersion etc. The interfacial orbital mixing of theπ -state of the monolayer graphite (MG)
with the d states of the reactive substrates is the origin for the phonon softening, expansion
of the nearest-neighbour C–C distance, modification of theπ -band, low work function, and
two-dimensional plasmons with high electron density, etc. In the cases of weak mixing at the
interface between the MG and relatively inert substrates, the observed properties of the MG are
very close to the bulk ones. In contrast to the case for MG, the interfacial interaction between
the h-BN monolayer and the substrate is weak.
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1. Introduction

Graphite and hexagonal boron nitride (h-BN) are isostructural layered materials with strongly
anisotropic chemical bonds [1]. In the basal plane of graphite (h-BN), as shown in figure 1,
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carbon atoms (boron and nitrogen atoms) construct a two-dimensional (2D) honeycomb
structure with strong covalent bonds, while the basal planes interact weakly with each
other via Van der Waals bonds (with slightly ionic bonds). Therefore, graphite and h-
BN exhibit strongly anisotropic character in many physical properties such as energy band
structure, electrical conductivity, thermal conductivity, Debye temperature, phonon type,
and magnetism type [2]. The strong anisotropic character appears also in their surface
energies; the (0001) surface parallel to the basal plane has surface energy much lower than
the other surfaces have. Consequently, the basal plane is preferentially grown on various
solid surfaces. One basal plane can be supposed to be a big molecule in molecular crystals,
which is sometimes called ‘graphene’.

Figure 1. Schematic diagrams of crystal structures of graphite and h-BN.

On the other hand, the above-mentioned 2D bonds possess a high flexibility for bending
of the basal plane; the transverse acoustic (TA) mode with a polarization perpendicular
to the planes shows parabolic dispersion in a long-wavelength region [3], which is quite
different from the linear dispersion in three-dimensional (3D) crystals [4]. In other words,
the restoring force for mild bending of the basal plane is quite weak in comparison with
that of 3D materials. In fact, ‘nano-tubes’ of graphite and h-BN constructed by rolling these
basal planes were found and investigated by many authors [5, 6]. In another case, some
ultra-fine particles and solids were found to be wrapped with bending graphite films [7].

In recent years, epitaxial films of these layered materials with only a few atomic layers
have received a lot of attention, because of their peculiar characters. Thin films of graphite
realized stable field-electron emission because of the extremely inert surface [8], and h-
BN films grown on stainless steels reduced outgassing from a vacuum chamber [9] and
also became an excellent barrier against hydrogen permeation [10]. In addition, thin films
of graphite and h-BN weakly bonded to flat surfaces would be attractive in the field of
fabrication of microelectronic devices such as tunnelling devices because of the spatially
abrupt change of the electronic structure at the interface [11].

In this article, we review recent progress in experimental studies on fundamental
properties of these thin films, which are investigated by angle-resolved electron
spectroscopy, high-resolution electron energy-loss spectroscopy (HREELS) and ultraviolet
photoelectron spectroscopy (UPS) together with x-ray photoemission spectroscopy (XPS),
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low-energy electron diffraction (LEED), work-function measurement, and scanning
tunnelling microscopy (STM). In addition, we report new data concerning the atomic
structure of h-BN on a Ni(111) surface based on LEED intensity analysis.

Table 1. Formation conditions of MG on several substrates. (LEED: low-energy electron
diffraction; AES: Auger electron spectroscopy; HREELS: high-resolution electron energy-loss
spectroscopy; TDS: thermal desorption spectroscopy; SEELFS: surface electron energy-loss fine
structure.)

Conditions Experimental
Substrates Gases, temperatures, exposures techniques References

TiC(111) C2H4, 1400 K, 200 L LEED, AES, HREELS [18]
TaC(100) C2H4, 1400 K, 2000 L LEED, AES, HREELS [18]
TaC(111) C2H4, 1100–1500 K, 200 L LEED, AES, HREELS [18]
HfC(100) C2H4, 1100–1800 K, 100 000 L LEED, AES, HREELS [18,19]
HfC(111) C2H4, 1400 K, 500 L LEED, AES, HREELS [18]
WC(0001) Hydrocarbon, 1800–2000 K LEED, AES, HREELS [20]
LaB6(100) Segregation LEED [21]
Ni(100) CO, C2H4 LEED, AES, UPS [22, 23]

CO, 600 K, 90 000 L SEELFS [24]
Ni(111) C2H4 LEED, AES [25]

Segregation [26, 27]
Pt(111) C3H6, 1150 K, 13 L LEED, AES [28, 29]

