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Electronic structure of La-intercalated graphite
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%e demonstrate that a graphite-intercalation compound (GIC) with La is formed when an 80-A-thick
film of La metal deposited onto highly oriented pyrolytic graphite is annealed at temperatures between
400 and 1200 C. The resulting intercalation compound was studied by angle-resolved photoemission,
Auger-electron spectroscopy, and low-energy-electron diffraction. It was found that despite differences
in the electronic configurations of La metal (d metal) and alkali metals (s metals), the valence-band
structure of the obtained La-GIC is quite similar to that of alkali-GIC. It is proposed that the electronic
structure of the La-GIC can be described in first approximation by a rigid-band model, where the
valence electrons of La are preferentially transferred to the graphite p + band and not so much to states

of the three-dimensional interlayer band.

INTRODUCTION

In the recent past, graphite intercalation compounds
(GIC's) have been the subject of numerous experimental
and theoretical studies due to their interesting structural,
electronic, and transport properties. ' These com-
pounds consist of stacks of one or more layers of hexago-
nally arranged carbon atoms (graphite layers) that alter-
nate with ordered monolayers of intercalated atoms, mol-
ecules, or radicals. The weak van der Waals forces that
are characteristic of bonding between neighboring planes
in the quasi-two-dimensional structure of graphite allow
the incorporation of a wide variety of intercalants with
widely varying sizes between the graphite planes. The
spacing between adjacent carbon layers can range from
3.35 A up to =—8 A to allow the accommodation of an in-
tercalant layer. ' Such a layered structure gives rise to
well-defined anisotropies in the electrical and electronic
properties of these materials.

Until now alkali-metal GIC's, which can be easily
grown in situ in ultrahigh vacuum (UHV), have attracted
the main spectroscopic interest due to their fascinating
properties including two-dimensional superconductivi-
ty. ' Semiempirical tight-binding and pseudopotential
calculations"' have predicted that a significant fraction
of the s electrons from the alkali atoms remains in alkali-
derived metallic states. Subsequent work ' claimed that
these compounds are characterized by an almost com-
plete charge transfer of valence electrons from the alkali
atoms to p + unoccupied states of graphite. However, in-

verse photoemission' ' as well as x-ray-absorption
near-edge structure' studies showed that such a simplis-
tic model is complicated by the presence of a three-
dimensional interlayer band that is located above the Fer-
mi level (EF) around the I point of the Brillouin zone
(BZ) in pristine graphite. ' Upon intercalation, charge
transfer leads to a lowering of this band, which for
alkali-GIC has a minimum below E~. This implies sub-

stantial s character at the Fermi level, as predicted in the
early calculations. "'

The interest in low-dimensional magnetism has result-
ed in a number of studies of magnetic GIC's. ' Since
the atomic positions of intercalant atoms are virtually
fixed to the space between the centers of two C hexagons
in neighboring graphite planes, ' a unique opportunity
for growing well-ordered magnetic multilayer structures
arises. The lanthanide elements (Ln) are very promising
candidates for magnetic GIC's. The large ionic radii of
Ln are expected to lead to rather slow diffusion and
hence to a high stability of the resulting GIC's. If a
method could be found to prepare lanthanide-
intercalation compounds (Ln-GIC), it would allow one to
change the distance between neighboring magnetic layers
in a graphite matrix leading to variations in the strength
of magnetic coupling between the neighboring Ln layers.
The interest in these GIC's arises from both possible
technological applications and a fundamental interest in
studying the similarities and differences in chemical
bonding in s- and d-metal-derived GIC's. Until recently,
studies of the electronic structure of Ln-GIC's by spec-
troscopic methods were complicated by the di%cult pro-
cedure for growing these species in situ, in particular due
to the chemically active d shell, which can lead to the de-
struction of the graphite sp hybrids and to the formation
of carbidelike phases.

In the present paper we report on an angle-resolved
photoemission (PE), Auger-electron spectroscopy (AES),
and low-energy-electron diffraction (LEED) study of
highly oriented pyrolytic graphite (HOPG) intercalated
&n situ with La. The method applied for in situ intercala-
tion by La includes destruction of the outermost C planes
by annealing the La-HOPG interface at 400—900 C in
order to obtain an intermixed surface phase of La car-
bide. Further annealing at higher temperatures
( —= 1200'C) intensifies the interdiffusion between La and
C, resulting in a C-enriched surface layer and a recover-
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ing of hexagonal graphite planes due to the orienting role
of the graphite substrate. Present results on the electron-
ic structure of this surface compound formed on HOPG
demonstrate a striking similarity with that of alkali-
intercalated graphite.

