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Atomic-resolution surface studies of binary and ternary alkali-metal —graphite intercalation
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We have used a scanning tunneling microscope (STM) operated in an inert-gas environment at room
temperature to study the surface structure of binary and ternary alkali-metal —graphite intercalation
compounds (AM-GIC's) from a submicrometer down to the atomic scale. The whole series of available
binary AM-GIC's (Li-, K-, Rb-, and Cs-GIC's) of stage 1 as well as the ternary AM-GIC's (KRb,KCs-,
and RbCs-GIC s) of stage 1 have been investigated. On a submicrometer scale, we have found indica-
tions for an inhomogeneous distribution of the intercalant layer, leading to island structures with a typi-
cal dimension of 50—200 nm. On the atomic scale, we have observed superlattice structures that agree
well with known superlattices present in the bulk of these compounds as well as other superlattice struc-
tures. These superlattice structures with either hexagonal or nonhexagonal symmetry may orginate from
a surface-intercalant ordering different from the bulk or from the presence of surface-driven charge-
density waves. We present experimental STM data of stage-1 KCs-GIC's that strongly support the hy-

pothesis of the existence of such surface-driven charge-density waves in AM-GIC s.

I. INTRODUCTION

Graphite intercalation compounds (GIC's) (Ref. 1)
have been of interest for a long time, both from a theoret-
ical as well as from an experimental point of view. They
provide model compounds for quasi-two-dimensional sys-
tems where the electronic and magnetic properties can be
tailored to a large extent by choosing an appropriate in-
tercalant. In addition, the interesting transport, optical,
catalytical, and tribological properties of GIC's open up a
variety of applications. For some of these applications,
such as in catalysis and tribology, the surface atomic and
electronic structure plays a major role. It is therefore
desirable to investigate the surface structure of GIC's in
more detail, whereas earlier experimental investigations
of GIC's have mainly focused on bulk properties.

It was only recently that microscopic techniques such
as high-resolution scanning-ion microscopy ' with about
20-nm lateral resolution and scanning tunneling micros-
copy (STM) (Refs. 4—16) with atomic-resolution capabili-
ty were applied to study the surface structure of GIC's
from a submicrometer down to the atomic scale. In-
teresting superlattice structures have been found on the
surfaces of GIC's by atomic-resolution STM studies.

Here, we present STM data obtained on the whole
series of binary alkali-metal —graphite intercalation com-
pounds (AM-GIC's) including Li-, K-, Rb-, and Cs-GIC's
of stage 1. In addition, we have studied the ternary AM-
GIC's KRb-, KCs-, and RbCs-GIC's as well as other ter-
nary GIC's of stage 1. The STM results obtained on a
submicrometer scale indicate the presence of an inhomo-
geneous distribution of the intercalant, which seems to be
an intrinsic property of GIC's. Atomic-resolution STM
studies of binary AM-GIC's confirm earlier observations
of hexagonal as well as nonhexagonal superlattices. The
nonhexagonal one-dimensional superlattices observed by
STM at the surface of binary heavy alkali-metal GIC's

(Refs. 11 and 12) are also observed at the surface of ter-
nary AM-GIC's. In addition, orthorhombic superlattices
are found on the surfaces of binary and ternary AM-
GIC's. We argue that the presence of a surface-driven
charge-density wave (CDW) is the most likely explana-
tion for these orthorhombic superlattice structures.

II. EXPERIMENT

The stage-1 Li-, K-, and ternary GIC samples were ob-
tained by a liquid-phase reaction of highly orientated py-
rolytic graphite (HOPG) with the molten alkali metals
(reaction temperatures between 100 and 250'C, exposure
times between 4 h and 16 d). The stage-1 Rb- and Cs-
GIC samples were prepared by the two-zone gas-phase
reaction from HOPG (reaction temperatures of
200 —280'C, exposure times of 1 —3 d). The stage of all
samples was checked by x-ray diffraction.

