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Bond softening in monolayer graphite formed on transition-metal carbide surfaces
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Full phonon-dispersion curves of the graphitic layer on some transition-metal carbides were mea-
sured by using high-resolution electron-energy-loss spectroscopy. The graphitic layer on (111) sur-
faces of TaC, HfC, and TiC showed anomalous softening within the layer, whereas the graphite lay-
er on TaC(001) is similar to bulk graphite. The measured phonon dispersion has been analyzed with
a force-constant model, and it has been revealed that the force constants for vertical angle bending
and for bond twisting are much weaker in the former case. This is ascribed to the charge transfer
into the overlayer from the substrate, resulting in the weakening of the 7 bond in graphite. The
clear contrast in variations of phonons between the graphitic layer on TaC(111) and that on
TaC(001) indicates that the microscopic structure at the interface determines the charge transfer.

I. INTRODUCTION

Graphite is one of the simplest layered materials and i
widely used in new branches of modern science and tecn-
nology. For example, in surface science, the inert surface
characteristics related to graphite’s specific electronic
structure have been utilized in its use as a standard sur-
face in scanning tunneling microscopy,? atomic-force
microscopy,3 and as a well-defined substrate in ultralow-
temperature experiments of two-dimensional inert-gas
solids.* Since a graphite layer completely bonds within
itself and has no dangling bond, the interaction is
thought to be very weak or van der Waals—like between
the layer and its surroundings, which is the adjoining lay-
er in bulk graphite, the substrate in the case of monolayer
graphite, the adsorbate in an adsorption system that uses
graphite as the substrate, and the intercalant in graphite
intercalation compounds. This property is the cause of
the remarkable behavior of graphite which includes inter-
calation, > lubrication, and so on, that has been of con-
siderable practical interest in the research fields of
material-science, vacuum, and nuclear-fusion technology.

Recently, graphitic carbon on transition-metal surfaces
has attracted wide interest, and the presence of mono-
layer graphite has been established from low-energy-
electron diffraction (LEED) and Auger-electron spectros-
copy (AES) experiments.” !* In the case of graphite on
Ni(111),’~? in which the overlayer makes an exceptional-
ly commensurate epitaxial structure, it is well established
that the stable phase is a monolayer in some temperature
range. In any other case, however, it remains controver-
sial whether the graphite overlayer is really a monolayer
or not. In the literature, LEED (Refs. 7 and 13) and
surface-enhanced electron-energy-loss fine-structure spec-
troscopy® !° (SEELFS) studies show that the distances are
fairly large between the monolayer graphite and the sub-
strate metals. Moreover, a model was proposed based on
experiments of alkali-metal adsorption on graphite-
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covered metals,'*!® in which the graphite layer is under-

stood to be raised up except at the edge region of the is-
land. Consequently, the model provides that the interac-
tion between monolayer graphite and a metal substrate is
a van der Waals interaction and the bonding nature
within the overlayer is unchanged.

On the other hand, in graphite intercalation com-
pounds (GIC’s), it is well known that the intercalant per-
turbs the electronic structure, lattice constant, and vibra-
tional frequency of the host-graphite layer.> That is, the
intercalant works as a donor or an acceptor, and gives or
receives electrons from the graphite plane without
significantly changing its electronic band structure. Such
a scheme is called a ‘“rigid-band model.” Naturally, a
similar process is expected between the monolayer graph-
ite and the substrate, but there is little available informa-
tion about the intralayer bond change of the monolayer
graphite. Only its cohesion energy was discovered to be
greater than that of the bulk graphite.’

Very recently we found anomalous softening of pho-
nons in the monolayer graphite and a relatively large in-
teraction between the overlayer and the substrate.!® We
present in this paper a detailed study of the phonon
structure in monolayer graphite investigated by electron-
energy-loss spectroscopy (EELS). The bond in the over-
layer experiences a considerable softening effect from the
substrate; this effect depends largely on the substrate
structure just below the overlayer.