La —GIC AES

EXPERIMENTAL DETAILS

Highly oriented pyrolytic graphite (obtained from
Union Carbide) was used as the host matrix for intercala-
tion with La. The dimensions of the HOPG wafers were
typically 10X 7 X 0.7 mm . These wafers were cleaved
with the help of a tape glued onto their surfaces, and sub-
sequently annealed in situ for several hours at a tempera-
ture of —= 1400'C in a vacuum better than 3X10
mbar; in this way, the HOPG wafers were depleted of
possible bulk contaminants. The HOP G substrates
cleaned in this way revealed a LEED pattern with a
series of concentric rings that contained tracing spots
originating from the reciprocal lattice of graphite. The
location of these spots on the rings varied with the posi-
tion of the electron beam on the surface, an observation
that points to sizes of the monocrystalline domains of the
order of the diameter of the electron beam.

In situ intercalation of La into graphite was achieved
by thermal deposition of a thick La layer ( —= 80 A thick)
onto the graphite substrate, followed by a cycle of anneal-
ing at various temperatures. La metal was evaporated
from a bead molten on a thin W-Re wire; the pressure in
the experimental chamber was always better than
1 X 10 ' mbar during evaporation. The thickness of the
deposited lanthanum layer was monitored by a quartz mi-
crobalance. Step-by-step annealing at increasing temper-
atures in the range from 400 to 1200 C, with intervals of
100 C and annealing periods of 5 min each, resulted in an
ordered compound that is characterized by a LEED pat-
tern similar to that of graphite. The LEED patterns
show some additional rings arising from a locally recon-
structed surface of the La-GIC.

Angle-resolved PE measurements were performed with
an ARIES spectrometer (from Vacuum Science
Workshop, Ltd. ) at the Berliner Elektronenspeicherring
fiir Synchrotronstrahlung (BESSY) using monochromatic
light from the TGM5 undulator beamline, which is
equipped with a toroidal-grating monochromator. The
overall system resolution was about 100 meV [full width
at half maximum (FWHM)]. Valence-band PE spectra of
the clean HOPG substrate and the La-intercalated com-
pounds were taken with 50-eV photons. An AES study
was carried out in a separate experimental setup exploit-
ing a four-grid LEED optics with an energy resolution of
0.2%%uo, using a 1-keV primary electron beam with 0.3-eV
amplitude modulation.

KXPKRIMKNTAL RESULTS

The AES spectra taken in dN/dE mode in the region
of the C(KVV) Auger signal are shown in Fig. 1 for pris-
tine HOPG as well as for the La-carbon compounds ob-
tained after annealing at various temperatures. The
shape of the AES spectrum of HOPG is similar to the re-
sults reported in literature. ' In di6'erence to the spec-

LLJ

N

&D

240
I i i i I I

260 280

trum for clean HOPG [Fig. 1(a)], the C(KVV) Auger sig-
nal from the La/graphite interface after annealing at
temperatures between 400 and 600 C [Fig. 1(b)) exhibits
a well-pronounced shoulder at 269 eV and an enhanced
feature at 262 eV (dashed vertical bar). The correspond-
ing spectrum taken in the N(E) mode (Ref. 21; not
shown here) is characterized by a triplet structure in the
region 230—276 eV. Similar structures from C(KVV)
Auger transitions involving valence electrons have previ-
ously been observed for carbides of d transition met-
als. ' These features can be described as due to a con-
volution of C 2s states with C2p-metal d valence-band
hybrids, which are characteristic for carbides. The pres-
ence of the discussed structures in the spectra [e.g. , Fig.
1(b)] is interpreted as a signature of carbide formation
after these low-temperature annealing steps. This phase
is not ordered, however, since no LEED pattern could be
observed. The in-plane sp hybrid bonds of graphite have
been destroyed in this phase, leading to an intermixing of
La and C atoms.