The STM used for the investigation of the surface
structure of GIC's is a commercially available instru-
ment' that is operated at room temperature in a
stainless-steel glove box containing a high-purity Ar at-
mosphere (1 bar). A gas purification system lowers the
02, N2 and H20 impurity levels beyond our detection
limit of 1 ppm. The GIC samples were transferred into
the glove box in sealed glass tubes through a fast-entry
air lock. Thus, the GIC samples were never exposed to
air. After breaking the glass tubes in situ inside the glove
box, the samples were mechanically fixed on the sample
holder stage of the STM unit. Prior to each series of
STM measurements, the samples were freshly cleaved.
Depending on the degree of surface reactivity of the
different compounds, STM experiments could be per-
formed on clean surfaces for time periods between half an
hour and several hours in the described environment.
After that time period a graphitic surface structure was
visible only, without any superimposed superlattices.
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Mechanically prepared Pt-Ir tips were used for the STM
measurements. To exclude artifacts originating from tip
asymmetries or multiple tip imaging, we always tried
several different tips for each kind of sample. STM mea-
surements were performed both in the constant-current
as well as in the constant-height mode. The constant-
current mode is particularly useful for getting quantita-
tively the measured corrugation amplitudes, whereas the
constant-height mode offers the advantage of excluding
corrugation enhancement effects due to forces acting be-
tween tip and sample. '

III. RESULTS

A. Li-GIC's

We have studied stage-1 Li-GIC's from a submicrome-
ter down to the atomic scale by using STM. Large-scale
STM images typically show extended () 100 nm), atomi-
cally Rat terraces separated by steps, mainly of monatom-
ic height, or grain boundaries originating from the
HOPG host [Figs. 1(a) and 1(b)]. In addition, we have
often found islandlike structures defined by an apparently
reduced topographic height. These islands typically have

a lateral dimension of 50—200 nm and do not terminate
at steps or grain boundaries. The apparent topographic
depth of the islands observed in Figs. 1(a) and 1(b) is
about 2 —3 nm, but can also be smaller. The measured
depth was found to be independent of the applied bias
voltage within a range of 0.05 —1.0 V and also indepen-
dent of the tunneling current within a range of 1 —10 nA.
These regions of apparently reduced topographic height
may originate from locally missing intercalated lithium,
most likely in subsurface parts of the sample. However,
the observed islands do not necessarily represent topo-
graphic surface structure only. It is also possible that the
islands represent surface regions of increased local work
function leading to an increased local tunneling barrier
height and therefore to an apparent decrease of the mea-
sured height in topographic STM images according to
the tunneling formula I ~ exp( —A V'Ps ), where
A =1.025 eV ' A ', P is the local tunneling barrier
height, s is the distance between the tip and the sample
surface, and I is the tunneling current, which was kept
constant during this STM measurement. The relative
change of the local tunneling barrier height is then given
by

Ph Nl 1

1+6,/s(Pq )

FIG. 1. (a) Constant-current STM image (414X414 nm ) of a
stage-1 Li-GIC. Islands of apparently reduced topographic
height can be clearly seen. Tunneling current: I=10 nA, sam-

ple bias voltage: U= —720 mV. (b) Similar survey of stage-1
Li-GIC (200X200 nm ) obtained with a different tunneling
current (0.68 nA) and sainple bias voltage ( —190 mV). The in-

dependence of the islandlike features from the applied bias volt-
age is evident.

where Pi, ($1) is the higher (lower) value of the local tun-

neling barrier height, s(Ph ) is the distance between the
tip and the sample surface corresponding to the higher
local work-function region, and b is the apparent change
of the topographic height. Regardless of the interpreta-
tion of the STM image contrast in this case, the observed
islands clearly indicate inhomogeneities in the spatial dis-
tribution of the lithium. It is interesting to make a com-
parison with the observation of islands of similar size in
stage-4 SbC15-GIC's. ' In this case, Sb-rich islands of la-
teral dimension 50—100 nm have been identified by
means of analytical electron microscope measurements,
again indicating inhomogeneities in the distribution of
the intercalated material in a completely different, accep-
tor GIC sample. It seems that such inhomogeneities are
intrinsically present in GIC s, since we observed them in
a variety of different compounds obtained by different
preparation conditions.