II. EXPERIMENT

The apparatus used in this investigation was a high-
resolution EELS spectrometer equipped with a two-grid
LEED system, a cylindrical mirror analyzer for AES, an
ion-bombardment gun, and a gas-introduction system.
The spectrometer consisted of a double-pass electrostatic
cylindrical-deflector-type monochromator and analyzer,
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which achieved an energy resolution of 4-6 meV at a
sample current of 107! A. The optimum design of the
spectrometer was described elsewhere.!” The spectrome-
ter chamber was magnetically triply shielded with alloys
of high permeability, and was evacuated by a diffusion
pump with a liquid-nitrogen-cooled trap and a titanium-
sublimation pump. After 24 h of baking at temperatures
up to 180°C, the base pressure was less than 2X 1078 Pa.

The specimens used in this investigation as substrates
were TaC(111), TaC(001), TiC(111), TiC(001), HfC(111),
and HfC(001). They were cut from single-crystalline rods
in disk shape pieces about 8 mm in diameter and 1 mm in
thickness using the spark-erosion method. The single-
crystalline rods were each grown in our laboratory by the
zone-leveling floating-zone method.'®~2! One side of the
disks was mechanically polished to a mirror finish with
diamond paste, and ultrasonically cleaned with acetone.
One of these prepared specimens was attached to the
sample holder and was put into the vacuum. After bak-
ing, the specimen was cleaned by heating up to about
1700°C in an ultrahigh vacuum (UHV). The sample tem-
perature was measured by a two-color optical pyrometer.
This procedure made each sample so clean that LEED
showed a sharp low-background 1X1 pattern and no im-
purity was detected by AES. These transition-metal car-
bides have rock-salt structure. It has been revealed that
the clean (001) surface is a “neutral” surface, in which
metal and carbon atoms are arrayed alternately. On the
other hand, the clean (111) surface is ““polar’” and consists
of metal-atom termination. >

The graphitic overlayer was grown on this surface by
exposure to ethylene gas while keeping the sample at high
temperature. The necessary amount of the exposure de-
pends on the substrate: The monolayer graphite was
readily formed on the (111) surfaces at a relatively small
exposure of a few hundred langmuirs (1 L=1X10"¢
Torrsec). On the other hand, the (001) surfaces are less
able to form a graphitic layer. On TaC(001), the neces-
sary exposure was more than several thousand langmuirs,
and on TiC(001) and HfC(001) the graphitic layer was not
able to form at exposures up to 100000 L in the tempera-
ture range of 800—1600°C.

The EELS spectrum of the prepared graphite mono-
layer was measured along the T—M direction of the over-
layer. The detection polar angle 6, was fixed at 72° and
the incident angle 0; was varied to obtain a wave vector
parallel to the surface. The incident beam energy E, of
15-25 eV was used. The momentum transfer parallel to
the surface g is given as

2mE
q,|=1—ﬁ——1(sine,~sin9,-) : (1)
which corresponds to the surface-phonon wave number
as a result of the momentum-conservation law. In Eq.
(1), m is electron mass and # is Planck’s constant. Since
the energy loss by the phonon excitation is much smaller
than E,, the energy difference between the primary and
outgoing beams is neglected in Eq. (1). Typical measur-
ing time for one spectrum was about 10 min under specu-
lar conditions, and 1-3 h under off-specular conditions.
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As the graphite is very inert, little trace of contamination
from the residual gas was detected after a few days
elapsed in a UHV.

III. RESULTS

A. Graphite on TaC(111)

When the clean TaC(111) was exposed to 200 L of
ethylene at temperatures of 800-1200°C, the LEED pat-
tern changed from 1X1 into an incommensurate two-
domain epitaxial pattern as shown in Fig. 1, and the AES
spectrum changed from Fig. 2(a) to 2(b). The peak profile
of the C KVV Auger signal at ~272 eV changes from
“carbidic” in Fig. 2(a) to “graphitic” in 2(b).?* In Fig. 1,
c, and c, are the unit vectors of the substrate’s reciprocal
lattice, g;,8, and h,h, are each unit vectors of the two-
domain overlayers. The lattice constant a of the over-
layer is estimated at 2.531+0.02 A from the LEED pat-
terns, regarding the substrate lattice constant as 3.15 A.
This value is 3+1% larger than the bulk graphite
(a=2.46 A). The azimuthal-epitaxial relationships are
(1010)||{110) 1,c for the domain of g, and g,, and
(1120)¢||{110) 1,c for h; and h,. When the temperature
during the deposition was relatively low (~800°C), the
domain of g, and g, was predominant, although the high
background in LEED shows the lower quality of the
overlayer graphite. On the contrary, the other domain
(h, and h,) was stronger on the sample grown at higher
temperature (~1200°C). Other spots in Fig. 1 are locat-
ed at the positions of sum vectors of the substrate’s and
the overlayer’s reciprocal-lattice vectors. For example,
spot A in Fig. 1 is arrived at by adding one overlayer vec-