C6H6 1100 K, 25 L
Segregation

Ir(100) C6H6, 1600 K, 150 L AES, TDS [30]
Ir(111) C6H6, 1600 K, 150 L AES, TDS [30]
Pd(100) Segregation LEED, AES [28]
Pd(111) Segregation LEED, AES [28]
Re(1010) C6H6, 1500–1800 K AES, TDS [31]
Ru(001) Segregation UPS [32]

2. Experimental set-up

2.1. Growth of thin epitaxial films of graphite and hexagonal boron nitride (h-BN)

In this section, we first describe growth of ultra-thin graphite films on solid surfaces—in
particular, one-atomic-layer graphite, which we call ‘monolayer graphite’ (MG)—and then
we mention the growth of h-BN films. Two techniques are known of for achieving the
formation of MG so far. The first one is a chemical-vapour-deposition (CVD) technique, in
which carbon (C) atoms are supplied from a gas phase. The first experiment was carried out
30 years ago [12, 13]: graphite multilayers grew on various substrates when the substrates
were exposed to hydrocarbon gases such as benzene, ethane, and methane, with a suitable
reaction temperature maintained. Since the surface dehydrogenation reactivity in the CVD
process decreased drastically with the growth of the MG, the growth rates were reduced by
factors of 1/10–1/100 by the MG formation, which makes it possible to precisely control
the thickness of the MG [14]. That is, the growth of a double atomic layer of graphite (DG)
required one or two orders of magnitude more exposure than the growth of MG. Table 1
shows some conditions reported for MG formation on various substrates. On reactive (111)
surfaces of Ni and transition metal carbide (TMC), the dehydrogenation occurs at relatively
low reaction temperatures as compared to the case for relatively inert surfaces such as Pt and
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TMC(100) surfaces. TMC has a rock-salt crystal structure, and hence the (100) surface is a
neutral surface composed of metal atoms and C atoms, leading to it being inert as regards
surface reactions [15]. In contrast, the TMC(111) surface is a metal-atom-terminated polar
surface, and is reactive [16].

The crystalline quality of some MG samples is considerably better than that of kish
graphite crystals, which are known to have extremely high crystallographical quality. In
comparison with those for the kish graphite crystal, for instance, the LEED spots reflected
from MG on TiC(111) were very sharp and the background intensity was quite low. The
crystalline quality tends to decrease with decreasing reactivity of the substrate, which
suggests that the quality is related to the strength of the interfacial bonds between the
MG and the substrate. Films of h-BN of the same quality were grown by means of the
CVD technique using borazine(B3N3H6) gas [17].

Lastly, we would like to make one comment regarding MG formation: the CVD
technique is not useful for all substrates. A typical exception is Si, which forms a stable
compound, SiC, by reaction with C.

Figure 2. Schematic diagrams of angle-resolved high-resolution electron energy-loss
spectroscopy and angle-resolved ultraviolet photoelectron spectroscopy. From the conservation
laws of momentum parallel to the plane, the wave vectors of either valence electrons or excited
phonons (exited plasmons) are determined.

Another technique for MG formation utilizes the phenomenon of C-atom segregation
from the substrates to the surfaces. The segregation in the Ni(111) surface was investigated
in detail by Blakelyet al [22, 25, 26], who demonstrated precise control of the number
of surface C atoms by adjusting the annealing temperatures; they found three temperature
regions that are correlated with LEED patterns. For the Ni with a C doping level of
0.39 at.%, for instance, in the high-temperature range above∼1180 K, there is a very dilute
carbon phase at the surface, probably with the bulk concentration. The annealing in the
middle temperature range brings in an epitaxial MG phase. At the lower temperatures, below
∼1050 K, bulk precipitation occurs. The sharp change from the middle to the lower region
indicates adsorption isotherms of the Fowler rather than of the Langmuir type: interactions
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within the adsorbate are important, as may be expected for a graphite structure. These
transition temperatures became lower as the doping level decreased [26]. Similarly, thin
BN films were grown on a specially prepared substrate of stainless steel, whose surface
region contains large amounts of B and N atoms [33]. In the subsequent sections, we
discuss lattice vibrations and energy band structures of valence electrons in the high-quality
films prepared by the CVD technique.

Figure 3. An STM image for MG on TaC(111). The LEED pattern of MG on TaC(111) is also
inserted (Ep = 185 eV).