Atomic-resolution STM measurements on the stage-1
Li-GIC's confirm our earlier STM observation ' of three
different hexagonal superlattices corresponding to 2X2,
&3X&3 and an incommensurate hexagonal superlattice
with lattice constants of (0.49+0.02), (0.43+0.02), and
(0.35+0.02) nm respectively [Figs. 2(a) —2(c)]. These su-

perlattices originate from the ordered arrangement of
lithium at the surface of the stage-1 Li-GIC's. Bias-
dependent STM measurements did not reveal a depen-
dence of the observed superlattices on the applied sample
bias voltage within a bias range of +300 mV. Finally, it
should be noted that nonhexagonal, one-dimensional su-

perlattices such as those observed at the surface of
heavier alkali-metal GIC's (see below) have never been
observed at the surface of Li-GIC's.
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FIG. 2. (a) Constant-height STM image (2X2 nm ) of a stage-1 Li-GIC showing the hexagonal 2X2 superlattice. I=10 nA,
U= —162 mV. (b) Constant-height STM image (2 X 2 nm ) of a stage-1 Li-GIC showing the hexagonal &3X &3 superlattice. I=2.7
nA, U= —272 mV. (c) Constant-height STM image (2X2 nm ) of a stage-1 Li-GIC showing an incommensurate hexagonal superlat-
tice with a 0.35-nm periodicity. Same tunneling parameters as in (b).

B. K-GIC's

K-GIC's were found to be the most difBcult system
from the binary AM-GIC's series for STM studies, main-

ly because of their extremely high surface reactivity. In
our earlier STM study of K-GIC's we could only observe
a graphitic surface structure. ' More recently performed
STM studies of this system also reveal a variety of super-
lattice structures that are, however, observable only

within a very limited time period after freshly cleaving
the sample. %e attribute the ability to observe superlat-
tice structures at the surface of stage-1 K-GIC's in our
more recent STM studies to a different sample prepara-
tion procedure which was based on a liquid-phase reac-
tion, in contrast to our earlier STM studies ' where we
used samples obtained by the two-zone gas-phase reac-
tion.

FIG. 3. (a) Constant-height STM image (5X5 nm ) of a stage-1 K-GIC showing a hexagonal 2X2 superlattice. (I=3.5 n
U= —20 mV. (b) Constant-current STM image (5X5 nm ) of a stage-1 K-GIC showing a novel hexagonal v'3X v'3 superlattice.
I =5 nA, U= —50 mV. (c) Constant-current STM image (20X20 nm ) of a stage-1 K-GIC showing a novel one-dimensional super-
structure with a periodicity of 3.3 nm. I= 10 nA, U= —19 mV. (d) Constant-height STM image (5X5 nm ) of a stage-] K
howing a novel orthorhombic superlattice of 0.95-nm period, which is simultaneously observed together with the underlying graphi-

tic host lattice. I=3.5 nA, U= —20 mV.
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In Fig. 3(a) we present an STM image of a stage-1 K-
GIC sample showing a 2 X 2 superlattice structure that is
also present in the bulk of stage-1 K-GIC's. This STM
observation is consistent with earlier STM studies of
stage-1 K-GIC's by another STM group. ' In addition,
we have found a novel &3 X&3 superlattice at the sur-
face of stage-1 K-GIC's [Fig. 3(b)] that has not previously
been observed. The possible existence of the &3Xv'3
superlattice period in stage-1 K-GIC's has recently been
theoretically predicted on the basis of ab initio calcula-
tions within the density-functional formalism. Indica-
tions for the presence of a &3 X&3 superlattice at the
surface of stage-1 Cs-GIC's have been found experimen-
tally by means of angle-resolved photoemission spectros-
copy. ' This &3X &3 surface superlattice is also in con-
trast to the 2 X 2 superlattice as observed in the bulk of
stage-1 Cs-GIC's.

In addition, we have also observed nonhexagonal, one-
dimensional superlattice structures with a periodicity of
(3.3+0.1) nm at the surface of stage-1 K-GIC's [Fig. 3(c)]
that have previously been found only at the surface of
heavy alkali-metal GIC's. "*' Finally, we have found a
novel nonhexagonal orthorhombic superlattice [Fig. 3(d)]
with a periodicity of (0.95+0.I) nm.

C. Rb- and Cs-GIC's

STM studies of stage-1 Rb- and Cs-GIC's reveal both
hexagonal 2 X 2 superlattices [Figs. 4(a) and 4(b)] as well
as nonhexagonal, one-dimensional superlattice structures
(Fig. 5) at the surfaces of these compounds. These two
types of superlattices can be imaged with low noise level
over extended surface areas, as demonstrated in Figs. 4
and 5. This observation is consistent with our earlier
STM investigations of stage-1 Rb- and Cs-GIC's. "'
Since these experimental observations have already been
described in detail in Refs. 11 and 12 we will not focus
further on them here.