FIG. 1. Traced LEED pattern of the graphite-covered
TaC(111). The primary energy was 150.2 eV. The hexagon con-
nected by solid lines consists of fundamental spots of the sub-
strate, and ¢, and c, are the reciprocal unit vectors. The dashed
and dash-dotted lines indicate the two-domain overlayer graph-
ite. g,,8, and h;,h, are their unit vectors. Any other spots such
as A4, B, C, and D are satellite spots, which are caused by the
double diffraction as described in the text.
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tor (—g,) to one substrate fundamental (c,+c,). Simi-
larly B is (g,+g,)+(—c,), Cis (—g,+g,)+(2¢c,), D is
(h,)+(c;—c,), and so on. These “satellite”” spots are
probably caused by the double diffraction. However, real
structural or electronic modulation may be possible in
the overlayer graphite. Independent of the modulation,
the appearance of such satellites indicates that the over-
layer graphite is so thin that the electron with an energy
of ~150 eV can pass through it and reach the interface
without inelastic scattering. Therefore the thickness of
the overlayer should be comparable to or less than the
mean free path of the electron beam of such an energy,
which is about 10 A at most.

EELS measurement was performed on the sample
grown at 1000°C, which showed a typical two-domain
structure. The azimuth was set to the [110] of the sub-
strate. Figure 3(a) shows a specular EELS spectrum of
this sample. At this primary energy and with this sample
condition, no loss peak was observed clearly. However,
when lower primary energy was used, several loss peaks
sometimes appeared depending on the sample condition,
as shown in Fig. 3(b). Above 200 meV, no loss peak was
ever observed as long as the graphitic layer was clearly
seen in LEED. This fact indicates perfect dissociation of
C—H bonds. In the off-specular condition, fruitful loss
features appeared. Figure 4 is a series of off-specular
EELS spectra, in which five branches of loss peaks
(LA,ZA,ZO,LO,R) can be seen clearly. Figure 5 shows
the dispersion relation of these phonon modes. Each
mode is assigned as follows: (1) The branch ZA is an
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FIG. 2. AES spectra for (a) clean TaC(111) and (b) graphite-
covered TaC(111).
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FIG. 3. Specular EELS for the graphite-covered TaC(111).
(b) is a different run from (a). The primary beam energy is lower
in (b), and three loss peaks appear at 34, 77, and 185 meV.
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TaC(111). Five loss peaks (LA, ZA, ZO, LO, and R) are as-
signed in-the text. The curves are only intended to guide the
eyes.
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overlayer acousticlike mode in which the two carbon
atoms in the unit mesh vibrate in phase and perpendicu-
larly to the surface. (2) The branch ZO is a vertically vi-
brating optical mode of the overlayer. (3) The branch LA
is a longitudinal-acoustic mode of the overlayer. As this
branch changes little from the bulk graphite, we can easi-
ly identify the overlayer as graphite. (4) The branch LO
is a longitudinal-optical mode of the overlayer. (5) The
branch R is presumably a Rayleigh mode of the system
including the substrate.

As the overlayer consisted of two domains, two sets of
dispersion curves along T'-M and T-K should be simul-
taneously detected. Because the dispersion relations
along these two directions are almost the same in graph-
ite, especially in the long-wavelength region, we were not
able to discriminate these two clearly under the resolu-
tion of this experiment, even near the boundary of the
surface Brillouin zone (SBZ).

