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Change in the electronic states of graphite overlayers depending on thickness
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Electronic states of graphite overlayers formed on the TaC(111) surface have been investigated with
the use of scanning tunneling microscopy and photoelectron spectroscopy. The graphite film grows on
the substrate layer by layer. The thickness of the overlayer has been adjusted precisely to be either one
or two monolayers. The physical properties of the monolayer graphite film are modified by chemical
bonding at the interface. This interfacial bonding becomes weak upon the formation of the second layer
of graphite, which makes the properties of the double-layer graphite film similar to those of bulk graph-

1te.

I. INTRODUCTION

Since the discovery of fullerenes, various kinds of car-
bon allotropes have been studied extensively.' ~® Particu-
larly, the combination of the carbon allotropes with other
systems has received large attention because it brings
many interesting properties such as the high T, in alkali-
Cq- Among these allotropes, graphite is the most popu-
lar in both science and technology, and has a long history
to be investigated. In relation to graphite intercalation
compounds (GIC’s), the interaction between the graphite
basal plane and either molecules or atoms were widely
clarified by many researchers.’ ! However, little is
known about the interaction between the graphite basal
plane and a solid surface, especially the electronic struc-
ture at the interface.

Although the formation of monolayer graphite (MG)
has so far been studied on various substrates in connec-
tion with catalysis, !>~ this overlayer has long been con-
sidered to have almost identical properties to those of the
graphite crystal because of its typical planar character.
On the contrary, recent results studied by high-resolution
electron-energy-loss spectroscopy have revealed a clear
difference in the phonon dispersion between the MG and

bulk graphite.2! "2 The phonon dispersion of the MG
changes largely depending on the substrate; on chemical-
ly reactive substrates such as metal-terminated (111) sur-
faces of transition-metal carbides (TMC’s), the MG
shows large weakening of the inplane C-C bonding in
comparison with the bulk graphite, while it shows
strengthening of interplane bonding between the basal
plane and the substrate. In contrast to the case of the
reactive surfaces, such changes in the bonding of the MG
have not been observed on relatively inert surfaces such
as Pt(111) and the (100) surface of the TMC’s. These re-
sults have indicated that the knowledge of the electronic
structure at the interface is necessary for understanding
the character of the graphite overlayer formed on solid
surfaces.
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In this experiment, we have explored the electronic
properties of the graphite overlayer formed on a
TaC(111) surface by using scanning tunneling microscopy
(STM) and photoelectron spectroscopy (PES). The STM
observation has confirmed that the film grows on the sub-
strate layer by layer. Drastic changes in the electronic
structure at the interface have been found depending on
the thickness of the overlayer. The results provide in-
sight into understanding the physical properties of the
carbon-allotrope compounds.

II. EXPERIMENTAL

The experiments were done in two separate vacuum
chambers. One of the chambers was equipped with a gas
inlet and facilities for low-energy electron diffraction
(LEED), Auger electron spectroscopy (AES), and STM
(Omicron UHV-STM). The other chamber for PES mea-
surements was equipped with a LEED optics, a hemi-
spherical energy analyzer, an ultraviolet discharge lamp,
an x-ray source, and a gas introduction system. The un-
polarized Hel (hv=21.2 eV) and He1Il (40.8 eV) reso-
nance lines were used for angle-resolved ultraviolet pho-
toelectron spectroscopy (ARUPS) and the characteristic
x rays of Mg Ka (1253.6 eV) were used for x-ray photo-
electron spectroscopy (XPS). For the UPS and XPS mea-
surements, the analyzer was set to have the resolution of
0.2 and 0.5 eV, respectively. Since the linewidth of the x
rays is 0.7 eV, the overall energy resolution for the XPS
measurements was about 0.9 eV. The base pressure in
both the vacuum chamber was less than 2X107% Pa. In
this experiment, we have used a TaC(111) surface as the
substrate. One face of the specimen was mechanically
polished to a mirror finish, and was finally cleaned in the
ultra-high vacuum by flash heatings up to 1500°C. After
several heatings, the LEED pattern of the clean surface
showed sharp diffraction spots in a low background, cor-
responding to a 1X1 atomic structure. No impurities
such as oxygen or contaminated carbon were detected in
both the XPS and AES spectra.
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III. RESULTS AND DISCUSSION
A. Layer growth of graphite