Annealing of the La-graphite interface at temperatures
up to =-900'C leads to further pronounced changes in
the shape of the C(KVV) Auger signal [Fig. 1(c)]. Apart
from a shift of the whole structure toward higher kinetic
energies, the main feature at 272 eV splits into two mini-
ma at energies of 270 and 275 eV, respectively. Anneal-
ing at such moderate temperatures results in an ordering
of the La-carbide film as was monitored by LEED. Fur-
ther annealing at temperatures between 1000 and 1200 C
changes the spectral shape in the high-energy region [Fig.
1(d)]. An interesting sharp feature (marked by the solid
vertical bar) appears at about 281 eV. On the other hand,
the 262-eV structure, characteristic of the carbide phase,

Kinetic Energy (eV)

FIG. 1. C(ICVV) AES spectra recorded in the dX/dE mode:
(a) HOPG, (b) nonordered, and (c) ordered phases of La car-
bides, (d) La-intercalated HOPG.
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loses intensity and the whole spectrum shifts back to
lower energies. The LEED pattern for this phase is simi-
lar to that for pyrolytic graphite modified by an addition-
al series of smooth rings. This latter observation is in
agreement with structural studies' ' that have demon-
strated a reconstruction of the graphite surface upon in-
tercalation with alkali metals.

A similar shape of the C(XVV) AES signal, with a
rather sharp feature in the high-energy region, has been
observed for alkali-G IC. The high-kinetic-energy peak
can be assigned within the framework of the rigid-band
model. Due to the charge transfer of valence electrons
from the metal to carbon sites, the unoccupied states of C
are shifted below the Fermi level; they appear in the self-
convolution of the C-derived valence-band states
reAected in the C(XVV) Auger signal. As calculated for
GIC's, the charge is mainly transferred to p + electronic
states of carbon, which are placed in a region around the
K point at the border of the BZ of graphite. Since the
Auger process leads to an averaging of the signal in k
space, the charge-transfer feature in the C(XVV) signal is
not as intense as has been observed for alkali-GIC's in
angle-resolved PE spectra taken at an angle correspond-
ing to the K point.

Surface-sensitive angle-resolved PE spectra of HOPG
and of the various La-C phases, taken with 50-eV pho-
tons at a polar angle of 0=34, are shown in Fig. 2.
They correspond to a sampling of k space in an area close
to the border of the BZ of pristine graphite. Note that
the HOPG sample is characterized by in-plane disorder
of monocrystalline grains, the area of which does not
exceed the size of the photon beam. Thus the measured
angle-resolved PE signals were averaged over all azimu-
thal angles. The bottom spectrum (a), taken for the clean

l i I i I

25 20 15 10 5 E
~

Binding Energy (eV)

FIG. 2. Angle-resolved photoemission spectra of (a) HOPG,
(b) an ordered phase of La-carbide, and (c) La-intercalated
HOPG taken with a photon energy of 50 eV and at a polar an-
gle of 0=34'; this corresponds to a k value close to the border
of the BZ of graphite.
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FIG. 3. Angle-resolved photoemission spectra taken with
50-eV photons for various polar angles 0: (a) HOPG; (b) La-
intercalated HOPG.

HOPG substrate, contains two main structures A and 8
that are separated from each other by a spectral region
with rather low intensity. The shape of this spectrum is
in agreement with data presented in other photoemission
studies of graphite. ' According to band-structure cal-
culations for pristine graphite, the low-binding-energy
(BE) structure 8 can be assigned to p states, which fol-
low an almost 6-eV dispersion toward EI; when going
from the I point to the border of the BZ (see Fig. 3). The
other dispersive broad structure A in the region between
13- and 17-eV binding energy originates from sp hybrid
states.

The angle-resolved PE spectra for the ordered phase,
obtained after annealing the La-C system at a tempera-
ture of 900 C, look completely different from those ob-
tained for pure HOPG. The sp feature 3 is no longer
observed in the center spectrum of Fig. 2. Instead, a La
5p core-level signal appears in this energy region. In con-
trast to HOPG, the main feature in the low-binding-
energy region (at —=6-eV BE) does not show a noticeable
dispersion when the polar angle is changed. In addition,
two other low-intensity structures can be distinguished: a
peak at about 2-eV BE and a trianglelike structure at the
Fermi level. The shape of the discussed spectrum is simi-
lar to the structure of PE spectra taken for carbides of d
transition metals with a main pd hybrid feature located in
the region of =—5-eV BE.