D. Ternary KCs-GIC's

We have studied for the first time ternary AM-GIC's
as an extension of the investigations of binary AM-GIC s.
As we will see below, we have found the same charac-
teristic features in STM images of ternary AM-GIC's as
we have already seen at the surface of the binary AM-
GIC*s.

In Figs. 6(a) and 6(b) we first present large-scale STM
images of the surface of stage-1 KCs-GIC's. Besides step
and other defect structures, islands of various sizes and
shapes, which have already been found at the surface of
stage-1 Li-GIC's (Figs. 1(a) and 1(b)], are also visible.
These islands have again a dimension of 50—200 nrn typi-
cally. In contrast to the observation of islands at the sur-
face of stage-1 Li-GIC's, we have mainly found islands of
apparently increased topographic height at the surface of
stage-1 KCs-GIC's. Again, we attribute the observation
of such islands to an inhomogeneous distribution of the
intercalant. For ternary GIC's such inhornogeneities can
either result from a deficiency of one component only'
or, less likely, of both components of the intercalant.

FIG. 4. (a) Constant-height STM image (10X10 nm') of a
stage-1 Rb-GIC showing a 2 X 2 superlattice with two lattice de-
fects (marked by arrows). I=5. 1 nA, U = —53 mV. (b)
Constant-current STM image (20X20 nm ) showing the 2X2
superlattice at the surface of a stage-1 Cs-GIC. I=2.9 nA,
U= —72 mV.

On the atomic scale, we have observed a variety of su-
perlattice structures at the surface of stage-1 KCs-GIC's.
First, a 2 X 2 superlattice [Fig. 7(a)] can be found and im-

aged with a low noise level over extended surface areas,
very similar to stage-1 Rb- and Cs-GIC's [Figs. 4(a) and
4(b)]. Second, we also observe the nonhexagonal, one-
dimensional superlattice structures at the surface of
stage-1 KCs-GIC's. The one-dimensional chainlike
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FIG. 5. Constant-height STM image (20X20 nm ) of a
stage-1 Cs-GIC showing linear superstructures. I=14.6 nA,
U= —5.8 mV.
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FIG. 6. (a) Constant-current STM survey image (400X400 nm ) of a stage-1 KCs-GIC showing islands of apparently increased to-
pographic height. I= 1 nA, U = —100 mV. (b) Another STM survey image (400 X400 nm ). Same tunneling parameters as in (a).

structures can either be regularly spaced, such as for
stage-1 Rb- and Cs-GIC's (Fig. 5), or there can be a ran-
dom sequence of two different spacings (2 and 2.9 nm),
such as those observed in the STM images shown in Figs.
7(b) and 7(c). The observation of different spacings be-
tween the one-dimensional chainlike structures has al-
ready been made earlier at the surface of stage-1 Rb- and
Cs-GIC's. "' However, we mainly found a periodic se-

quence of spacings between the one-dimensional chain-
like structures in the case of stage-1 Rb- and Cs-GIC's,
whereas the sequence of spacings that can be seen at the
surface of stage-1 KCs-GIC's is typically completely ran-
dom.

Finally, we have found a nonhexagonal orthorhombic
superlattice with a (1.9+0.1) nm period at the surface of
stage-1 KCs-GIC's [Fig. 7(d)]. This orthorhombic super-

