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Surface phonon dispersion in graphite and in a lanthanum graphite intercalation compound
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Using high-resolution electron energy-loss spectroscopy the surface-phonon dispersion of graphite has been
determined in theGK direction over the whole energy range and the whole Brillouin zone. Born–von Karman
model calculations are used to describe the dispersion relations. An unexpected result is the splitting of the
ZA and ZO mode at theK point. Following a previously introduced procedure to formin situ rare-earth
graphite intercalation compounds~GIC!, which for lanthanum results in an intermediate carbide phase, we
prepared this carbidic phase and the final GIC-like phase. The carbide shows five dispersionless features that
may be attributed to Einstein modes of graphite islands. The phonon dispersion of the final phase shows the
same modes as graphite shifted in energy: softening of the optical and stiffening of the acoustical phonons
occurs. This is described within a Born–von Karman model by weakening the nearest-neighbor interaction and
strengthening the second-nearest-neighbor interaction. The evolution of the phonon dispersion gives a first hint
that the GIC-like phase may develop in two stages: first a monolayer graphene on top of the carbide and then
the very thin GIC layer.@S0163-1829~97!06012-8#
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I. INTRODUCTION

Recently there has been renewed interest in graphite
tercalation compounds~GIC! since a simplein situ method
has been developed to prepare rare-earth GIC’s.1 This paper
is devoted to the investigation by high-resolution electr
energy-loss spectroscopy~HREELS! of the surface-phonon
dispersion relations of pure graphite in theGK direction, of
its GIC-like modification with lanthanum, and of an interm
diate lanthanum carbide modification.

The phonon dispersion of the graphite~0001! surface over
the entire surface Brillouin zone between theG andM points
and the entire energy region was not measured before 1
when it was obtained by Oshima and co-workers2 using
HREELS. In 1987, Wilkes, Palmer, and Willis published
HREELS study of the surface phonons of graphite as we3

this was performed on highly oriented pyrolytic graphi
which is azimuthally disordered. To our knowledge no me
surements exist so far in the other high-symmetry direct
GK. Here we present the determination of the surfa
phonon dispersion over the whole energy range and ove
whole Brillouin zone in theGK direction and show the re
sults of a Born–von Karman model calculation describ
the phonon dispersion. Since the existing models for the p
non dispersion in graphite have been fitted alongGM this
provides an excellent check on the parametrization. Due
the layered structure of graphite the surface phonons are
sically identical to the bulk phonons.3

Initially the interest in the La-graphite system arose fro
the work on the electronic structure of lanthanum GIC.1,4–7

There a method has been developed to formin situ rare-earth
GIC’s by vapor deposition of a film of the rare-earth met
e.g., Eu, Yb, or La, onto the graphite surface followed
thermal annealing. In the case of Eu or Yb this leads to
formation of the corresponding intercalation compound8,9
550163-1829/97/55~12!/7927~8!/$10.00
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With lanthanum the problem arises that it forms carbid
very readily due to its chemically actived electrons. In early
work on GIC’s it has been said that due to carbide format
it is not possible to form La GIC.10 And indeed upon anneal
ing the La film on top of the graphite at moderate tempe
tures~1000 K! a thick layer of lanthanum carbide is formed5

whereas in the case of Eu and Yb a carbide phase is
observed8,9 at the experimental conditions applied. The su
face of the carbidic phase is most likely terminated by
atoms.6 Here we will present the vibrational spectra of th
carbidic phase as well.

Further annealing at higher temperatures~1300 K or
more! leads to the accumulation of carbon on the carb
surface which at these temperatures is most likely the~111!
surface of the« modification of LaC2 ~CaF2 structure!.

6 On
top of the ~La terminated! carbide a very thin~a few Å!
graphitic layer is formed. It has not been clear whether t
constitutes a monolayer graphene~MLG! on the carbide or a
film of GIC just a few monolayers thick.6,7 The same behav
ior is observed for other carbides, e.g., SIC, which also for
a graphitic layer upon heating.11 The geometrical and elec
tronic structure of the graphitic layer on La carbide is ve
much like that of alkali graphite intercalation compound5

with an ordered~)3)!R30° superstructure and charg
transfer from the metal to the graphite layer. The superstr
ture is compatible with La intercalated between the graph
layers or with an MLG on the~111! surface of«-LaC2, the
surface unit cell of which matches the unit cell of~)3)!
graphene within 0.5%. The transferred charge occupies s
in the antibondingp* bands of the graphite, which shows u
as a characteristic peak at 280 eV in the Auger spectr
moderate peak somewhat higher in energy than the ca
peak.5