2.2. Angle-resolved electron spectroscopy

Figure 2 shows schematic diagrams of the experimental geometry for the angle-resolved
electron spectroscopy, HREELS (EELS) and UPS mainly used in this experiment, which
provide useful information about energy band structures of valence electrons, and the energy
dispersion of phonons (plasmons) in the 2D system. Electron emission from well ordered
thin films excited by photons and monochromatized electrons follows the conservation laws
of energy and momentum parallel to the surface. That is, the parallel component of the
wave vector of either the valence electrons or the exited phonons (the excited plasmons) can
be obtained together with the energy. Consequently, angle-resolved spectra determine the
energy dispersion curves for either valence electrons or some excitations in the ultra-thin
film without ambiguity; these are extremely useful in helping us to understand the electronic
and lattice dynamical properties of the 2D system. The direct comparison of the observed
curves with calculated ones provides microscopic information, which we discuss in this
article.



6 C Oshima and A Nagashima

2.3. Atomic structure of monolayer graphite (MG) and monolayer h-BN

The MG films grown by the CVD technique were observed by scanning tunnelling
microscopy (STM), and LEED. Figure 3 is a typical STM image of MG on TaC(111) [34,
35], which exhibits a beautiful incommensurate arrangement; a modulated pattern with two
kinds of periodicity, with a large repeat distance∼1.5 nm and with a short repeat distance
∼0.4 nm, which are much larger than the nearest-neighbour C–C distance (0.14 nm). Hence,
the smallest bright points in the STM image do not correspond one C atom, but they are
ascribed to the electronic structure modulated with the incommensurate relation. The STM
image in figure 3 indicates a uniform large MG area except a small part at a terrace edge,
where the second layer started to grow. The LEED pattern (Ep = 185 eV) of MG on
TaC(100) is inserted in figure 3, and was in agreement with the 2D Fourier pattern of the
STM image. The detailed process of growth of the MG island was observed on Pt(111)
until completion of the MG formation by STM [36].

Figure 4. The atomic structure of MG on Ni(111) revealed by a LEED intensity analysis (side
view). The error bars for the values in the figure are±0.007 nm.

The atomic structures of MG on Ni(111) and Pt(111) were analysed by means of a
tensor LEED analysis. Figure 4 shows the result at the minimum Pendry’sR-factor of 0.23
for commensurate MG on Ni(111) [37]. Two carbon atoms in the unit cell are located either
at the on-top site or at the FCC hollow site. In figure 4, the interfacial spacing between
the MG and the substrate, 0.21 nm, is much shorter than the interplanar spacing, 0.335 nm,
in bulk graphite. The observed short spacing is in accord with the orbital mixing between
the π -state of the MG and the d states of the substrates discussed later. No rumpling
structure of the MG was detected by the LEED analysis within the experimental accuracy
of ±0.007 nm. A similar atomic structure was also found for the monolayer h-BN on
Ni(111) with a commensurate 1× 1 atomic structure [37]; the N atom of h-BN is situated
at the on-top site, and the B atom at the FCC hollow site with the interfacial spacing of
∼0.21 nm.

For incommensurate MG on Pt(111), on the other hand, the large spacing between the
MG and the Pt(111) of 0.37 nm was found by using LEED analysis, and an additional
carbidic carbon layer was supposed to be inserted at the interface [38]. In general, the MG
and the monolayer h-BN films were stable to air exposure; even after air exposure for a
few days, we obtained both the same LEED patterns and the same STM images as the
original ones observed before air exposure from heat treatments at∼1100 K in ultra-high
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vacuum [34]. The lack of reaction with air is an important property as regards applications
in electronic devices.

3. Lattice vibrations (phonons) measured by HREELS

3.1. Surface phonon dispersion of a graphite crystal

High-resolution electron energy-loss spectroscopy (HREELS) is the best experimental
technique for determination of surface phonon dispersion curves of a graphite crystal [39,
40].

Although there are the other techniques for detecting phonon signals from these films,
the observable modes are strongly restricted; only the vibrational modes at long wavelengths
can be measured by optical methods such as infrared absorption spectroscopy and second-
harmonic-generation spectroscopy, and He-atom scattering can detect only low-energy (less
than 60 meV) phonons; that is, only a small portion of the full phonon dispersion curves of
the graphite crystal can be measured [41].

Figure 5. Angle-resolved HREEL spectra obtained
from the graphite (0001) surface.

Figure 6. Observed surface phonon dispersion curves
over the entire energy region along0M of the 2D
Brillouin zone of the graphite (0001) surface.

