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Scanning tunneling microscopy has been used to study surfaces of stage-1 Cs and Rb graphite

intercalation compounds on the atomic scale. We have found a (2x2) superlattice as well as a

one-dimensional ordering of the alkali-metal atoms corresponding to nonhexagonal (J3x4) and

(J3&413) superlattice structures. Three rotational domains of the one-dimensional phase have

been observed, inclined at 120 to each other, with sizes ranging from 10 nm to typically 60 nm.

The origin of the superlattices and a transition process, based on a surface depletion of the alkali

metal, are discussed.

The bulk in-plane ordering of the intercalated layers in

graphite intercalation compounds' (GIC's) has been stud-
ied for a long time with x-ray and electron diff'raction.
Whereas the bulk in-plane structure of stage-1 alkali-
metal GIC's has well been established, the situation in

high-stage compounds is far less clear. Disordered
alkali-metal layers, 2 with triangular short-range order,
were detected at 300 K. A recent theoretical work gives
evidence of floating domains consisting of coexisting fluid
and solid "phases" in unsaturated GIC's. The coexistence
of several diff'erent superlattices in the bulk of high-stage
Cs GIC's was first suggested on the basis of x-ray
diffraction data and later confirmed by scanning transmis-
sion electron microscopy at 100 K. Electron-diffraction
patterns from individual structural islands identified
(2&2), (43&2), and (J3&413) in-plane superlattices,
the latter two being nonhexagonal in-plane superlattice
phases with a symmetry different from that of the graph-
ite host lattice. The same authors analyzed the starlike
electron-diffraction pattern of a stage-2 Rb GIC (which
they refer to as CvX) (170(T (620 K) (Ref. 5) to be a
superposition of three nonhexagonal (J3xJ7), (J3x3),
and (J3x 4) in-plane structures. To our knowledge, the
tendency of the alkali-metal atoms to form chainlike
structures has not yet been theoretically treated although
it is a very interesting phenomenon in quasi-two-di-
mensional physics.

Very recently, the in-plane ordering of the alkali-metal
atoms could also be studied at the surface of alkali-metal
GIC's on the atomic scale by using scanning tunnelin~ mi-
croscopy6 (STM) in an inert-gas environment. ' On
the surface of in situ cleaved stage-1 Li GIC's, commens-
urate superlattices [(v 3x J3) and (2x 2)] as well as an
incommensurate superlattice have been observed,

whereas on in situ cleaved CsM (M K, Rb, Cs) surfaces
a (2&2) superlattice, which is also ~resent in the bulk of
CsM compounds, has been found. ' In this work, we re-
port real-space observation of nonhexagonal, one-di-
mensional (1D) superstructures on in situ cleaved sur-
faces of well-staged CsM compounds (M Rb, Cs ). This
corresponds to (v 3 x 4) and (J3 x 413) superlattices of
the alkali-metal atoms with rectangular and centered rec-
tangular unit cell and twofold symmetry. The one-
dimensional ordering is observed in domains about 10 nm
to typically 50 nm across. Macroscopically, the threefold
symmetry of the underlying graphite host lattice is re-
tained by the occurrence of three rotational domains in-
clined at 120' to each other. Extremely sharp domain
boundaries (-0.5 nm) have been observed, indicating a
very short-range driving force for the quasi-one-dimen-
sional ordering of the alkali-metal atoms. We believe that
the origin of the observed hexagonal (2&&2) (Refs. 9 and
10) and the one-dimensional (J3x4) and (J3&&413) su-

perlattices is different, and give an explanation for a possi-
ble transition process at the surface, similar to the bulk
transition process, which was attributed to a depletion of
the alkali metal.

The GIC samples were prepared by the standard two
zone gas-phase reaction from highly oriented pyrolytic
graphite (HOPG). They were characterized to be single-
phase stage-1 by (OOI) x-ray diffraction. The scanning
tunneling microscope used in this study is a commercial
device, "which has been adapted to a stainless-steel glove
box. A gas purification system lowered the 02, N2, and
H20 impurities in the Ar atmosphere (1 bar) beyond the
detection limit of 1 ppm. The GIC samples were trans-
ferred into the Ar atmosphere without exposure to air,
mechanically fixed on the sample holder stage and cleaved
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prior to each measurement. We used mechanically
prepared Pt-Ir tips for the STM experiments. The experi-
mental parameters were set to 1-4 nA for the tunneling
current I, and to ~ (20-400) mV for the sample bias
voltage U, . All STM images were taken in the constant
current mode of operation, which means that the tip fol-
lowed traces of constant density of states near the Fermi
energy EF.