The graphite layer was grown epitaxially by dissocia-
tion of ethylene gas on the substrate at high temperature.
During the formation of the first monolayer of graphite,
the substrate was heated at 1300 °C to make the overlayer
with good crystalline quality, whereas the sample temper-
ature was lowered to 1000°C for the second- and third-
layer formation in order to keep the carbon atoms depos-
ited on the surface. Upon the formation of the graphite
layer, an additional C 1s peak appears in a XPS spectrum
at the binding energy of ~285 eV (as discussed later in
Fig. 8), indicating the existence of graphitic carbon. The
angular dependence of the peak intensity indicates that
this new peak originates from the carbon atoms in the
overlayer; the intensity ratio of the new peak to the sub-
strate one increases with increasing the emission angle.
Figure 1 shows a change in the intensity ratio of the C 1s
XPS peak for the overlayer to that for the substrate as a
function of ethylene exposure. For the first monolayer
formation, an exposure of a few hundred langmuir (1
L=1X10"° Torr sec) was required. In comparison with
the first-monolayer formation, an extremely large expo-
sure of ~8X10° L was necessary for the second-layer
growth, and the growth rate of the third layer was much
slower than that of the second one as shown in Fig. 1.
This fact indicates that surface reactivity for ethylene dis-
sociation is reduced at each stage of the formation of the
graphite overlayer. Because of the large difference in the
growth rate, the thickness of the overlayer could be pre-
cisely controlled by adjusting the exposure.

Figure 2 shows a schematic picture of an observed
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FIG. 1. The XPS intensity ratio of the graphite overlayer as
a function of ethylene exposure. The vertical axis represents the
intensity ratio of the C 1s peak for the overlayer to that for the
substrate, TaC(111).
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FIG. 2. Traced LEED pattern of the MG/TaC(111). The
primary energy was 115 eV. s; and s, denote reciprocal unit
vectors of the substrate. g;, g, and h;, h, are reciprocal unit
vectors of the major and minor domain of the overlayer, respec-
tively. Small dots represent satellite spots due to multiple
diffraction.

LEED pattern for MG/TaC(111). In Fig. 2, open (dou-
ble) circles indicate diffraction spots due to the overlayer
(substrate). On the TaC(111) surface, the graphite over-
layer has a two-domain structure. One of them has the
reciprocal unit vectors g; parallel to those of the sub-
strate (s;), and the other has the reciprocal vectors (h;)
rotated from g; by 30°. The former domain is dominant
in comparison with the latter one. Any other spots
shown by small dots come from the multiple diffraction;
they are located at the positions where the wave vector
parallel to the surface q satisfies the following formula:
q,=(l,8,+1,8,)+(m,8,+mys,). Here, I, I, m,, and
m, are integers.

After the formation of the second monolayer of graph-
ite, the substrate spots became much weaker and only
one domain with g; was prominent. The lattice constant
of the overlayer estimated from the LEED pattern has
decreased from 2.4940.01 A for the MG to 2.4740.01 A
for the double-layer graphlte (DG), which is close to the
bulk value, 2.46 A. As is discussed later, this change is
related to the weakening of chemical bonding at the in-
terface.

Figure 3 shows the STM image for the TaC(111) sur-
face exposed to the ethylene gas at about 1X 10* L at the
sample temperature of 1000°C. The image of the empty
states was taken at the bias voltage of 2.4 V and the tun-
neling current of 0.08 nA. The dark area in the lower
right of Fig. 3 represents the lower terrace. The surface
is covered with the MG almost entirely except the area in
the vicinity of the step edge, where the second graphite
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FIG. 3. The STM image of the graphite-covered TaC(111)
surface taken at the bias voltage of 2.4 V and the tunneling
current of 0.08 nA. The dark area in the lower right represents
the lower terrace.

layer is observed. This might be a consequence of the
fact that the step edge is more reactive for ethylene disso-
ciation than the center of the terrace. The STM image of
the MG-covered surface shows the moirélike pattern,
which is formed by overlapping the two periodicities; one
is for the overlayer and the other is for the substrate.
This fact suggests that the electronic structure of the MG
is modulated by the interaction with the substrate. A
similar moirélike pattern has been also observed for other
graphite-covered surfaces such as TiC(111) and
Pt(111).24?° In contrast to this, the STM image for the
DG shows only one kind of corrugation with the periodi-
city of 2.5 A, corresponding to the lattice constant of
graphite. This fact indicates that the modulation of the
electronic structure in the DG is much smaller than that
in the MG.