FIG. 7. (a) Constant-current STM image (10X10 nm ) of a stage-1 KCs-GIC showing a commensurate 2X2 superlattice. I=2.2
nA, U= —100 mV. The measured corrugation (peak to peak) is about 0.2 nm. (b) Constant-current STM image (50X50 nm ) show-
ing a nonhexagonal, one-dimensional superlattice with irregular spacing on a stage-1 KCs-GIC. The distances between the individual
chainlike features are either 2 or 2.9 nm. I=0.6 nA U= —100 mV. The measured corrugation is about 0.15 nm. (c) Constant-
current STM image (50X50 nm ) of a stage-1 KCs-GIC showing irregularly spaced linear structures similar to (b). Same tunneling
parameters as in (b). (d) Constant-height STM image (10X 10 nm ) of a stage-I KCs-GIC showing a novel orthorhombic superlattice
with a periodicity of about 1.9 nm. I= 1 nA, U= —65 mV.
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lattice is similar to the one we have observed at the sur-
face of stage-1 K-GIC's [Fig. 3(d)]. Interestingly, the
STM image of Fig. 7(d) shows in fact two different super-
imposed superlattices in addition to the underlying gra-
phitic host lattice, namely the novel orthorhombic super-
lattice already mentioned and the 2X2 superlattice. This
can best be extracted from an STM image analysis based
on the two-dimensional Fourier transform shown in Fig.
8(a). Clearly, three groups of spots can be distinguished
in Fourier space, two groups with hexagonal symmetry
corresponding to the graphitic host lattice [Fig. 8(b)] and
the 2X2 superlattice [Fig. 8(c)], and one group with or-
thorhombic symmetry [Fig. 8(d)] corresponding to the
novel superlattice that dominates the STM image
presented in Fig. 7(d). The simultaneous observation of
two superimposed superlattices of different symmetry at
the surface of stage-1 KCs-GIC's has important implica-
tions for the interpretation of the superlattice structures,
as will be discussed in Sec. IV.

E. Ternary RbCs-GIC's

Atomic-resolution STM studies of stage-1 RbCs-GIC's
again reveal different types of superlattices. First, a 2X2
superlattice can be found [Fig. 9(a)] and imaged over ex-
tended surface areas, very similar to the results obtained
for stage-1 Rb- and Cs-GIC's as well as KCs-GIC's.
Second, the nonhexagonal one-dimensional superlattice
structures can also be found at the surface of stage-1
RbCs-GIC's [Fig. 9(b)]. In this case, we have mainly

found regularly spaced one-dimensional chainlike struc-
tures.

F. Other ternary GIC's

We have also investigated other ternary GIC's, such as
KRb-, KT1-, and RbT1-GIC's, where we have found 2X2
superlattices at the surfaces. Other ternary GIC's, such
as CsBi-GIC's, have been studied with STM as well.
These experimental results are planned to be reported
elsewhere.

IV. DISCUSSION

The variety of superlattice structures found at the sur-
face of binary and ternary AM-GIC's is certainly surpris-
ing. The simultaneous observation of two different super-
lattices in addition to the underlying graphitic host lat-
tice as in the case of stage-1 KCs-GIC's indicates that
different superlattices might have different origins. In the
following, we would like to discuss possible origins of the
observed superlattices. Unfortunately, only a very limit-
ed number of theoretical calculations has been de-
voted to STM studies of GIC's so far. These calculations
are partly based on drastic assumptions concerning the
treatment of the superlattices, which are not justified by
the experimental observations. Therefore, the interpreta-
tion of the observed superlattices is at least partly at a
speculative stage.

To start our discussion of the experimental STM re-

FIG. 8. (a) Two-dimensional fast Fourier transform of the STM image presented in Fig. 7(d). Details are described in the text. (b)

Extracted hexagonal graphitic host lattice. (c) Extracted hexagonal 2X 2 superlattice. (d) Extracted nonhexagonal, orthorhombic su-

perlat tice.
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FIG. 9. (a) Constant-current STM image (10X10 nm ) of a
stage-1 RbCs-GIC showing a commensurate hexagonal 2 X 2 su-

perlattice. I=1 nA, U= —8 mV. The measured corrugation is
about 0.6 nm. (b) Constant-height STM image (10X10nm ) of
a stage-1 RbCs-GIC showing nonhexagonal, one-dimensional
superstructures separated by about 1.25 nm. I=5.6 nA,
U= —8 mV.

suits on AM-GIC's, we first have to clarify the experi-
mental conditions. As described in Sec. II, the samples
are freshly cleaved prior to each series of STM measure-
ments. For a stage-1 compound, cleavage of the sample is
expected to lead initially to two parts, with the freshly
cleaved surfaces equally covered with the intercalant,
which is consequently diluted compared with the inter-
calated layers in the bulk. The alkali metal at the surface
is, however, likely to evaporate off in the inert-gas envi-
ronment. Therefore, we expect that the top surface layer
for most of the studied stage-1 AM-GIC's is a graphitic
layer followed by the first intercalated layer. This ex-
plains the easiness of the simultaneous observation of the
graphitic host lattice in addition to the superlattices that
are induced by the presence of the intercalated layers. In
the case of stage-1 Li-GIC's, however, we have indica-
tions that the top surface layer might consist of lithi-
um. ' This assumption would explain three different ex-
perimental observations: First, in contrast to the STM re-
sults obtained for the heavier alkali-metal GIC's, we nev-
er succeeded in simultaneously imaging the graphitic host
lattice in addition to the observed hexagonal superlattices
at the surface of stage-1 Li-GIC's. Second, the experi-
mentally measured corrugation amplitudes at low bias
voltages (&200 mV) were found to be considerably
higher ' than theoretically predicted. This discrepancy
could be explained by the fact that in the calculations a