Figure 5 shows a sequence of angle-resolved HREEL spectra measured from graphite
(0001). Because a unit cell of the basal plane has two C atoms, we can expect six vibrational
modes (three optical and three acoustical ones) for one basal plane. These six branches were
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observed in figure 5. Both the loss energies and the intensities changed on changing the
incident angle by1θ away from the specular geometry, keeping the outgoing direction fixed.
The wave vectorsq‖ were calculated from the conservation law of momentum parallel
to the surface. The plots of the loss energies againstq‖ provide the energy dispersion
curves. Figure 6 shows the observed dispersion curves along the0M symmetry axis in
the 2D Brillouin zone of graphite. The data points are indicated by filled circles. The
observed curves connect smoothly to the dispersion curves of the bulk phonons. The
electronic broadening of the elastic peak excluded the observation of the phonon branches

with h̄ω < 15 meV andq‖ 6 0.2 Å
−1

. The extrapolated energies of two high-frequency
optical branches agreed with the optical bulk values: 196.9 and 106.9 mV at the0 point.
They are ‘in-plane’ vibrational modes (LO and SH modes) and an ‘out-of-plane’ vibrational
mode (TO mode). These results indicate that the force field of the intraplanar interaction
at the topmost layer is the same as that in the bulk, which is expected from both the
slab calculation and a discussion of the structure based on a total energy calculation for
one-monolayer graphite crystal; this property originates from the 2D character of the high-
frequency (>15 meV) phonons, the vibrational amplitudes of which are strongly localized at
each basal plane. For the low-lying phonons, it is theoretically expected that the dispersion
curves should agree with the bottom of the bulk phonon continuum. Figure 6 proves that the
HREELS experiment can determine the full surface phonon dispersion curves of graphite
(0001) over the entire energy region and the entire Brillouin zone.

3.2. Phonon dispersion of MG and monolayer h-BN

Full phonon dispersion curves of the MG on several surfaces were also measured by means
of HREELS [18-20, 42–44]. Two typical dispersion curves are depicted in figure 7. The
right-hand and left-hand figures represent the dispersion curves of MG on TaC(111) and
MG on TaC(100), respectively. Both the LO and TO branches of the MG on TaC(111)
shifted to lower values compared with those of the bulk graphite, and, simultaneously, the
lattice constant of the MG on the TaC(111), 0.249± 0.001 nm, become rather larger than
the bulk one, 0.246 nm, which means that the nearest-neighbour C–C bonds weakened. In
contrast, all of the observed dispersion curves of the MG on TaC(100) are very close to the
bulk ones, and the lattice constant, 0.247± 0.001 nm, is very close to the bulk one.

The lattice dynamical calculations of slab crystals based on a force constant (FC) model
successfully reproduced the observed curves by adjusting six FCs correlated with either
two-body or three-body interactions [42–44]. The calculated results are shown as solid
curves in figure 7. In the calculation, we use two stretching FCs related to the nearest and
second-nearest C–C bonds and three FCs related to intralayer three-body interaction, and one
stretching FC related to the interface bond to fit the experimental curves. Figure 8 represents
two typical FCs of the MG selected from the six FCs used for various substrates: one FC
(α) relates to a stretching motion of the nearest-neighbour C–C bond, and another FC (γ )
is correlated with a restoring force for the out-of-plane motion of the C atom accompanied
with a bond-angle change. Ratios of the surface FCs to the bulk ones are plotted against
the various substrates as percentages in figure 8. The result in figure 8 clearly shows two
MG groups, which we call ‘soft MG’ and ‘normal MG’: for the samples of soft MG on
the (111) surfaces of TaC, HfC, NbC, ZrC, and TiC, theγ -value decreased to about half
of the bulk one; this results from the softening of phonons of longitudinal optical (LO) and
transverse optical (TO) modes in the right-hand dispersion curves in figure 7. On the other
hand, theγ -value did not change so much for the samples of normal MG on the (100)
surfaces of the transition metal carbides (TMCs) and on the WC(0001) surface in figure 8.



Ultra-thin epitaxial films on solid surfaces 9

Figure 7. Phonon dispersion curves of MG on a TaC(100) surface and MG on a TaC(111)
surface. The solid curves are the calculated ones based on a force constant model.

The soft MG grows on the reactive surfaces.
Another important point is as follows: the two FCs related to the intralayer two-body

interactions includingα are almost constant for all the MG samples, independently of the
substrate, while the three FCs related to the three-body interactions includingγ showed a
substantial dependence on the type of substrate. These phenomena are strongly correlated
with the change in electronic states discussed in the next section.