Comparing the dispersion curves with the bulk
one?®~ %8 shown in Fig. 6, some clear differences are real-
ized: At first, the dispersion of the ZA mode is smaller in
Fig. 5, and this branch has relatively high energy in the
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FIG. 5. Phonon-dispersion relations for the monolayer
graphite on TaC(111). The results of the present experiment are
indicated by dots, and lines are the result of the model calcula-
tion fitted to the data by using a least-squares method.
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long-wavelength region compared with the bulk phonon
band edge (the arrow BE in Fig. 6). This high frequency
in the long-wavelength region indicates that the recover-
ing force between the overlayer and the substrate is
stronger than the van der Waals force. Secondly, the ZO
mode is largely softened in Fig. 5. This softening and the
small dispersion in the ZA mode indicate the large reduc-
tion of bending and twisting force constants within the
overlayer. Thirdly, the branches LA and LO are also
softened slightly. These changes will be discussed in
Secs. IV and V. Finally, only four overlayer modes (ZA,
Z0, LA, and LO) can be seen in Fig. 5, whereas two addi-
tional shear horizontal (SH) modes appear in Fig. 6. As
the selection rule of EELS (Ref. 29) should forbid the SH
modes to be detected in this experimental regime, this
difference is ascribed to some peculiarity of the bulk
graphite rather than the monolayer one, although it is
not yet clear concretely what this peculiarity is. »
When this surface was heated at a temperature higher
than 1600°C, the overlayer disappeared and the clean
TaC(111) 1X1 surface was recovered easily, so that re-
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FIG. 6. Phonon dispersion for bulk graphite. Solid dots are
the results of EELS (Ref. 26) and open squares are the result of
inelastic neutron-scattering spectroscopy (Ref. 27). Lines are
phonon-dispersion curves calculated by using a monolayer-
graphite model to fit these experimental data.
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peated experiments of deposition are possible. Even
when the exposure to ethylene was increased to 1000 L,
which is about one order of magnitude larger than the
necessary amount, the results did not change in EELS or
LEED. This fact indicates that the formation of the
graphite spontaneously stops at finite thickness when the
surface is saturated. Therefore the amount of the expo-
sure is not critical for the overlayer thickness and the
identical graphite-covered surface was easily reproduci-
ble. This thickness will be clarified to be a monolayer in
Sec. V.

B. Graphite on HfC(111)

The procedure and the results are almost similar to
TaC(111). The specimen exposed to 200 L of ethylene at
1050 °C showed a similar two-domain structure in LEED,
and similar dispersion curves shown in Fig. 7. The quan-
tity of the deviation from the bulk phonon is, however, a
little different from that on TaC(111). The lattice con-
stant is estimated to be 2.49+0.02 A.

C. Graphite on TiC(111)

Figure 8 shows the LEED pattern of the graphite on
TiC(111) which was grown at 1100 °C by exposure to 200
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FIG. 7. Phonon-dispersion for the monolayer graphite on
HfC(111).
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FIG. 8. LEED pattern for the graphite-covered TiC(111).
Only one domain can be seen. Primary energy was 202.3 eV.
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FIG. 9. Phonon dispersion for the monolayer graphite on
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L of ethylene. In this case, only one domain
(1010)[|{110) ;c was observed with very low back-
ground, which shows the very good quality of the over-
layer. TiC has a lower melting point than HfC or TaC,
and therefore the bulk-crystal quality is better. Probably
this higher crystal quality may cause the single-domain
structure. The lattice constant of the overlayer is es-
timated at 2.50+0.02 A.

The phonon dispersion was measured along the [110]
azimuth of the substrate which corresponds to the T'-M
direction of the overlayer graphite. Figure 9 is the result.
Since Ti is much lighter than Ta and Hf, the bulk
acoustic-phonon band of the substrate covers a wide en-
ergy range up to 50 meV in the low-energy region.’*3!
Consequently, the low-energy branch of the overlayer,
the ZA mode, becomes a resonance mode, and the vibra-
tional amplitude decreases in the overlayer. This is the
reason why the ZA mode has disappeared in the first half
of the SBZ.