top graphitic layer was assumed. Third, the easiness of
transformation between the three experimentally ob-
served hexagonal superlattices at the surface of stage-1
Li-GIC's [Refs. 7 and 8 and Figs. 2(a) —2(c)] could best be
explained by a lithium layer being at the top of the sur-
face.

Under the assumption of a top lithium layer at the sur-
face of stage-1 Li-GIC's, the STM images are likely to
directly reflect the local distribution of lithium at the sur-
face. Atomic and electronic structure effects might of
course both contribute to the measured corrugation am-
plitudes. '

For the heavier alkali-metal GIC's, where the top sur-
face layer is assumed to be a graphitic layer, the interpre-
tation of the experimental STM results might be much
more sophisticated. Three different types of superlattices
have mainly been observed: the 2 X 2 superlattice and the
nonhexagonal one-dimensional, as well as orthorhombic,
superlattices.

The presence of a 2 X2 superlattice of the intercalated
layers is well known from bulk diffraction experiments of
these compounds. Therefore, it is likely that the STM
observation of this superlattice at the surface of these
compounds directly reflects the ordered arrangement of
the alkali metal in the first gallery of the graphitic host
lattice. The STM image contrast can, however, have
different origins: First, the STM probes the electronic
states near the Fermi level at the distance of a few
angstroms from the surface, which are influenced by the
presence of the intercalated layers. Second, the STM is
also sensitive to elastic distortion fields, which cause the
top graphitic layer to buckle due to the presence of the
underlying intercalant layer. ' At present, it is difficult
to estimate the relative contributions of these two
different image contrast mechanisms to the observed ex-
perimental STM results. A comparative STM and atom-
ic force microscopy (AFM) (Ref. 27) study would certain-
ly help to disentangle the contributions of the different
contrast mechanisms, since the AFM predominantly
probes the local elastic distortion field. Such a com-
parative STM and AFM study of AM-GIC's is currently
in progress.

Another issue is the observed similarity of the STM
images of the 2 X 2 superlattice at the surfaces of binary
and ternary AM-GIC's. We have not yet observed any
indications of a two-component intercalant layer in the
STM images of the 2 X 2 superlattice at the surface of ter-
nary AM-GIC's. For a two-component intercalant layer,
one would expect, for instance, a locally varying corruga-
tion amplitude over the 2 X 2 superlattice, which is not
experimentally observed. X-ray studies of the structure
of stage-1 K, „Rb„-GIC's(Ref. 28) have shown that the
mixed alkali-metal layers form a commensurate 2X2 su-
perlattice with complete site disorder among the two
different types of alkali-metal ions. Further experimental
investigations are necessary to explain the uniformity of
the 2X2 superlattice observed at the surface of ternary
AM-GIC's.

Besides the hexagonal 2 X 2 superlattice, it is also possi-
ble to observe nonhexagonal one-dimensional superlattice
structures superimposed on the graphitic host lattice at
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the surfaces of binary and ternary AM-GIC's. The one-
dimensional chainlike structures are observed with
different periodicities, "' and in some cases they are not
regularly spaced at all [Figs. 7(b) and 7(c)]. Typically, no
corrugation is measured along the chains after subtract-
ing the corrugation resulting from the underlying graphi-
tic host lattice. Two possible explanations can be given
for the observed one-dimensional superlattice structures.
First, a quasi-one-dimensional chainlike ordering of the
alkali-metal intercalant, leading to nonhexagonal super-
lattices such as &3X4 or &3 X&13 (Refs. 11 and 12) or
irregularly spaced quasi-one-dimensional chains, can ex-
plain our STM observations. The existence of a one-
dimensional chainlike ordering of the alkali metal in the
bulk of high-stage Cs-GIC's has already been confirmed
earlier by scanning transmission electron microscopy.