Monolayers of graphene have been previously inve
gated on—among other surfaces—transition-me
7927 © 1997 The American Physical Society
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7928 55SIEBENTRITT, PUES, RIEDER, AND SHIKIN
carbides.12–16These systems also show a GIC-like electro
structure. However, on these surfaces the interaction betw
the graphene layer and the carbide is not due to cha
transfer—as can be seen from the Auger spectra, which
not show the 280-eV peak or only a weak shoulder13—but
due to covalent bonding between the carbon atoms in
graphene layer and the metal atoms in the carbide.14,16 Pho-
non dispersions have been measured for MLG’s on a num
of transition-metal carbides.12,13 The first observation is tha
the modes detected in bulk graphite remain present in
MLG on carbide, indicating that the structure is basica
unaltered. But the modes in MLG are lower in energy. T
can be modeled by the Born–von Karman model by Aiza
et al.13 containing six coupling constants for bond stretchi
between nearest and second-nearest neighbors, bond
ing, and bond twisting. The softening of the graphite mod
in the MLG is described by a weaker coupling for all th
interactions.

On the phonon dispersion in GIC’s not much informati
is available for the in-plane wave vectors. It is known that
donor GIC’s the optical phonons at theG point shift towards
lower energies as compared to graphite.17 In Li-GIC the low-
est acoustical mode with in-plane propagation is observe
shift to lower energies as well.18

Here we present the phonon dispersion of the GIC-l
phase of the La-graphite system in theGK direction of the
underlying graphite substrate as measured with HREELS
discuss the implication for the question whether it constitu
a very thin GIC layer or an MLG on carbide. We will sho
that the dispersion relations can be described within
model by Aizawaet al.with the appropriate choice of forc
constants.

II. EXPERIMENT

Our experiments are conducted in a UHV system w
background pressure better than 5310211 mbar equipped
with an ELS22 HREEL spectrometer, consisting of tw
double cylindrical 127° deflectors, a low-energy electron d
fraction ~LEED! system capable of retarding field Aug
electron spectroscopy~AES!, and a quadrupole mass spe
trometer. The residual gas consists mainly of H2 with small
fractions of H2O, CO, and CO2. The evaporator for lantha
num is self-made by welding a small piece of La onto
W-Re wire immediately previous to mounting it into th
vacuum chamber. The evaporator is calibrated using a qu
microbalance. The sample holder can be heated resisti
up to 1500 K and cooled down to 100 K using liquid nitr
gen.

The substrate is a natural flake of graphite with high cr
tallinity as seen from the clear hexagonal LEED pattern. I
cleaved using adhesive tape in ambient atmosphere
heated in UHV to 1300 K for several hours. The purity
verified by Auger and HREEL spectroscopy.

The GIC-like structure is prepared by depositing a 6
100-Å-thick film onto the graphite at room temperature an
subsequent successive annealing procedure. The syste
heated step by step and investigated at each annealing
by LEED, AES, and HREELS at room temperature.

HREELS has been performed at a primary energy of
eV and an energy width of the elastic reflected beam of ab
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8–10 meV. This primary energy has been chosen in orde
provide a parallel momentum transfer high enough to re
the Brillouin zone boundary. The incident angle is 60°, 7
or 75° towards the surface normal, and the detection an
can be varied within the sagittal plane between 75° and 1
that is a maximal off-specular anglew of 65° ~Fig. 1!. Dif-
ferent incident angles are used since the energy losses a
off-specular angles~low parallel momentum transfer! are
clearer at steep incidence whereas the losses at high
specular angles are seen better at low angle incidence.
sample is mounted such that the sagittal plane is along
GK direction.