B. Valence-band structure

Figures 4(a) and 4(b) show typical ARUPS spectra of
the MG/TaC(111) obtained for the TK direction of the
two-dimensional Brillouin zone (i.e., parallel to g;+g,)
excited by Hel and Hell resonance lines, respectively.
The emission angle referred to the surface normal is
denoted for each spectrum. In Fig. 4(a), we observed al-
most dispersionless peaks located at the binding energy of
~5 eV. Since these peaks have been also observed for
the clean TaC(111) surface, they are ascribed to the emis-
sion from the substrate. With the use of Hell, such
dispersionless peaks became small owing to the shorter
mean-free path of the photoelectrons.

In Figs. 4(a) and 4(b), several peaks exhibit large energy
dispersion. Since none of them have been observed for
the clean substrate, they are all related to the electronic
states either in the MG or at the interface. The series of
peaks located at 0—1 eV show a metallic feature of the
overlayer; the binding energies of these peaks cross the
Fermi level (Ef), which is a marked contrast to the sem-
imetallic character of the bulk graphite. In addition, the
m peak splits into two at ~6 eV below Ej at the emission

observed peaks in the
MG/TaC(111) versus the wave vector parallel to the sur-
face (k) obtained by using the following formula:

angle of 24° in Fig. 4(b), which indicates hybridization of
the 7 orbitals with d orbitals of the substrate.

In Fig. 5, we plotted the binding energies (Ep) of the
ARUPS spectra of the
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FIG. 4. Typical ARUPS spectra of the MG/TaC(111) excit-
ed by (a) Hel and (b) He, respectively. The polar angle of
emitted electrons is denoted for each spectrum. “SE” is an ab-
breviation for “secondary electron peak.”
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FIG. 5. Experimental band structure of the MG/TaC(111).
Open (filled) circles denote the data obtained with He1 (He11)
resonance line. The experimental dispersion of the bulk graph-
ite (Ref. 26) is also indicated by broken curves for comparison.
SE is an abbreviation for secondary electron peak.

k,=[2m(hv—¢—Eg)]"%sind , (1)

where m is the rest mass of an electron, Av the photon
energy for excitation, ¢ the work function of the MG (3.7
eV, determined in the present work), and 6 the emission
angle. Open (solid) circles represent the data obtained
with the He1 (He11) resonance line. The corresponding
energy bands of the graphite crystal are also indicated by
broken curves. 26

Because of the dispersive nature along the c axis, the
dispersion curve of the 7 band in the bulk graphite ob-
tained with a certain photon energy is different from that
measured with the other photon energy.?® For the
graphite overlayer, on the other hand, all the dispersion
curves measured with Hell have agreed perfectly with
those obtained with Hel. This is the clear experimental
evidence for the two-dimensional nature of the electronic
structure of the MG, which is also in good accordance
with the two-dimensional character of plasmons excited
in this layer reported previously. 2”28

The observed band structure of the MG in Fig. 5 is
different from the bulk one shown by the broken curves.
In the bulk, the 7 band reaches E at the K point of the
Brillouin zone and connects with the bottom of the #*
band there.? In contrast, the 7= band in the MG
possesses one energy gap at 2.6 eV below Ep at the K
point, and it has another gap at around 6 eV below E on
the 'K symmetry axis. The appearance of the two gaps
of 1.3 and 1.1 eV signifies that the 7 (or 7*) orbitals hy-
bridize with the d orbitals of the substrate. To our
knowledge, the hybridization has never been observed in
the alkali-metal GIC’s.!® In comparison with the 7 band,
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the o bands exhibit smooth curves, which are located at
almost the same energy position as the bulk graphite.
They indicate clearly that the orbital hybridization takes
place mainly between the 7 (*) orbitals of the overlayer
and the d orbitals of the substrate.