Further annealing at a temperature of -=1200'C leads
to a reappearance of structures A and 8, which originate
from sp and p orbitals, respectively. Both of these
structures are shifted by 1.2 eV to higher binding ener-
gies. The La 5p intensity decreases; in addition, it is su-
perimposed by a pronounced sp feature. The main
difference, however, between the bottom and the upper
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spectra in Fig. 2 is an intense feature C, which is charac-
terized by a narrow peak directly at the Fermi level; it is
only present in the upper spectrum taken for the La-GIC
compound. This peak is in agreement with AES data
that reveal the appearance of the corresponding 281-eV
feature in the C(KVV) AES spectrum of La-GIC (Fig. 1).
The upper angle-resolved PE spectrum in Fig. 2 is very
similar to those for alkali-GIC s taken in the region of the
EC point in reciprocal space. Thus, following Refs. 7 and
31, we assign the Fermi-level peak C to carbon-derived
electronic states, which were unoccupied in pristine
graphite. Within the rigid-band approximation, these
states shift to lower energies and are then filled in the
GIC due to charge transfer of valence electrons from La.

A set of angle-resolved PE spectra for the surface
phase of La-GIC, taken with h v= 50 eV at various polar
angles, is shown in Fig. 3(b), in comparison with corre-
sponding spectra for the clean HOPG substrate [see Fig.
3(a)]. The angle-resolved PE spectra for pristine HOPG
are in agreement with the experimental results of Ref. 27
as we11 as with the results of band-structure calcula-
tions. The normal-emission spectrum gives no indica-
tion of electronic states at EI; in the I -point region of the
graphite BZ. As has already been discussed, the main
feature B stems from p„electronic states, which are
characterized by a strong dispersion toward EI; when go-
ing from the I point to the border of the Brillouin zone.
These states are responsible for the conductivity in semi-
metallic graphite.

Except for the low-binding-energy region, the PE spec-
tra for La-GIC look almost identica1 to the spectra ob-
tained for pyrolytic graphite; however, they are shifted to
higher energies by 1.2—1.4 eV depending on the sampling
point in the BZ. As in the case of HOPG, feature B,
which corresponds to p„electronic states, exhibits an al-
most 6-eV dispersion toward E~; it reaches a position
closest to Ez at the border of the Brillouin zone of the
nonreconstructed surface. The similarity of the PE spec-
tra of HOPG and La-GIC is really striking. Not only the
main feature B is duplicated, but also some of the 6ner
details (marked by vertical bars in Fig. 3). Note that
despite a surface reconstruction observed by scanning
tunneling microscopy (STM) (Ref. 20) and LEED, the ad-
ditional back-folded features are not clearly monitored by
the angle-resolved PE spectra of La-GIC.

In addition to the structures already discussed, a sharp
asymmetric feature develops at the Fermi level in the
spectra of the La-GIC when the polar angle 0 is in-
creased. The PE weight of this feature is low for sma11

angles; it is of the same order of magnitude as the intensi-
ty of features observed in the same energy region for the
carbide phase (Fig. 2, center spectrum). On the other
hand, this structure is most intense in the spectrum taken
at an angle that corresponds to emission from the border
of the BZ. It consists of a sharp peak directly at the Fer-
mi level and a shoulder at a binding energy of 1 eV. The
inset in Fig. 4 shows the dependence of the intensity of
this Fermi-level peak on the angle O. The signals are
normalized to equal photon Aux, assuming a cosine law
for the dependence of the intensity on the angle between
the electric-field vector of the linearly polarized synchro-
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FIG. 4. Angle-resolved valence-band photoemission spectra
of La-GIC recorded with 50-eV photons from the region close
to the border of the BZ of graphite. The inset gives the signa. 1

weight at the Fermi level as a function of O.

tron radiation and the direction of electron detection.
The intensity grows by a factor of almost 50 close to the
border of BZ (at 0—=32') as compared to the value at the
I point. Note also a one structure of this angular depen-
dence: a weakly pronounced peak at 8=—7 (magnified
ten times in the inset of Fig. 4) and a shoulder at an angle
of 48 (marked by a solid vertical bar).