III. RESULTS AND DISCUSSION

A. Pure graphite: Experimental

Figure 2 shows a series of HREEL spectra taken at
ferent off-specular anglesw, that is, at different parallel mo
mentum transferqi5k f ,i2k i ,i . Six different modes can be
distinguished: three optical ones and three acoust
ones—as one would expect for a surface with two atoms
the unit cell. From the energy losses at different moment
transfer the surface dispersion relationsv~qi! can be derived,
which are displayed in Fig. 3. The polarization of the mod
is derived from calculations according to the model
Aizawa et al. ~see below!. The different modes are the ve
tical acoustical mode ZA, the acoustical shear horizon
mode SH, the longitudinal acoustical mode LA, the vertic
optical mode ZO, the optical shear horizontal mode SH*, and
the longitudinal optical mode LO. According to the HREEL
selection rules the shear modes should not be detected a
seen in Fig. 2 the acoustical SH mode has indeed a very
scattering cross section. But since the crystal is a thin fl
attached only at the edges some buckling might occur
would lift the selection rules. To our knowledge these are
first measurements of the surface phonons of graphite inGK
direction over the whole energy region. A number of mod
andab initio calculations that have been checked against
results in theGM direction also predict the phonon dispe
sion for theGK direction:ab initio calculations in the local
density direct approach,19 in the local density linear-respons
approach,20 and the bond charge model.21 The direct ap-
proachab initio calculations give excellent agreement wi
our experimental data besides some peculiarities at thK
point to be discussed below. Phonon dispersions obta
from the force constant model by Aizawaet al.13 have been

FIG. 1. Scattering geometry. Indicated are the incident angleui ,
the detection angleuf , the scattering anglew, the incident momen-
tum k i , and the final momentumk f .
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55 7929SURFACE-PHONON DISPERSION IN GRAPHITE AND . . .
published only for theGM direction. In the following we
will present our own calculations following this model.

B. Pure graphite: Calculations

The model by Aizawaet al. was derived to describe the
phonons in MLG’s on carbides. Due to the weak interactio
between the single graphite layers it describes the~surface!
phonons of pure graphite as well.13 The interactions and
force constants taken into account are summarized in Table
The interaction potentials as described in Ref. 13 were us
to determine the dynamical matrix and from its eigenvalue
the phonon dispersion. The polarization of the individua
modes follows from the corresponding eigenvectors of th
dynamical matrix. As a first approach we used the force co
stants found for graphite in theGM direction13 and calcu-
lated the dispersion alongGK. The result is seen in Fig. 4
~dotted lines! together with our experimental dispersion. The

FIG. 2. Series of HREEL spectra on pure graphite at differe
scattering angles corresponding to increasing parallel moment
transfer. Six modes can be distinguished. Different incident angl
were used and are given in brackets.
n
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agreement is already quite good; however, the SH, LA, a
ZO modes are overestimated for the most part of the B
louin zone. Therefore we tried to find a new set of para
eters that better describes the data. Although we did not
a least-squares procedure to fit the parameters the new
reproduces the data better, as seen by the solid lines in Fi
A comparison between the force constants used by Aiza
et al.and our new force constants is given in Table II. The
for the dispersion in theK direction requires slightly lower
stretching and out-of-plane bending force constants wher

t
m
s

FIG. 3. The experimentally determined dispersion relation
surface phonons in pure graphite. The different modes are the
tical acoustical mode ZA, the acoustical shear horizontal mode
the longitudinal acoustical mode LA, the vertical optical mode Z
the optical shear horizontal mode SH*, and the longitudinal optical
mode LO. Triangles depict the data forui560°, circles forui570°,
and squares forui575°. Open symbols denote peaks with po
signal-to-noise ratio. The lines represent a mere guide to the e

TABLE I. Interactions and force constants of the model b
Aizawaet al.For details of the interactions and the potentials re
to Aizawaet al. ~Ref. 13!.

Type of interaction Force constant

Nearest-neighbor stretch a1

Second-nearest-neighbor stretch a2

In-plane bend g1
Out-of-plane bend g2
Twist d
Vertical interaction with substrate as
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7930 55SIEBENTRITT, PUES, RIEDER, AND SHIKIN
the in-plane bending and the twisting force constant tur
out somewhat higher. The lattice constant is not a param
in the case of pure graphite. Of course there needs to
single set of parameters for both directions eventually.

An open fundamental problem is the splitting of the Z
and the ZO mode at theK point. The frequencies at theK
point as derived from the model by Aizawaet al. are the
following:

FIG. 4. The dispersion relation of the surface phonons in p
graphite calculated according to the model by Aizawaet al. using
the parameters derived for the dispersion alongGM ~dotted line!
and using parameters newly ‘‘fitted’’ for the dispersion alongGK
~solid line! together with our experimental results.

TABLE II. Actual values of force constants for pure graphi
used by Aizawaet al. ~Ref. 13! in comparison with our set of pa
rameters~a0 in our case represents the equilibrium nearest-neigh
distance whereas in the Aizawa paper a represents the lattice
stanta5)a0 ; a or a0 is not a fit parameter for pure graphite!.