Under the assumption of a chainlike ordering of the
alkali-metal intercalant, the STM image contrast can
again be explained either by an electronic contribution of
the intercalant layer or by the elastic distortion field asso-
ciated with the one-dimensional ordering of the inter-
calant. To explain the absence of a corrugation along the
chains, a close packing of the alkali-metal ions in this
direction has to be assumed. For a commensurate struc-
ture this would be fulfilled by a &3Xao spacing of the
alkali-metal ions along the chains, where ao is the lattice
constant of the graphite host. One may speculate wheth-
er such alkali-metal chains in GIC's would be metallic. If
the STM image contrast is mainly due to the electronic
contribution of the intercalant layer, the absence of a
measured corrugation along the chains would certainly
indicate such a metallic behavior.

A second possible explanation for the observed one-
dimensional superlattice structures would be the ex-
istence of charge-density waves (CDW's) at the surface of
AM-GIC's. An indication for the existence of a surface-
driven CDW in stage-1 Cs-GIC's has already been found
by means of angle-resolved photoemission spectrosco-
py. It is well known that STM is highly sensitive to
CDW modulations. ' On the other hand, the AFM
response to CDW's is considerably less, and is often not
visible at all. ' Therefore, a comparative STM and
AFM study of GIC's would again help to clarify the ori-
gin of the observed superlattices. If the observed one-
dimensional superlattice structures would indeed be due
to a surface CDW, the observed defects' as well as the
irregular spacing found at the surface of stage-1 KCs-
GIC's [Figs. 7(b) and 7(c)] would be remarkable. Howev-
er, at present we consider this interpretation of the one-
dimensional superlattice structures less likely.

Finally, we would like to discuss the observation of the
orthorhombic superlattices at the surfaces of stage-1 K-
GIC's [Fig. 3(d)] and stage-1 KCs-GIC's [Fig. 7(d)]. In
the case of the stage-1 KCs-GIC's this orthorhombic su-
perlattice was simultaneously observed together with the

2X2 superlattice and the underlying graphitic host lat-
tice. The observation of the 2 X 2 superlattice undoubted-
ly suggests a hexagonal 2X2 superlattice ordering of the
intercalant layer. Therefore, the simultaneously observed
nonhexagonal orthorhombic superlattice cannot be ex-
plained by electronic contributions or elastic distortion
fields due to intercalant layer. It is therefore most likely
that the observed orthorhombic superlattice has its origin
in a surface CDW. This would then be direct evidence
for the presence of a CDW state in GIC's. Since the
same type or orthorhombic superlattice is also observed
at the surface of stage-1 K-GIC's, we also expect the
presence of a CDW at the surface of this compound. The
larger period of 1.42 nm observed for stage-1 KCs-GIC's
compared with the 0.95-nm period for stage-1 K-GIC's
would then indicate a lower degree of charge transfer
from the KCs intercalant to the graphitic planes, leading
to a decreased Fermi surface size, which, in fact, would
increase the wavelength of the CDW. More experimental
work is, of course, needed to clarify this point, e.g. , by an
observation of the superlattice period as a function of the
relative concentrations in M„M& -GIC's, where M and
M' are two different alkali metals, and by the direct STM
measurement of a CDW energy gap in stage-1 AM-
GIC's.

V. SUMMARY

We have studied binary and ternary AM-GIC's of
stage 1 from a submicrometer down to the atomic scale
by using STM. On a submicrometer scale, we have found
evidence for an inhomogeneous distribution of the inter-
calant by the observation of island structures with a typi-
cal dimension of 50—200 nm. On the atomic scale, we
have observed many different superlattice structures with
either hexagonal or nonhexagonal symmetry. The possi-
ble origin of these superlattices has been discussed. In
the case of the ternary stage-1 KCs-GIC's, we have found
strong evidence for the existence of a surface CDW by
the simultaneous observation of two superlattices of
different symmetry in addition to the underlying graphi-
tic host lattice. The presence of a CDW state is also ex-
pected at the surface of stage-1 K-GIC's. Certainly,
more experimental and particularly theoretical work,
which is hopefully motivated by this present report, is
needed to arrive at a better understanding of the atomic-
scale surface structure of AM-GIC's.
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