In Fig. 5, there is one branch showing a large disper-
sion in the energy region of 6—10 eV along the T'K, which
is assigned to be the secondary electron peak for the fol-
lowing reasons. (1) It was observed only with Hel. (2)
Since this branch has been also observed for the MG on
the other substrates, TiC(111) and Ni(111), it is not as-
cribed to the photoelectrons emitted from the substrate.
(3) There are no corresponding branches in the valence-
band structure of both the graphite crystal and the MG.
(4) The observed energies relative to Ej is very similar to
those of a conduction band in bulk graphite observed by
secondary electron emission spectroscopy. 30

Figures 6(a) and 6(b) show typical ARUPS spectra of
the DG/TaC(111) system measured along the TK sym-
metry axis parallel to the g, +g, direction. For the DG,
the signals from the substrate are weak in the UPS spec-
tra excited by Hel. Because of the double-domain struc-
ture of the overlayer, the ARUPS spectra are composed
of the signals from both the major and minor domains.
Therefore, as shown in Fig. 6, the 7 peak splits into two
with the increase of the emission angle. These two peaks
exhibit the energy dispersion along the TK and TM sym-
metry axes. We have assigned the two branches by the
shape of the dispersion curves expected from the bulk
one; the upward dispersion of the curve along the TK
(TM) changes to the downward one at the K(M) point,
where the wave number parallel to the surface k; is 1.68
(1.46) A~ It should be remarked that near the edge of
the Brillouin zone, the photoionization cross section of
the 7 band for the T M is much larger than that for the
TK. Although the LEED spots for the minor domain of
h; were much weaker than those for the major one of g;,
the intensity of the 7 peak from the minor domain
(denoted by T'M in Fig. 6) were comparable to that from
the major one. On the other hand, in the spectra mea-
sured in the g, direction which corresponds to the TK
direction of the minor domain, no 7 peak from the minor
domain was observed.

Figure 7 shows the bands structure of the DG. As the
thickness of the graphite overlayer increases from one to
two monolayers, the electronic structure becomes close to
the bulk one; the energy of the 7 band at the K point ap-
proaches Eg, and the band gap at the K point decreases.
However, there remains a small gap. In addition, the
dispersion curves of the ¢ bands are in perfect agreement
with the bulk ones. These results are consistent with the
observed work functions; i.e., while the work function of
the MG, 3.710.1 eV, is considerably smaller than that of
the graphite crystal (4.61+0.1 eV), the DG has the closer
value (4.21+0.1 eV). Again, there remains a small
difference between the DG and the graphite crystal.

Here, we summarize the results of the ARUPS experi-
ment.

(1) The electronic structures of the MG and DG are
different from the bulk one. The difference is much
larger in the case of the MG than that of the DG.
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(2) The modulation occurs for the 7 band in both the
MG and DG, while the discrepancy of the o bands is
much smaller.

(3) In comparison with the case of the MG, the elec-
tronic structure of the DG is much similar to the bulk
one. This tendency also appears in the work function,
surface reactivity, and the STM image.
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FIG. 6. Typical ARUPS spectra of the DG/TaC(111) excited
by (a) He1 and (b) He 11, respectively.
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FIG. 7. Experimental band structure of the DG/TaC(111).

(4) The existence of the energy gaps in the 7 branch
manifests the hybridization between the 7 (#*) orbitals
and the d orbitals of the Ta atoms. The small gap in the
DG suggests that the orbital hybridization becomes weak
with the change in the thickness from mono to double
layers.