D. Graphite on TaC(001)

On TaC(001), the growing efficiency is much lower,
and more than a few-thousand langmuirs of ethylene ex-
posure is necessary to get a graphite-covered surface.
Figure 10 shows the LEED pattern of the sample exposed
at 1500°C to ethylene of 50000 L. Double-diffraction
spots can be seen also in Fig. 10, which indicates the thin-
ness of the overlayer graphite. When the temperature
during the deposition was lower (800-1200 °C), a ring pat-
tern appeared in the LEED, which means random orien-
tation of the graphite overlayer around the ¢ axis. In
contrast, at higher temperature (~1500°C), only the
two-domain epitaxial structure was formed as shown in
Fig. 10. The epitaxial relationships are (0001)|[(001),c
and (1120)||{110)1,c. As TaC[110] is equivalent to
TaC[110], the domain of (1120)|[{110),c or
(1010)||{110)1,c, also exists. The resultant two-
domain LEED pattern seems at first sight like a centered

FIG. 10. LEED pattern for the graphite-covered TaC(001).
E,=227.1eV.
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FIG. 11. Phonon dispersion for the graphite overlayer on
TaC(001).
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FIG. 12. Illustration for the force-constant parameters. a;
and a, are stretching force constants. ¥, is an in-plane and v, is
an out-of-plane bond-bending force constant. § is a twisting
force constant and a; represents the interaction between the
overlayer and the substrate.
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4 X4 pattern, but the detailed observation clarified that
this pattern is not exactly c-4 X4, so that we might call
this “pseudo-c-4X4.” The estimated lattice constant
from the LEED pictures is 2.461+0.02 A, which is just
the same as pristine graphite.

Figure 11 shows the phonon-dispersion curves of this
system. In contrast with the case on the (111) surfaces,
the measured phonon dispersion is very similar to the
bulk one (Fig. 6). The ZA and the ZO modes do not
change as much as graphite on TaC(111) (Fig. 5). The
differences between Figs. 11 and 6 are as follows: (1) The
acoustic SH mode does not appear in Fig. 11. (2) The
mode of small dispersion appears in Fig. 11 at the energy
of 50-60 meV, which is assigned to be the S, mode
(Wallis mode) of the substrate.3>33 It is not clear wheth-
er this mode came from the substrate ‘“under” the over-
layer graphite, or the overlayer deposition was not per-
fect and the remaining bare substrate contributed to the
data. (3) The ZA mode is softened in Fig. 11 at the
boundary region of the SBZ, although the difference is
small.

IV. DYNAMICAL MODEL CALCULATION

To analyze the phonon-dispersion data, the dispersion
relation of the monolayer graphite was calculated by us-
ing the force-constant model presented hereafter, and was
fitted to the experimental data. Six phenomenological
force-constant (FC) parameters were adopted in this
model. The definitions of each FC in a potential term of
the model Hamiltonian are given in the Appendix. Fig-
ure 12 schematically shows the following parameters: (1)
a, is a stretching FC between the nearest neighbors, and
(2) a,, between the second-nearest neighbors. (3) ¥,
represents a three-body in-plane angle-bending FC. (4) y,
represents a four-body out-of-plane angle-bending FC,
which causes the recovering force to keep flat the three
nearest-neighbor bonds of one atom [atom 1 in part (4) of
Fig. 12]. If this atom deviates upward, leaving the three
nearest-neighbor atoms at the mean position, as shown by
the dashed line in Fig. 12, this force works to return them
to the same plane. (5) 8 is a twisting FC, which
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represents a force similar to that keeping the ethylene
molecule flat. (6) a, is a stretching FC between the over-
layer and the substrate.

In this model, the substrate is assumed to be rigid,
structureless, and infinitely massive. Parallel components
to the surface are not taken into account for the interac-
tion between the overlayer and the substrate, because the
structure is incommensurate and such components are
though to be very small. The assumption that the sub-
strate has infinite mass is appropriate for TaC and HfC.
In these materials, the bulk phonon band splits into two
relatively narrow bands because of the contrast between
the metal’s heaviness and the carbon’s lightness. One is
the acoustic band below 30 meV, and the other is the op-
tical one located in the range 65-80 meV.3* Since almost
all of the overlayer phonon modes appear in the region
unoccupied by the bulk band, the vibration of the over-
layer does not penetrate into the bulk. Consequently, the
vibrational amplitude of the overlayer mode is sharply lo-
calized at the overlayer. Although the ZO mode on
C/TaC(111) and C/HfC(111) appears at the optical-band
region, the interaction between the bulk phonon and the
overlayer should be small on the (111) surface, because, in
the optical branch, the amplitude is mainly distributed to
carbon in the substrate, and the outermost metal vibrates
little. On TaC(001), the ZO mode appears above the opti-
cal band and no interaction is expected. For TiC, on the
contrary, this heavy-substrate approximation is not suit-
able, and in fact, the ZA mode disappears in the first half
of the SBZ probably because of the large interaction be-
tween this mode and the substrate acoustic phonon,
which spreads up to ~50 meV in this matter. However,
it is very difficult to take into account the substrate struc-
ture because the overlayer is incommensurate with the
substrate. Therefore, we reluctantly adopted the same
model for the graphite on TiC(111), too.