Angle-resolved. PE spectra from the binding-energy re-
gion close to the Fermi level are presented in Fig. 4; they
were measured from the region at the border of the BZ
(6=28'—34 ). The PE weight there is built up by the
two structures discussed above, which behave di6'erently
when the polar angle is changed. The shoulder shows a
0.2-eV dispersion to the high-binding-energy side when
going from 28 to 30' (first BZ). For larger angles (second
BZ), it disperses back to the low-binding-energy region.
Its relative intensity is maximal at the border of the BZ.
In contrast to the high-binding-energy shoulder, peak C,
which is located directly at Ez, does not show a disper-
sion with the angle O.

DISCUSSB3N

Based on the angle-resolved PE, AES, and LEED re-
sults presented and discussed, the following two-step
model is proposed for the incorporation of La into
HOPG: In the first step, C planes are destroyed by an-
nealing the La-HOPG interface at relatively low temper-
atures (400—600'C); this leads to the formation of a
disordered La-C compound. Thermal annealing activates
the chemical reaction between La and C, resulting in
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C2p —La 5d hybridization and in intermixing of the two
components. The corresponding C(KVV) AES spectrum
is similar to those observed previously for carbides [Fig.
1(b)]. Further annealing at temperatures between 800
and 900 C leads to an ordering of the carbide phase as
seen in the LEED pattern.

The PE results give strong evidence for a breaking of
the in-plane graphite cells (sp hybrids) and for the for-
mation of a carbide1ike con.pound upon annealing of the
La-graphite interface at relatively low temperatures. In
atomic carbon, the 2s and 2p electronic levels are at very
difFerent binding energies. This causes a large energy sep-
aration of —= 15 eV between the corresponding electronic
states close to the I point in graphite. To form sp hy-
brids, the 2s band and the 2p -derived bands have to
move toward each other by 7 and 8 eV, respectively; this
is observed when going in k space from the center to the
border of the graphitic BZ. The rest of the 2p states
(with m character) show strong dispersion toward the
Fermi level [see Fig. 3(a)]. On the other hand, the PE
spectra of the ordered phase of La carbide (not shown
here) reveal a rather weak dispersion of the valence-band
electronic states (less than 1 eV) over the whole range of
polar angles. The most intense peak of the 2p-derived
electronic density of states is always located in the region
between 3- and 6-eV BE (see Fig. 2, center spectrum). As
a result, the 2p and 2s electronic states of carbon no
longer overlap in energy. The sp feature, which has
been observed at a binding energy of 15 eV in HOPG (see
Fig. 2, bottom), is missing in the PE spectrum of La car-
bide. The main contribution to covalent bonding in car-
bides of d transition metals stems from hybridization be-
tween the 2p states of C and the d states of the metal.
The spectra of La carbides, obtained in the present study,
are in accordance with those presented in the literature
for ZrC, HfC, and TiC, with pd hybrids located at a BE
between 3 and 6 eV.

Upon annealing of the La-HOPG interface at low tem-
peratures, the graphite planes are destroyed in the sur-
face region, allowing intermixing of the La and C com-
ponents and, in this way, the synthesis of a surface phase
of a La-carbide compound. Upon the second annealing
step at high temperatures (about 1200'C), the intermix-
ing of La and C is intensified in a way that the surface is
now enriched by carbon. The corresponding PE spec-
trum, measured after this high-temperature annealing
step (Fig. 2, top), shows an evident decrease of the La 5p
intensity as compared to the spectrum taken after the
first low-temperature annealing step (Fig. 2, center). The
concentration of La is now low, and the orienting factor
of the substrate favors a recovering of the graphite planes
in the surface layer. %'e emphasize the importance of the
orienting role of the substrate, since we were not able to
obtain an intercalation compound starting from amor-
phous carbon.