Recently, the hybridization of the MG has been also
discussed by Kobayashi et al., who calculated the elec-
tronic states of the MG formed on a Ti-terminated
TiC(111) surface.?! The physical properties of the MG is
similar to those of the MG on the TaC(111) discussed in
this paper. Their energy band calculations are in good
agreement with our experimental dispersion curves of the
MG/TiC(111).32 On the basis of the calculations, they
have pointed out two features of the electronic states in
the MG/TiC(111). First, the electron transfer from the
substrate to the graphite layer is little; at the largest, 0.01
electrons were estimated for each C atom. This is con-
sistent with the small shift of the o bands against E ob-
served experimentally. Second, the hybridization of the
m and 7* orbitals with the d orbitals produces the co-
valent bonding and causes the energy gaps in the
branch. The covalent bonding is stronger than the van
der Waals bonding in the graphite crystal, and it weakens
the inplane C-C bonding in the graphite layer with dona-
tion of electrons from the 7 states and back donation into
the 7* states. In other words, the bond weakening is
caused by the transfer of electrons from the 7 orbitals to
the 7* (antibonding ) orbitals, of which the energies are
lowered by the interaction with the substrate. This pro-
cess is analogous to the mechanism of C-O bond weaken-
ing in CO chemisorbed on transition-metal surfaces.*
These results are in good accordance with the observed
various properties of the MG. 2832

Since the unit cell of the bulk graphite consists of two
basal planes, overlapping of the 7 orbitals in the neigh-
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boring planes leads to the splitting of the 7 band.? As
for the DG in this experiment, however, we have ob-
served only one 7 branch. There are two possible ex-
planations for this phenomenon. First, the distance be-
tween the two atomic layers is so large that the small
splitting cannot be resolved. Second, for the bulk graph-
ite, the shallower (deeper) branch of the 7 band is of the
antibonding (bonding) state, and appears as a prominent
(faint) peak in the ARUPS spectra.?® It implies different
cross sections for photoionization. In the DG, the
difference in the cross section presumably becomes large
because of the better crystalline quality than that of the
graphite crystal,®® so that the deeper branch is invisible.
The latter explanation seems to be more reasonable as
discussed later.

C. Carbon 1s core-level state

Figure 8 shows the XPS spectra in the C 1s energy re-
gions for various graphite and the clean TaC substrate.
The left side of Fig. 8 presents the original spectra for the
DG, MG, and the clean substrate, and the right side of
the figure shows the difference spectra for the graphite
overlayers and the original one for the bulk graphite. As
for the difference spectra, the substrate peak is subtracted
by adjusting the intensity of the spectrum for the clean
substrate, and, therefore, the overlayer peaks located at
~285 eV are compared straightforward to the bulk
graphite peak. Roughly speaking, the binding energies of
the overlayer peaks are very close to the bulk one, while
the substrate peak are shifted to the lower binding energy
because of the electron transfer from the Ta atoms to the
C atoms in the TaC crystal.

From the energy width of these peaks, interesting pic-
tures about the chemical bondings at the interface are de-
duced. It should be emphasized that the peak width of
the DG is smaller than that of the MG formed on the
same TaC(111) surface. Before discussing the reason for
this phenomenon, we should first interpret another
phenomenon related to it; namely, the MG on the (100)
surface has the smallest full width at half maximum
(FWHM) of 1.1 eV, whereas the largest one of 1.5 eV is
observed for the MG/TaC(111). In the MG on the
TaC(100), the electronic structure is much closer to the
bulk one in comparison with that of the MG/TaC(111);
this tendency is observed in the dispersion curve of the 7
band, the work function, the lattice constant, and the
phonon frequencies.?>?® These results indicate that the
MG is coupled with the (111) surface more strongly than
the (100) surface. Figure 9 presents schematic pictures of
chemical bonding of the overlayer with the substrate. As
shown in Fig. 9(a), the positions of the neighboring car-
bon atoms in the overlayer are not identical with each
other because of the incommensurate relation with both
the (111) and (100) surfaces. Therefore, many different
bondings due to the relatively strong hybridization pro-
duce different electron distributions around the carbon
atoms, causing the differences in the initial-state energy
(chemical shift) and the screening effects for the corehole
(relaxation shift or lifetime broadening). It is presumably
the origin of the broad peak of the MG on the (111) sur-
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FIG. 8. C 1s region of XPS spectra. The left side of the
figure shows the original XPS spectra for the DG, MG, and the
clean TaC(111) substrate. The right side of the figure shows the
difference spectra of the graphite overlayers where the C 1s
peak of the substrate is subtracted. The spectrum of the graph-
ite crystal is also indicated. The broken curve expresses a hy-
pothetical spectrum calculated by superposing the two spectra
of the graphite and MG/TaC(111).

face. The broad peak of the graphite crystal in Fig. 8 is
ascribed to the poor crystalline quality due to the defects
such as misstacking of the basal planes, corrugation, and
step, because we saw the ringlike diffraction spots with a
high background in the LEED pattern of the graphite
crystal.