The observed phonon dispersion of monolayer h-BN on Ni(111) is shown in figure 9
[45]. For comparison, we have depicted the bulk vibrational energies using arrows in
figure 9 [46]. The observed energies of LO and TO phonons are somewhat lower than
those in bulk crystal, while the vibrational energy of the SH mode with the polarization
parallel to the plane agrees with the bulk one. Here, it should be noted that the LO mode is
degenerate with the SH mode at the0 point. In the ionic insulators, in general, these modes
should be split by the longitudinal depolarization fields of the LO phonon [47]. As shown
by arrows in figure 9, such a split does in fact occur in bulk h-BN. On the other hand, the
degeneracy is well known as a characteristic feature of metallic compounds such as TiC,
NbC, TaC, and NbN [4], where the conduction electrons in crystals shield the depolarization
fields. Consequently, these facts together with figure 9 suggest that the dynamic response of
conduction electrons at the Ni surface is the origin of the disappearance of the depolarization
fields inside monolayer h-BN. At the same time, the coincidence of the SH energy of the
monolayer BN with the bulk one strongly suggests that the intraplanar force fields in the
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Figure 8. Two force constants (α and γ ) selected from six values used to fit the observed
dispersion curves of the samples of MG on several substrates. The vertical axis represents the
ratios of the force constants of the MG to those of the bulk (in %).

monolayer BN are very close to the bulk one, which is consistent with the electronic band
structure of monolayer h-BN discussed in the next section.

4. Electronic structures measured by ARUPS

4.1. Energy bands of MG and double-layer graphite (DG)

As we mentioned above, the samples of soft MG showed the weakening of the intralayer
stretching FCs related to the three-body interactions. It is not only the MG but also the
alkali metal graphite intercalation compound and alkali-doped C60 that show C–C bond
weakening through phonon softening and the change in lattice constant. In the latter two
systems, the bond weakening is caused by the electron transfer from the intercalants to the
carbon allotrope [47]; the electrons from the alkali metal atoms occupy the empty, anti-
bonding states of graphite and C60. In contrast to the case of these systems, it is clarified
in this section that the physical properties of MG are changed not mainly by the electron
transfer from the metal substrate to the graphite layer but by the orbital mixing of the
π -states with the d states of the substrate [14, 48–50].

From ARUPS measurements such as those shown in figure 2, the energy dispersion
relations of valence electrons in the epitaxial films were determined. Figure 10 shows
the results for two typical samples of MG. Open (filled) symbols are data points for soft



Ultra-thin epitaxial films on solid surfaces 11

Figure 9. Phonon dispersion curves of the monolayer h-BN on Ni(111).

(normal) MG [14, 50]. In figure 10, the experimental band structure of bulk graphite is also
indicated by broken curves for comparison [51]. While the normal MG on the inert (100)
surface has an electronic structure similar to that of the bulk graphite, the soft MG on the
reactive (111) surface has a different one, of which the characteristics are summarized as
follows.

(1) Theπ -band of the soft MG lies in the binding energy being much deeper than that
of the bulk. This is a common feature of soft MG formed on reactive surfaces including
TiC(111) and Ni(111) as shown in table 2 [49].

(2) In the bulk graphite, theπ -band reaches the Fermi level(EF ) at the K point of the
Brillouin zone and connects with the unoccupiedπ∗-band there [52]. In contrast, the soft
MG on TaC(111) has a band gap of 1.3 eV at the K point between theπ∗-like conductive
band and theπ -band, as shown in figure 10.

(3) In contrast to the drastic change of theπ -band, theσ -bands agree well with those
of the bulk graphite, which is also common for both the soft MG and the normal MG.

(4) As shown in figure 11, a small energy shift of the C 1s XPS peak of MG from
the peak of the bulk graphite rules out the possibility of substantial electron transfer from
the substrate to the graphite layer. These results clearly indicate that the rigid-band model
accompanied with electron transfer is not appropriate for the electronic structure of the MG.
Instead, taking into account the fact that the (111) surfaces of the TMCs are terminated
with metal atoms [16, 53], it is concluded that the band structure of soft MG on a reactive
surface is caused by mixing of theπ -states with the d states of the substrate.

The formation of the chemical bond at the interface also leads to the weakening of
the in-plane C–C bond in the following way. The mixing of the occupiedπ -states with
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Figure 10. Band structures of soft MG on TiC(100) and normal MG on TaC(111). The dotted
lines represent the bulk bands. Squares and circles represent the data points obtained with He I
(hν = 21.2 eV) and He II (hν = 40.8 eV) resonance lines, respectively.

the unoccupied substrate states reduces the occupation in theπ -states. Meanwhile, the
occupation of the unoccupied, anti-bondingπ∗-states increases due to the mixing with the
occupied substrate states, which results in the weakening of the bond in the graphite layer. In
other words, the bond weakening is caused by the electron redistribution from the bonding
π -states to the anti-bondingπ∗-states, whose energies are lowered by the mixing with
the substrate state. This process is analogous to the mechanism of C–O bond weakening
in CO chemisorbed on transition metal surfaces [55]. The observed orbital mixing was
confirmed theoretically for soft MG on TiC(111) and on Ni(111) fromab initio energy band
calculations [56, 57].