Parameter Aizawa’s value

Our value

For graphite For GIC

a0 ~Å! 1.42 1.42 1.42
a1 (N/m) 364 344 285
a2 (N/m) 62 62 100
g1 ~10219 J! 8.30 9.3 7.6
g2 ~10219 J! 3.38 3.08 2.2
d ~10219 J! 3.17 4.17 7.5
as (N/m) 0 0 8.5
d
ter
a

v1,25F 1m S 2as1
3d

a0
2 1

9g2

a0
2 D G1/2,

v35F 1

2m S 9a21
36g1

a0
2 D G1/2,

v4,55F 1

2m S 3a119a21
9g1

a0
2 D G1/2,

v65S 1

2m
~6a119a2! D 1/2,

wherem is the mass of the C atoms and the other parame
are described in Tables I and II.

The model by Aizawaet al. requires ZA and ZO~v1,2! to
be degenerate, but the experimental evidence is clearl
favor of the splitting. The other theoretical approach
known to us19–21also show a degeneracy of the ZA and t
ZO mode at theK point.

The model by Aizawaet al. also requires two of the fou
higher frequencies to be degenerate. From our experime
data these seem to be the LO and LA mode but as seen
Fig. 3 the experimental base is weak. It is possible to fin
set of parameters that results in the degeneracy of these
modes at theK point. But then the dispersion relation of LA
is not well described for most of the Brillouin zone. W
therefore decided to choose a set of parameters that desc
the behavior within most of the Brillouin zone reasonab
well although the degeneracy at theK point might not be
given properly.

C. Lanthanum carbide

Upon evaporation of a rather thick La film and anneali
to 1000 K a surface layer of lanthanum carbide of unkno
stoichiometry is formed,5 indicated in LEED by a)-like
superstructure6 and in AES by the typical triplet structure.5

In our experiment the LEED pattern was clarified to be
~132)! structure and the AES showed clearly the typic
carbide structure. For this phase we measured the sur
vibrations as well. Here we do not expect the surfa
phonons to correlate closely to the bulk phonons as they
in graphite. To our knowledge no data exist for either t
bulk or the surface phonons of any modification of lanth
num carbide. The closest information available is the disp
sion of the bulk phonons of TaC and HfC.22 Both materials
show strongly dispersing phonon modes with energies u
90 meV. Our results for the surface phonons are shown
Fig. 5. Five dispersionless features can be distinguishe
43, 63, 104, 121, and 205 meV. The HREEL spectra usu
show a rather broad peak around 205 meV, making it di
cult to determine the exact peak position; thus energy va
for this mode scatter a lot.

It is known for other semiconductors as well that the s
face phonons show very little dispersion23 whereas the bulk
phonons are strongly dispersing. However, the surf
phonons are not higher in energy than the bulk phonons
if we assume that the bulk phonons of our lanthanum carb
here are similar to those in TaC and HfC with maximu
energies around 100 meV the modes in Fig. 5 cannot
represent surface phonons of the La carbide.
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55 7931SURFACE-PHONON DISPERSION IN GRAPHITE AND . . .
A more natural explanation is the starting formation of
graphitic layer forming islands on top of the carbide—thu
what we see here are the Einstein modes of these isla
corresponding to graphite phonons in high symmetry poin
The mode at 205 meV agrees with the LO mode at theG
point, the 104-meV one to the ZO atG, the 63-meV one to
the ZA atK, the one at 121 meV might correspond to the S
mode atK. The origin of the 43-meV mode is unclear at th
moment; it might still be a surface mode of the carbide.

D. La-GIC-like layer: Experiment and calculations

With further annealing of the system to 1300 K or highe
temperatures a GIC-like layer—either a monolayer
graphene~MLG! or a thin layer of a graphite intercalated
compound—forms on top of the lanthanum carbide,6 which
manifests itself in the LEED pattern as a clear~)3)!R30°
structure and in an electronic structure very much like that
alkali metal GIC’s~Ref. 5! indicating charge transfer from
the metal atoms in the carbide or the GIC to the carb
atoms in the graphene layer. In our experiment we saw
clear LEED pattern as well as a clear peak at 280 eV in
Auger spectrum indicating the same geometrical and el
tronic structure as in the previous experiments. Bo
results—the LEED pattern and the 280-eV Auger peak—a
fully observed already at annealing temperatures of 1300
and do not change upon annealing to 1500 K.