In Figs. 1 and 2 we present typical STM images of CsM
materials on the atomic scale. Figure I is a (5x6)-nm
image and shows the (2 & 2) superlattice on CsRb,
whereas in Fig. 2 the one-dimensional (J3X4) superlat-
tice on CsCs can be seen. The simultaneously imaged
graphite lattice on both images allows an accurate deter-
mination of the superlattice orientation. In Fig. 2 the dis-
tance between the rows is exactly 4 times the graphite lat-
tice constant of ao 0.246 nm. Although a modulation
along the one-dimensional structure is not detectable, we
assume a J3ao distance between the alkali-metal atoms
from the (110)orientation of the superstructure. The ob-
served corrugation is 0.15+ 0.05 nm for the (2X 2) super-
lattice, 0.05~0.03 nm for the (43&4) superstructure,
and 0.1+'0.03 nm for the graphite host lattice. The bias
voltage, which was set to + (20-400) mV did not
influence the observed structures. The (2& 2) superlattice
appears always directly after cleaving the GIC sample and
turned into the one-dimensional superlattice after a typi-
cal time of 20-30 min. We observed this transition many
times directly on the atomic scale, where the transition
took place within a few scan lines ( &0.2 s) during scan-
ning. A tip induced transition is unlikely because both su-
perlattices could be imaged normally several hundred
times without changing. In contrast to the (2X2) super-
lattice, where domain boundaries have not been found, we
imaged several domain boundaries of the one-dimensional
structures. Figure 3 is a 32x32-nm image of a Rb GIC
sample and shows such a domain boundary near a mona-
tomic step of 0.35 nm in height. This agrees well with the
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FIG. 2. On this 7.5X6.5-nm2 image (U, —160 mV, I, 1.5
nA) of CsCs the chainlike (v 3x4) superstructure and the un-
derlying HOPG lattice can be seen.

graphite c-axis lattice constant. In contrast to the lower
terrace, where the one-dimensional superlattice with the
domain boundary was imaged, only the regular hexagonal
graphite lattice was observed on the upper terrace. The
6.5x6.0-nm2 STM image (Fig. 4) is a closer look at the
domain boundary and corresponds to the marked section
in Fig. 3. Here another superlattice can be seen. This
domain consists of one-dimensional chains, which are
separated alternatingly by 4 and 3.5 times ao, the lattice
constant of graphite. We interpret this as an alternating
(E3X4) and (J3X413) arrangement of the alkali-metal
atoms. A high-resolution image of domain boundaries on
Rb GIC is shown in Fig. 5, where three different domains
inclined at 120' to each other are visible. The boundary
zone has a width of -0.5 nm. No defect in the HOPG
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FIG. l. STM image (U, 50 mV, I, 3.4 nA) of RbCs,
which shows the (2& 2) superlattice with the underlying HOPG
lattice on a 5.0X6.0-nm' area.

FIG. 3. STM image of RbCs (32&32 nm2, U, 42 mV,
I, 2.6 nA), which shows a domain boundary of the one-
dimensional superlattices near a surface step.
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FIG. 4. This image (6.5X6.0 nm2, U, 42 mV, I, 2.6 nA)
corresponds to the marked section in Fig. 3. The alternating dis-
tances of 3.5ap and 4ao between the one-dimensional super-
structures are clearly visible.

lattice can be seen, which might induce this domain for-
mation.