Next, the peak width of the DG in Fig. 8 is discussed.
Because of the large mean free path of the x-ray photo-
electrons, the spectrum of the DG should be considered
to consist of signals not only from the second layer of
graphite but also from the first layer. In view of the fact
that the basal planes in the bulk graphite are weakly
bonded by van der Waals forces, it may well be supposed
that the formation of the second graphite layer does not
influence the interfacial bonding between the first layer
and the substrate as shown in Fig. 9(b). If this expecta-
tion was valid, the spectrum of the DG would be very
broad like the broken curve in Fig. 8; it was calculated by
superposing the spectrum of the bulk graphite to that of
the MG/TaC(111). However, the result in Fig. 8 shows
that the C 1s peak of the graphite overlayer becomes nar-
row by the second layer growth. This fact strongly sug-
gests that the formation of the second layer makes all the
carbon atoms in the two layers have the similar states.
From the above discussions together with the fact that
the lattice constant of the DG is closer to the bulk one
than that of the MG, we conclude that the bulklike van
der Waals bondings are produced between the two basal
planes in the DG, and the strength of the interfacial
bonding becomes weak as is illustrated in Fig. 9(c). In
other words, it could be inferred that the interplanar
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FIG. 9. Schematic pictures of the interfacial bondings. (a)
Incommensurate relation of the MG with the substrate intro-
duces many different chemical bondings at the interface. (b) In-
correct expectation; the interfacial bonding in the DG might be
almost identical to those in the MG because the basal planes of
the DG are weakly bonded by van der Waals force. (c) Present
conclusion; the formation of the second graphite layer reduces
the strength of the interfacial bondings.
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bonding with commensurate relation contribute to the
cohesive energy more largely than those with the incom-
mensurate relation.

In the previous paragraph, we have discussed the two
possible reasons why only one 7 branch was observed in
the DG; one is the degeneracy of the 7 bands and anoth-
er one is the difference in photoionization cross section.
At present, we have no experimental data for the inter-
planar spacing in the DG. However, the present XPS re-
sult concerning the energy width shows that the two
basal planes of the DG do interact, which results in the
reduction of the interfacial bondings. Accordingly, we
should suppose the latter explanation more feasible.

IV. CONCLUSIONS

By using STM, ARUPS, and XPS, we have investigat-
ed graphite overlayers with a thickness of one or two
monolayer(s). The graphite film grows on the TaC(111)
surface layer by layer. Owing to the hybridization of the
7 orbitals with the d orbitals of the substrate, the elec-
tronic states of the MG differ largely from those of bulk
graphite. Despite the typical planar character of graph-
ite, the orbital hybridization between the overlayer and
the substrate changes depending on the thickness of the
overlayer; the interfacial bonding becomes weak upon the
formation of the second graphite layer. Consequently,
the electronic properties of the DG are very similar to
the bulk ones although there still remains the clear
difference in the work function and the dispersion of the
7 band. We hope that the present work may provide an
impetus to advanced theoretical and experimental studies
of the interfacial bonding.
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FIG. 3. The STM image of the graphite-covered TaC(111)
surface taken at the bias voltage of 2.4 V and the tunneling
current of 0.08 nA. The dark area in the lower right represents
the lower terrace.
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FIG. 9. Schematic pictures of the interfacial bondings. (a)
Incommensurate relation of the MG with the substrate intro-
duces many different chemical bondings at the interface. (b) In-
correct expectation; the interfacial bonding in the DG might be
almost identical to those in the MG because the basal planes of
the DG are weakly bonded by van der Waals force. (c) Present
conclusion; the formation of the second graphite layer reduces
the strength of the interfacial bondings.