Our previous STM study showed that after annealing
step 2 the La-HOPG sample has a well-ordered structure,
which shows the sixfold symmetry of the graphite layers.
It is characterized, however, by longer distances between
nearest-neighbor spots. Depending on the thickness of
the deposited La layer and the duration of annealing,

these observations point to a 2 X 2 or (V 3 X v'3)+ 30' (or
mixed) reconstructed surface, which has also been ob-
served for alkali-GIC. In contrast to alkali-GIC, where
STM can be performed only in a UHV setup, images of
the high-temperature annealed La-HOPG interface can
even be taken at atmospheric conditions. For this STM
study in air, the samples were synthesized in an UHV
chamber. They were characterized with AES before and
after the STM measurements. Only weak traces of La ox-
ides were detected after several minutes of scanning in
air. This shows that the La atoms are trapped under-
neath the topmost inert layer of graphite, being strongly
chemically bounded there. In addition, the large size of
the trivalent La ions complicates their segregation to the
surface through the hexagonal cells of carbon layers.
Following the analogy in the type of reconstruction for
La-GIC and alkali-GIC systems, we can estimate the sur-
face stoichiometry to be LaC8 and LaC6 for the 2 X 2 and
the (&3X v'3 lR 30' reconstructed surfaces, respectively.

The angle-resolved PE spectra presented in Figs. 2 and
3 give further evidence for a recovering of the graphite-
like layered structure at the surface of the high-
temperature-annealed La-HOPG system. Annealing step
2 restores the PE structures A (sp hybrids) and 8 (p or-
bitals), which are characteristic of pristine graphite (Fig.
2). As in the case of HOPG, the valence-band features
for La-GIC show a strong dispersion upon variation of
the polar angle (Fig. 3). The corresponding spectra in
Fig. 3, measured for the same polar angle for HOPG and
La-GIC, are almost identical, with the exception that (i)
the whole PE structure for La-GIC is shifted by about
1.2—1.4 eV to higher binding energies as compared to the
structure for HOPG, and (ii) a new feature C appears at
the Fermi level in the PE spectrum of the La-intercalated
compound. A spectral feature corresponding to the PE
peak C has also been observed in the C(XVV) AES spec-
trum (Fig. 1, top) rejecting the carbon-derived density of
states in the valence band of the La-intercalated com-
pound. This feature, which has also been observed upon
intercalation of graphite with alkali metals, ' ' gives
strong evidence of the validity of a rigid-band picture, as
well as for the strong charge transfer from La to C. Note
that despite the 2X2 or (+3Xv'3)R30' reconstruction
observed by LEED and STM, almost no back-folded
features can be distinguished in the valence-band PE
spectrum from the La-GIC. The same conclusions have
been drawn from angle-resolved PE of alkali-CIC's. '

This phenomenon can be explained on the basis of low
PE cross sections from folded bands due to the umklapp
transitions involved.

As discussed above, the calculations performed for
metal-intercalated graphite [available only for alkali-
GIC's (Ref. 6)] reveal a charge transfer of valence elec-
trons from the metal to C p -derived two-dimensional
states of graphite. Some studies claim also a charge
transfer into a three-dimensional interlayer band, which
is placed above Ez around the I point in pristine graph-
ite. ' ' ' Our present PE results support the first model
for the La-GIC. The main maximum in the angular
dependence of the PE intensity at Ez (see the inset in Fig.
4) corresponds to a polar angle that rejects emission
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from a region in reciprocal space, where the p +-derived

band crosses the border of the BZ. There is only a weak
bump in the intensity variation for 0™ between 5' and 8,
which can be assigned to a filled interlayer band located
around the I point.

The model of charge transfer into nondistorted elec-
tronic states of graphite in La-GIC is also supported by
the observed dispersion of the PE feature at =—1-eV BE
(see Fig. 4), which moves away from the Fermi level
when proceeding toward the border of the BZ. This is in
agreement with theoretical predictions for the behavior
of the filled p + band in intercalated graphite. The p -
derived structure has its maximum intensity close to the
border of the BZ, which can be explained by a pileup
effect. Another feature at the Fermi level (peak C in Fig.
4) does not show any dispersion. This structure cannot
be assigned to La-derived d states, because a similar
sharp peak has been obtained in s-metal-intercalated
graphites. Structure C does not change its relative in-
tensity with time and therefore can also not be assigned
to a surface state. This structure could well be the tail of
a dispersive p unoccupied state, ' which is simply cut by

the Fermi edge. An inverse photoemission study could
clarify the origin of this structure. Note that feature C is
most pronounced on both sides of the border of the non-
reconstructed Bz (0=24' —28 and 34 —38'), where the
p -derived bands are supposed to cross EF. This is the
condition for a charge-density wave, which are expected
to exist in one- or two-dimensional systems. "' The ori-
gin of feature C is not clear at the present time; further
studies are in progress in our laboratories.
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