The dispersion curves were calculated in accordance
with the ordinary harmonic method; at first the force-
constant matrix was calculated from the model Hamil-
tonian, then the dynamical matrix corresponding to a
given wave vector was calculated and diagonalized. The
square root of the resultant eigenvalue is the frequency of

TABLE I. Force constants and their deviations from pristine graphite.

Graphite Graphite Graphite Graphite
Force Pristine on on on on
constants graphite TaC(111) HfC(111) TiC(111) TaC(001)
a (A) 2.46 2.53+0.02 2.491+0.02 2.50+0.02 2.4610.02
Aa (%) +3+1 +1+1 +2+1 01
a, (10° dyn/cm) 7.28 6.56 6.92 6.92 7.25
Aa, (%) —10 -5 -5 +0
a, (10° dyn/cm) 1.24 0.98 1.04 0.85 1.01
Aa, (%) —21 —16 —32 —-19
y1 (10712 erg) 8.30 7.18 6.49 7.49 8.53
Ay, (%) —13 —22 —10 +3
¥, (10712 erg) 3.38 1.52 1.61 1.71 3.21
Ay, (%) —55 —52 —50 -5
8 (107" erg) 3.17 1.16 1.74 1.44 1.98
AS (%) —64 —45 —55 —38
a, (10* dyn/cm) 5.30 5.69 6.24 0
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the phonon.

In the previous Letter,!® we fitted the calculated
dispersion curve to the experimental data by adjusting
the phonon frequency calculated at the highly symmetric
point to the experimental value. If such calculated
dispersion curves gave a poor agreement with the experi-
mental data as a whole, the parameters were changed
gradually until they fitted best, judging by the eye. In
this paper, on the other hand, we adopted a least-squares
method to improve the reliability. Therefore the estimat-
ed FC values listed in Table I have a little difference from
those in the previous Letter, although the essential
features are the same.

The solid curves in Figs. 5, 6, 7, 9, and 11 are the fitted
calculation results. In the values in Table I, «;, v,, and §
in the C/TiC(111) case and «, in every sample have ambi-
guity. To estimate a,, the most important data are the
phonon frequencies of the ZA mode near the T point
which have not been observed in the TiC case. More-
over, the adopted model is inadequate for the graphite on
TiC(111) as mentioned above, and therefore the reliability
of the estimated parameter set for this system is low. As
for a, values, the absolute quantity of this value is by na-
ture much smaller than «;, and small deviation of this
value hardly affects the result. The other parameters are
expected to have much higher reliability.

V. DISCUSSION

As shown in Table I, the FC’s related to the vertical vi-
bration, y, and 8, are much softer than those for the hor-
izontal vibration, a; and ¥, on the (111) surfaces. The
softening in the former reach as much as 60%, while the
latter is restricted within 20%. This difference and the
origin of the softening are discussed in this section.

In graphite, the sp,-hybridized orbital forms a ¢ bond
which principally makes the honeycomb structure of
graphite. The remaining p, electron is distributed on
both sides of the honeycomb plane and forms a 7 bond.
The electronic structure of the one-atomic-layer graphite
has been calculated theoretically, and it has been revealed
that the o band has the character of a covalent bond with
a large band gap; on the other hand, the 7 band com-
poses a zero-gap semiconductor structure.’> From the
viewpoint of the arrangement of each bond in real space,
the 7 bond must affect y, and 8 more than a, or y,.
When the basal plane is bent, the overlap of the 7 orbital
is changed more than the o orbital. On the contrary, by
the deformation parallel to the plane, the o orbital is
directly affected as well as the 7 bond. Consequently, the
large difference in softening between (y,,8) and (a,,7,)
can be explained by the different reduction of the = bond
from the o bond. If the = bond becomes much weaker
than the o bond, the FC’s ¥, and 6 on which the = bond
directly works must be very softened, whereas ¥, and a,
will not be so affected because the contribution of the o
bond is larger. This situation, that the 7 bond becomes
much softer than the o bond, is very probable from an
electronic point of view, because it is the 7 band that is
near the Fermi level.