The electron redistribution within the graphite layer also strongly influences the change
in the work function. In table 2, we tabulate the observed values (in eV) of the work
function of the clean and MG-covered surfaces of several substrates, together with the
experimental binding energies of theπ -band at the0 point. The substrates cited, Pt(111),
TaC(100), and TiC(100), have relatively inert clean surfaces, on which the MG has shown
no substantial C–C bond weakening in the phonon dispersion [42–44], and theπ -band has
a binding energy rather close to the corresponding value for bulk graphite. As shown in
table 2, upon the formation of the MG, the work functions of these inert surfaces become
almost the same, being close to the work functions of graphite crystal (4.6 eV), although the
work functions of the clean surfaces are quite different from each other, ranging from 4.1 to
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Figure 11. XP spectra of the C 1s peak for various graphite layers.

Table 2. The observed values (in eV) of the binding energy of theπ -band at the0 point and of
the work function of the clean and MG-covered surfaces of the substrates. The corresponding
values for bulk graphite are also indicated for comparison. An asterisk indicates a substrate on
which soft MG is grown.

Work function (eV)Binding energy (eV)
Substrate ofπ -band at0 Clean Graphite covered

TaC(111)∗ 9.9 4.7 3.7
8.4a 4.2a

TiC(111)∗ 9.6 4.7 4.2
Ni(111)∗ 10.3 5.3 3.9
Pd(111) 8.9 5.3 4.3
Pt(111) 8.2 5.8 4.8
TaC(100) 9.0 4.1 4.5
TiC(100) 8.8 4.1 4.5
Graphite 8.1 4.6

a For double-layer graphite.

5.8 eV. These results suggest that in the outermost layers of these systems (i.e. the graphite
layers) the charge distribution is similar to that in the graphite crystal, and the work function
of the graphite-covered surface is determined mainly by the electronic states in the graphite
layer. On the reactive surface, on the other hand, the work function of the MG is fairly
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low compared to that of the graphite crystal. Since, in the graphite overlayer, the charge
distribution on the interface side should be different from that on the vacuum side due to
the chemical bonding at the interface, the observed low work function could be explained
as follows: because of the asymmetric charge distribution in the graphite layer, an electric
dipole perpendicular to the surface is generated, which reduces the work function.

Figure 12. A schematic diagram representing the interaction between the graphite layer and the
substrate.

Since graphite is a highly anisotropic material, it may well be supposed that the
formation of a second monolayer of graphite would not strongly affect the chemical bonds at
the interface between the first monolayer of graphite and the metal substrate; this assumption
is, indeed, correct for the graphite overlayer/metal incommensurate system. Figure 11 shows
the XP spectra in the C 1s energy region for various graphite overlayers and bulk graphite.
In figure 11, as for the spectra of graphite overlayers on TaC substrates, the C 1s peak
of the substrate located at∼283 eV has been subtracted by using the spectra of the clean
substrates and, therefore, the overlayer peaks at∼285 eV are compared straightforwardly
to the peaks of bulk graphite and of MG on Pt(111). It should be emphasized that the peak
width of double-layer graphite (DG) is smaller than that of the MG formed on the same
TaC(111) surface. Before discussing the reason for this phenomenon, we firstly interpret
another phenomenon related to it—namely, the fact that normal MG on chemically inert
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Figure 13. Band structures of monolayer h-BN on the (111) surfaces of Ni, Pd, and Pt. The
dotted lines represent the calculated results for h-BN crystal [60].

surfaces such as TaC(100) and Pt(111) has the smallest values (1.0–1.1 eV) of the full
width at half-maximum (FWHM) while the largest value, 1.5 eV, is observed for MG on
the reactive TaC(111) surface. In normal MG on inert surfaces, the electronic structure is
much closer to the bulk one in comparison with that of soft MG on TaC(111); this tendency
is observed in the dispersion curves of theπ -band, the work function, the lattice constant,
and the phonon frequencies. These results indicate that the MG is coupled with the reactive
TaC(111) surface more strongly than with the inert surfaces. Figure 12 presents schematic
diagrams of chemical bonds of the overlayer with the substrate. As shown in figure 12(a),
the positions of the neighbouring carbon atoms in the overlayer are not identical with each
other because of the incommensurate relationship with the substrate. Therefore, the many
different bonds due to the relatively strong mixing of the states produce different electron
distributions around the carbon atoms, which involves the differences in the initial-state
energy (chemical shift) and the screening effects for the core hole (relaxation shift or lifetime
broadening). This is presumably the origin of the broad peak of the MG on TaC(111). The
broad peak of the graphite crystal in figure 11 is ascribed to the poor crystallinity due to
defects such as incorrect stacking of the basal planes, corrugation, and steps, because we
saw ring-like diffraction spots with a high background in the LEED pattern of the graphite
crystal.