The surface-phonon dispersion for the GIC-like layer a
nealed at 1500 K is very similar again to the one observed

FIG. 5. Vibrations of the carbidic phase as measured w
HREELS.
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graphite as seen in Fig. 6. The scatter of the data is m
higher than in graphite. This might be due to some inhom
geneties throughout the sample. Still the same six modes
detected although the shear horizontal mode is not see
most spectra as expected from the HREELS selection ru
An additional mode is observed at low energies plus so
additional data points that do not agree with any of t
modes—these will be discussed below. Compared to
modes in graphite the modes of the GIC-like layer are shif
in energy. The three optical modes soften whereas the
and ZA modes stiffen, the SH mode is hardly detected. T
is unlike the behavior observed in MLG on transition-me
carbides: there all modes soften.12,13

Still the model by Aizawaet al. can be used to describ
the observed modes as seen by the solid lines in Fig. 7~a!.
The agreement for all the modes is within the experimen
error besides for the hardly detected SH mode and the s
ting of ZO and ZA modes at theK point. The force constants
used are shown in Table II. The splitting of ZO/ZA cou
have been described by using a larger Brillouin zone a
thus a smaller nearest-neighbor distancea0. But since the
splitting already occurs in graphite and since the overall
with the smallera0 was not better than the one shown he
we decided to maintain the graphite lattice constant. T
nearest-neighbor stretching force constant is lower for

h FIG. 6. The dispersion relation of the GIC-like layer on lanth
num carbide, annealed at 1500 K, as determined by HREELS
comparison with the one of pure graphite~dotted lines, taken from
the guide to the eye from Fig. 3!. The same modes as in graphite a
observed with characteristic energy shifts plus an additional lo
energy mode. Open circles denote again loss peaks with p
signal-to-noise ratio.
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7932 55SIEBENTRITT, PUES, RIEDER, AND SHIKIN
GIC-like layer than for graphite as one might expect fro
the softening of the optical modes. In contrary the seco
nearest-neighbor stretching force constant is consider
higher to account for the stiffening of the acoustical mod
The in-plane and out-of-plane bending force constants
lower than for graphite, whereas the twisting force const
is much higher for the GIC-like layer. This is in accord wi
the behavior of the stretching force constants since the b
ing can be considered a mostly nearest-neighbor interac
whereas the twisting includes further neighbors as well. T
cause of this behavior is discussed in the following.

FIG. 7. ~a! The same dispersion relation as in Fig. 6 togeth
with the one calculated according to the model by Aizawaet al.
~solid lines!. The calculated dispersion relations folded according
the ~)3)!R30° superstructure are shown as dashed lines. S
circles denote data points belonging to folded modes. The do
line represents a guide to the eye for the low energy mode.~b! The
relation between the Brillouin zone for graphite and for
~)3)!R30° superstructure.
-
ly
.
re
t
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e

For the GIC-like layer the ZA mode shows an energy g
at theG point. This is taken into account by including th
vertical interaction with the substrate, i.e.,asÞ0 ~cf. Table
II !. In pure graphiteas equals zero due to the weak van d
Waals interaction between the layers. The energy gap of
ZA mode is also observed in MLG on transition-metal ca
bides. There the strong interaction is due to covalent bo
between the carbon atoms in the MLG and the metal ato
of the carbide14,16resulting in a higher energy gap of 35 me
compared to 20 meV here. In our case the interaction
tween the GIC-like layer and the substrate must be cause
the charge transfer observed in the AES. The transfe
charge occupies the antibondingp* bands in the graphene
thus weakening thep bonds and reducing the neares
neighbor coupling constants. Why the second-near
neighbor coupling constants increase is not clear at the
ment. Calculations using the bond charge model21might help
since they explicitly include the bond electrons.

In our LEED investigation we have observed
~)3)!R30° superstructure. Therefore one expects
smaller Brillouin zone to be reflected in the phonon disp
sion. The Brillouin zone corresponding to the~)3)!R30°
superstructure is shown in Fig. 7~b!. The M 8 point of the
new Brillouin zone is located halfway betweenG andK of
the graphite Brillouin zone as indicated by the dash-dot
line in Fig. 7~a!. The phonon modes should fold at this lin
resulting in the dashed lines in addition to the solid lines.
seen from this lines most of the previously unaccounted
points can be considered as representing folded modes.
~)3)!R30° superstructure is caused by the structure of
La atoms~of the carbide or intercalated between two grap
ite layers! underneath every other graphene hexagon. A
phonons within this La layer would be expected to sh
clearly the folding at the Brillouin zone boundary atM 8.
Furthermore they should appear at lower energies than
graphite phonons due to the much higher mass of the
atoms. This is most likely what we see in the low-ener
mode represented in Fig. 7~a! by the dotted line.