It has been clarified by ultraviolet photoemission spec-
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troscopy (UPS) experiments that the monolayer graphite
on Ni(111),° Ni(110),'! and Ni(001)'? has a very similar
electronic structure to pristine graphite except for the
overall shift of the band toward higher binding energy. A
similar shift has been observed in the alkali-metal GIC’s
(Ref. 36) and it is ascribed to an increase in the Fermi lev-
el caused by the charge transfer from the intercalant to
the host-graphite layer. In analogy with this, the band
shift in the monolayer graphite on Ni has been interpret-
ed as being caused by the charge transfer from the sub-
strate Ni to the overlayer graphite. When an electron
flows into the graphite, it inevitably occupies the anti-
bonding 7 band. Therefore such charge transfer should
soften the 7 bond more, consistently with the model men-
tioned above.

Ab initio theoretical calculation®”*® revealed that the
electron transfer into the graphitic plane causes the ex-
pansion of the lattice and the softening of the parallel vi-
bration mode at the T point. However, it is not strictly
clear how the phenomenological FC adopted here
changes with the charge transfer, even though our model
described above seems very probable. We look forward
to more theoretical work. Nevertheless, it should be
remarked that the amount of the deviation of each pa-
rameter from pristine graphite is very large in the mono-
layer graphite compared with the GIC case. For exam-
ple, the lattice constant a of LiCy is increased by 1%
compared with pristine graphite, while the deviation is as
large as 2-3 % in the monolayer graphite.

As for the thickness of the overlayer graphite, we now
get very reliable information indicating “monolayer.” At
first, the electron beam used here in EELS can “see” or
penetrate up to the interface between the overlayer and
the substrate, because its mean free pass is larger than
that used in LEED and even the electron beam in LEED
can pass through the overlayer as indicated by the satel-
lite spots. Secondly, only one set of phonons appeared in
EELS and they were very much modified. As known in
GIC’s, >33 the effect of charge transfer is restricted to
the boundary layer (the layer directly attached to the in-
tercalant) and the interior layer is affected only by the
secondary lattice expansion or contraction effect. In fact,
the two phonons were observed in the Raman and in-
frared spectrum from alkali-metal GIC’s;>* one of them
comes from the boundary layer and is more affected,
while the other from the interior layer slightly changes its
frequency. Similarly, if the overlayer consisted of more
than two layers, the phonon structure in the layer con-
nected directly to the substrate should be different from
the others and at least two separate phonon sets should
be observed in EELS. However, all the measurements in
this experiment showed only one set of phonon-
dispersion curves to indicate just the monolayer.

The graphite layer on TaC(001) is a special case, in
which the phonon softening hardly occurs. In this case,
we cannot affirm from our logic that the overlayer is the
monolayer, but it is certain that the layer attached direct-
ly to the substrate shows little change in its dynamical
properties from bulk graphite, because the LEED also
showed the satellites and the EELS also indicated one set
of phonons. In this case, therefore, the charge transfer
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ought not to occur. Perhaps this lack of the charge
transfer causes very small interaction a, between the
overlayer and the substrate, and because of this small o
we can observe the ZA mode even within the bulk acous-
tic band. On the contrary, the large charge transfer from
the substrate to the monolayer graphite might produce
the relatively strong a, interaction as in the case of
monolayer graphite on the (111) surfaces. The contrast
between C/TaC(111) and C/TaC(001) shows that it is not
the macroscopic properties of the substrate but the mi-
croscopic structure in the vicinity of the interface that
determines the degree of the charge transfer.