Next, the peak width of the DG in figure 11 is discussed. Because of the large mean
free path of the x-ray photoelectrons, the spectrum of the DG is composed of signals not
only from the second layer of the graphite but also from the first layer. If the formation of
the second graphite layer did not strongly influence the interfacial bonds between the first
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layer and the substrate as illustrated in figure 12(b), the spectrum of the DG would be very
broad, like the broken curve in figure 11; it was calculated by superposing the spectrum
of the bulk graphite on that of the MG on TaC(111). However, the result in figure 11
shows that the C 1s peak of the graphite overlayer becomes narrow by the time the of
the second-layer growth. This fact strongly suggests that the formation of the second layer
causes all of the carbon atoms in the two layers to have similar states. In addition to this, the
observed band structure of the graphite film becomes very similar to that of bulk graphite
with the increase in the thickness from one to two layers, and the lattice constant of the DG
(0.247± 0.001 nm) estimated from the LEED pattern is closer to the bulk one (0.246 nm)
than that of MG (0.249± 0.001 nm). These results demonstrate that the physical properties
of the graphite film become similar to those of the corresponding bulk with increase in the
thickness. Therefore, we conclude that the bulk-like weak interlayer bonds are produced
between the two basal planes in the DG, and the strengths of the interfacial bonds are
reduced, as is illustrated in figure 12(c). In other words, it could be inferred that the
interplanar bonds with a commensurate relationship contribute to the cohesive energy more
substantially than those with the an incommensurate relationship. This result was consistent
with the observed difference in dispersion curves between MG and DG [50].

Recently, ARUPS experiments clarified that the intercalation of the alkali metal atoms
between MG and the Ni(111) surface causes the dilation of the interlayer distance, which
makes the interfacial bonds weaken [54]. As a consequence, the band structure of the MG
becomes similar to the bulk one with increasing radius of the intercalants. This conclusion is
in good accord with the work-function change involved upon intercalation, which suggests
that the absorbed alkali metal atoms are strongly bonded to the Ni substrate but not to the
graphite layer.

4.2. Energy bands of monolayer h-BN

Figure 13 shows the dispersion relations of valence electrons of monolayer h-BN grown
on the (111) surfaces of Ni, Pd, and Pt [58, 59]. In figure 13, the valence band structures
for the BN films on these substrates agree well with each other; this is in contrast to the
case for MG discussed above. The results suggest that the interfacial bond between the
BN film and the substrate is weaker than in the case of MG on the same substrates. This
difference as regards the interfacial bond (i.e. the mixing of the states) between monolayer
h-BN and MG arises from the fact that while graphite is a semi-metal, BN is an insulator
with a band gap of∼6 eV. The absence of electronic states nearEF results in there being
no substantial mixing in the present system. As shown in figure 13, theπ -band of the h-BN
films on Ni(111) has a binding energy deeper by∼1 eV than those of films on the other two
substrates. As for the shape of the dispersion curves, however, theπ -bands on the three
substrates are quite similar to each other—this is unlike the case for MG; the deformation
of the dispersion curve depending on the substrate has not occurred. The difference in band
structure between the h-BN films on Ni(111) and those on the other substrates, therefore, lies
in the rigid energy shifts of theπ -band. In figure 13, the theoretical band structure of bulk
h-BN calculated by Catellaniet al [60] is also indicated by broken lines for comparison,
where the entire theoretical dispersion curves were shifted rigidly to fit the experimental data.
Taking into account the fact that theπ -band in bulk BN splits into two due to the interlayer
interaction between the neighbouring basal planes in a unit cell, the correspondence between
the experimental band structure for monolayer h-BN and the theoretical one for the bulk is
fairly good.
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5. Dispersion curves of 2D plasmons of MG measured by EELS

Two-dimensional (2D) plasmons, whose charge fluctuations are strongly localized at a
monolayer, have been discussed theoretically for a long time [61–65]. Near the0 point,
the 2D plasmons due to intrasurface and intersurface band transitions have the following
peculiar dispersion relations, respectively [65]:

ω2
p = 4πe2Nq/{m∗(1 + ε)} (1)

and

ω2
p = β + ηq (2)

whereN is the electron density per unit area,m∗ the effective electron mass, andε the
dielectric constant of the substrate. In equation (2),β consists of two parts; one is for
the transition energy between the occupied and unoccupied energy bands and the other for
a depolarization term. Sinceηq expresses the energy of interaction between the induced
electric dipoles, it becomes positive (negative) for polarization parallel (perpendicular) to the
surface. In contrast to the theoretical progress on the 2D plasmons, only a few experimental
data have been reported so far [66–68], because it was difficult to prepare an excellent 2D
system in which a large number of electrons are confined.