In Fig. 8 we show the dispersion relation of the GIC-lik
layer annealed at 1300 K as well~diamonds!. It shows the
same modes as the system annealed at 1500 K with com
rable energies for the LO, SH*, and ZO modes. However
the LA and ZA modes agree much better with the modes
pure graphite. The SH mode is hardly detected. This is
first hint of an additional phase at high annealing tempe
tures. No traces of the graphite dispersion relation are see
the carbide phase. So it seems that an MLG forms at ann
ing temperatures of 1300 K on top of the carbide. The la
ered structure is then of the form~from top!
C~graphene!-LaC2~La terminated!. The charge transfer is al
ready complete in this phase as indicated in the AES
280-eV peaks of the same intensity for annealing at 130
or at 1500 K. But annealing at 1500 K still changes t
dispersion relation of the LA and the ZA mode fro
graphite-like to higher energies. One possible reason for
behavior is the restructuring of the second layer underne
the LaC2 surface, which consist of C atoms6 to form another
graphene layer thus forming a GIC of the stru
ture: C~graphite!-La~intercalated!-C~graphite!-LaC2~C termi-
nated!. Another explanation for this two-phase behavi
could be a change of yet unknown nature of the MLG itse
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Comparison of our dispersion relations to the phonons
served in other GIC’s does not help to answer the ques
since hardly any information is available on the in-pla
propagating phonons in GIC’s. The optical modes soften17 as
they do here or in MLG’s on carbides. And it is known fo
Li-GIC that the ZA mode softens18 as in MLG but unlike in
the La-C system here. So the two-phase model with a tr
sition from MLG to GIC seems to us the most natural exp
nation.

There are a few data points at low energy and high m
mentum transfer that are not accounted for by either the G
type or the graphite type dispersion relations. They could
a hint of folded graphite type SH and LA modes. This a
sumption gives a description satisfactory within the expe
mental error for all these additional points except the three
highest momentum transfer around 20 meV. These must
main open for the time being. Since the~)3)! structure is

FIG. 8. Comparison of the phonon dispersion of the GIC-li
layer annealed at 1500 K~circles! to the one obtained after annea
ing to 1300 K~diamonds!. The dotted lines show again the graphi
dispersion relations, the solid lines the calculated phonons for
1500 K phase, and the dashed line the mode within the La la
Open symbols denote again peaks with poor signal-to-noise ra
h
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already clearly present at 1300 K annealing temperature
would expect to see at least traces of folded bands for
phase—as we do.

IV. CONCLUSION

The phonon dispersion relations of graphite have b
measured in theGK direction over the whole energy rang
They have been described within the model by Aizawaet al.
One feature that has not been accounted for yet in all
models known to us is the splitting of the ZA and ZO mo
at theK point.

Following the procedure used before in electronic str
ture studies of the La-graphite system we first investiga
the vibrations in the carbidic phase and then those of
GIC-like phase. The superstructure of the carbidic phas
now clarified to be a~132)! structure. The energy-los
peaks in this phase show no dispersion and represent
likely the Einstein modes of graphite islands growing on t
of the carbide.

The GIC-like phase shows again the six phonon mo
observed in graphite with the optical modes shifted towa
lower energies whereas the acoustical phonons are shifte
higher energies. This can be accounted for within the mo
by Aizawaet al.by weaker nearest-neighbor interactions a
stronger second-nearest-neighbor interactions. The nea
neighbor bonds are weakened by a charge transfer from
La atoms to the graphite layer that occupies the antibond
p* bands, as seen in the Auger spectra. The source
strengthening of the second-nearest-neighbor bond is
clear at the moment.

A folding of the phonon modes due to the~)3)! su-
perstructure as seen in LEED is weakly observed. An ad
tional low-energy mode is attributed to a phonon in the
layer.

At an annealing temperature lower than that of the fi
GIC-like phase an additional phase is observed character
by the same softening of the optical modes as in the GIC-
phase and unchanged acoustical modes. This is an ex
mental hint that the final phase represents a thin GIC la
and not a mere monolayer of graphene.
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