VI. CONCLUSIONS

The graphite formation on (001) and (111) surfaces of
some transition-metal carbides was investigated and it
was revealed that the monolayer graphite is easily formed
on the (111) surfaces of TaC, HfC, and TiC, and not so
readily on TaC(001) nor on HfC(001) nor on TiC(001).
The phonon-dispersion relation of the overlayer was mea-
sured by EELS, and the monolayer graphite on the (111)
surfaces was clarified to have a very different phonon
structure from pristine graphite. In contrast with this,
the graphite on TaC(001) is hardly affected. The phonon
structures were analyzed with a force-constant model,
and it was revealed that the force constants related to
vertical motion in the monolayer graphite are very much
softened. This softening is presumably caused by the
selective softening of the 7 bond. This model of = bond
softening is consistent with the charge transfer from the
substrate into the overlayer. The contrast between
C/TaC(111) and C/TaC(001) shows that the microscopic
atomic structure at the interface is important to the
charge transfer.
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APPENDIX

In the dynamical model adopted here, the potential
term of the model Hamiltonian is defined by using each
force-constant parameter as follows.

(1) The potential energy between atoms 1 and 2 in Fig.
12, parts (1) or (2) is

a

2

(uz‘ul)'ru 2
lr12| ’

where u; indicates the displacement vector of the atom i,
and r;; the relative mean position of the atom j from the
atom i. a represents «; in the case when atoms 1 and 2
are nearest neighbors, and a, in the case when they are
second-nearest neighbors.

(2) The potential energy corresponding to the in-plane
angle bending as shown in Fig. 12, part (3) is
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Y1 | | (uy—u)) X}, (u3—u;) X3 2

2

|r12l2 Ir13l2

z z

The subscript z means the component perpendicular to
the surface.

(3) In the case of graphite, carbon composes the sp,-
hybridized orbital, the length of the three nearest-
neighbor bonds are the same, and the triangle formed by
the three nearest-neighbor atoms [atoms 2,3,4 in Fig. 12,
part (4)] of one atom (atom 1) is regular. So the term for
the out-of-plane angle bending becomes very simple as
follows:

2]
2

2
Uy, tus, +u,, —3u,,

’

Ir|

where r| =1, =|r;;]=|r | =a/V3.

(4) The twisting potential energy between atoms 1 and
2 in Fig. 12, part (5), is
2
(uSZ_uéz)_(u3z_u4z)

a

3
2

(5) The potential energy between the overlayer and the

substrate is assumed to be
a
TSuf .

In this model, the dynamical matrix can be separated
into two parts; one is the horizontal vibration and the
other is the vertical. The former part includes the pa-
rameters o, a,, and ¥, and defines the dispersion of LA,
LO, and SH modes. On the other hand, the latter in-
cludes ¥,, 8, and a;, and defines ZA and ZO modes. The
phonon frequency at the highly symmetric points are

o(LA,M)=[(3a,+a,)/m]'?,
o(LO,T)=[(54y,/a*+3a;/2)/m]'?,
o(LO,M)=[(54y,/a*+3a,+a,/2)/m]"/?,
o(ZA,T)=(a,/m)'?,
o(ZA,M)=[(12y,/a*+168/a*+a,)/m]'?,
o(ZO,T)=[(108y,/a*+a,)/m]'/?,
o(ZO,M)=[(48y,/a*+a,)/m]'/? .

In these expressions, m denotes the mass of a carbon
atom.

To fit the calculated dispersion to the measured one,
the parameters were determined by using a least-squares
method. In the fitting procedure, we assumed the param-
eter a; to be zero in the pristine graphite and the graph-
ite on TaC(001), because the ZA branch seems to start
from the origin at the T point in these cases. In fact,
when this parameter was set free, this procedure seldom
gave a minus value which is physically meaningless.

In the case of bulk graphite, it has been revealed that
the “‘surface modes,” in which the vibrational amplitude
is large at surface layers, are located energetically just
below the corresponding bulk phonon band.*' In the
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EELS experiment those surface modes should be ob-
served, and therefore the ZA branch is settled into the
origin at the T point. But this does not at all mean the
nonexistence of the interlayer interaction. This incon-
sistency is produced by applying the monolayer model to
the bulk surface phonon. In the case of C/TaC(001), on
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the contrary, the interaction between the graphite layer
and the substrate is possibly very weak. If the overlayer
composes a multilayer, the adopted model is not the case,
so we cannot say anything about the amount of a;. But if
the monolayer is the case, the interaction a; should be
very small.
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FIG. 10. LEED pattern for the graphite-covered TaC(001).
E,=227.1eV.



FIG. 8. LEED pattern for the graphite-covered TiC(111).
Only one domain can be seen. Primary energy was 202.3 eV.