The stoichiometric composition of the observed
(J3x4) superlattice is C~sM. Assuming an initial (2x2)
superlattice for CsM GIC's, this would correspond to a
surface depletion, most likely due to a desorption process
of the alkali metal into the argon atmosphere. A diffusion
process into the bulk is unlikely, because of the saturated
low-lying graphite galleries in stage-1 GIC's. A severe
influence of reaction products (e.g. , recombinations of at-
mospheric impurities with alkali-metal atoms) to this sur-
face depletion also seems to be unlikely, because of the
abrupt transition on a large scale as well as the permanent
ideal experimental conditions, which should be severely
disturbed on the atomic scale by a contamination layer.
The nonobservation of this one-dimensional superlattice

structure on C6Li and CsK also excludes an impurity
driven transition or strain effects due to the sample
mounting or sample cleaving procedure. Furthermore, a
more complex arrangement of the alkali-metal atoms for
explaining the one-dimensional superstructures with an
unchanged CsM composition is unlikely because of the
regularity of the observed superstructures as well as the
observation of a depleted graphitic surface structure after
2-3 d.

Two experimental results differ for the observed super-
lattices. First, the corrugation amplitude of the (2 x 2) su-
perlattice is about 2-3 times larger than for the (J3x4)
superlattice. Second, we observe a different spatial resolu-
tion of -0.25 nm for the hexagonal and -0.5 nm for the
one-dimensional superlattice by using the same STM tip.

Besides the understanding of the formation of different
superlattices, the question, concerning the location of the
alkali-metal atoms, plays an important role. We have two
possible interpretations for the observed structures. The
large corrugation for the (2&2) superlattice suggests an
enhanced topographic effect or a special electronic state
near EF. The latter case might be supported by angle-
resolved photoemission spectroscopy (ARPES) experi-
ments on CsCs, ' giving evidence for a low-dispersion
band near EF, which might have its origin in a surface
driven charge-density wave (CDW). This was also sug-
gested by Kelty and Lieber. ' In case of a surface de-
pletion of the intercalated material, one can expect an en-
ergetically favored one-dimensional reorientation of the
alkali-metal atoms. The loss in spatial resolution by un-
dergoing this transition is difficult to understand with a
simple rearrangement of the alkali-metal atoms at the
surface, but might be understood with a simultaneous col-
lapse of the assumed surface CDW.

One can also think of a drastic change in the electronic
properties from electronically isolated atoms to metallical-
ly bonded alkali-metal atoms (1D alkali metal), caused by
an atom separation of J3ao ( 0.429 nm), which is small-
er than the nearest-neighbor distance in the 3D metal.
For this case no theoretical work is known to the authors.
In contrast, the deformation of the topmost graphite layer
due to an intercalated alkali-metal atom in the first graph-
ite gallery has recently been treated theoretically. " Ap-
plied to the observed one-dimensional superlattice struc-
tures, this would allow a first estimate for the healing

FIG. 5. Three rotational (%3X4) domains are shown in this
10.0x9.0-nm' image of RbCs (U, 20 mV, I, 2.0 nA).

FIG. 6. (a) The (J3&4) and (b) the (J3xJ13) superlattice
are schematically shown with the underlying HOPG honeycomb
lattice.
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length A,;, which corresponds to the distance at which the
layer distortion decreases to its half maximum value. The
measured healing length (—0.25 nm) and the height vari-
ation (-0.05 nm) of these superstructures are in excel-
lent agreement with this theoretical prediction and would
therefore be the first local real-space evidence for a de-
crease of the flexural rigidity of a single graphite layer
upon intercalation, as it was measured in neutron-dif-
fraction experiments. ' As mentioned above, an interest-
ing point concerns the supposed in-row distance of J3ao
( 0.426 nm) of the Rb and the Cs atoms in the (43 X 4)
and (J3&413) (Fig. 6) structures, which is smaller than
the regular bulk separation in the hexagonal (2X 2) super-
lattice. If one compares this in-row distance with the
width of the one-dimensional superstructures of -0.5 nm,
it is obvious that a STM resolution of the alkali-metal
sites along the superlattice structure is very difficult to

achieve.
In summary, we have investigated stage-1 C8M GIC

(M Rb, Cs ) on the atomic scale by STM. For the first
time we have observed one-dimensional superlattices
[(J3X4) and (J3x413)] with domain sizes ranging
from 10 to 60 nm besides the hexagonal (2 X 2) superlat-
tice on these surfaces. We have evidence that the surface
of stage-1 GIC's in an inert-gas atmosphere gets depleted
and can be compared with the bulk of high-stage GIC's.
The origin of the observed superlattice structures is dis-
cussed and compared with ARPES experitnents and a re-
cent theoretical work.
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