Figure 14. Dispersion relations of 2D plasmons excited in normal MG on TiC(100) and
TaC(100), and in soft MG on TiC(111).

As is manifested in figure 10, the observed electronic states of the MG-on-metal systems
are strongly localized within the graphite layer and/or at the interface; the dispersion curves
measured with He I agree perfectly with those measured with He II, indicating the absence
of energy dispersion perpendicular to the plane. Owing to the strong localization of the
electronic states, the plasmons observed in the present systems showed dispersion relations
characteristic for the 2D system.
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Similarly to the case of phonons, the dispersion curves of plasmons were determined
from angle-resolved EELS by using two conservation laws. Figure 14 shows some
experimental dispersion curves of the loss peaks in the AREEL spectra for soft MG on
TiC(111), and normal MG on TaC(100) and TiC(100). The data points on the right-hand
(left-hand) side of the0 point were obtained at scattering angles lower (higher) than the
angle corresponding to zero wave vector. All of the observed curves are very different from
those of the bulk graphite and those of the substrate. In the bulk graphite, two branches
are known. One is located above 25 eV, which is attributed as indicating the plasmon of
theπ - andσ -electrons. Another one is located in the energy region above 7.0 eV, which is
assigned as being the plasmon of theπ -electron. Theπ -plasmon disperses parabolically as
shown by the dotted curve in figure 14, which is a characteristic feature of the 3D plasmons
[69]. In figure 14, the branch (b) is very similar to branch (c) observed for soft MG on a
different substrate, which suggests that these branches are related mainly to the electronic
states in the MG but not to those of the substrates. For the following reasons, these branches
are assigned as indicating the 2D plasmons due to transitions from theπ -band to theπ∗-
band. Firstly, the peak intensity decreases as the scattering angle departs from the specular
direction, which signifies that the scattering mechanism is a long-range dipole scattering.
Secondly, near the0 point, the experimental dispersion relations of branches (b) and (c)
agree with the theoretical one expressed by equation (2). Lastly, the energies of these
branches are close to that of theπ -to-π∗ volume plasmon in the graphite crystal shown by
the dotted parabolic curve in figure 14.

Compared to AREEL spectra for normal MG on inert TMC(100), those for soft MG
on TiC(111) differ drastically owing to the chemical bonding at the interface. We observed
two large loss peaks, whose dispersion curves are plotted with filled circles. The low-
energy branch (a) is proportional toq1/2, a characteristic feature of the plasmons of 2D
conduction electrons. From the phenomenological equation for the branch (a), ¯hω = 6.0q1/2,
together with equation (1), the density of the conduction electrons is estimated to be
N = 1.3 × 1015 × (m∗/m) cm−2, which is much higher than the carrier density (electron
and holes) in bulk graphite(∼1011 cm−2). The electron density estimated on the basis of
the band structures observed via ARUPS is 7.4 × 1014 cm−2 [70], in good accord with the
observed one. Hence, it is concluded that the mixing of the states at the interface produces
new conduction bands containing 2D electrons with the high density of∼1015 cm−2, which
is the origin for the observed intrasurface band plasmon.

6. Conclusions

Recent angle-resolved electron spectroscopy revealed the phonon dispersion, electronic band
structures, and 2D plasmons of MG, DG and monolayer h-BN on solid surfaces. We
summarize some conclusions reached in this article as follows.

(1) On the basis of the observed phonon dispersion, the MG was classified into two
groups: normal MG and soft MG. The soft MG was characterized by a large reduction in
the FCs related to the intralayer three-body interactions, expansion of the nearest-neighbour
C–C distance, modification of theπ -branch, a relatively low work function, and intraband
2D plasmons with high carrier density. All of these phenomena stem from the interfacial
mixing of theπ -state and the d state of the substrate. All of the samples of soft MG were
grown on relatively reactive surfaces such as Ni and TMC(111) surfaces.

(2) On the other hand, all of the observed properties of normal MG are very close to the
bulk ones. Normal MG grows on relatively inert surfaces such as Pt(111) and TMC(100).
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(3) In contrast to theπ -band, theσ -bands of both soft MG and normal MG are almost
unchanged from the bulk ones, and, in addition, the two stretching FCs related to the two-
body interactions are also close to the bulk ones. Hence, the facts strongly suggest that the
σ -bonds between the nearest C–C interactions are correlated with the two FCs related to
the two-body interactions.

(4) As compared to that of the MG, the interfacial interaction between the monolayer
h-BN and the substrate is weak. This is because the h-BN film is an insulator with a large
band gap, resulting in no substantial mixing of theπ -state with the d state of the substrate.
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