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The scanning tunneling microscope has been used to image stage-1 and stage-2 potassium, rubi-
dium, and cesium graphite intercalation complexes with atomic resolution. Images of the stage-1
materials exhibit a 2a modulation for a wide range of tunneling currents (0.5-10 nA) and bias
voltages (—750 to +750 mV). This new superlattice is also ordered over large (> 500%500 A2)
areas. Images of the stage-2 materials are dominated by a centered hexagonal structure typical
of graphite. The vertical corrugation determined for the stage-2 materials is, however, signifi-
cantly smaller than observed for graphite. These results are discussed with respect to theoretical
explanations of the anomalous features observed in images of graphite.

Scanning-tunneling-microscopy (STM) images of the
surface of highly oriented pyrolytic graphite (HOPG)
often exhibit two anomalous features, including: (1) large
(=1 A) vertical corrugations between the atomic posi-
tions and the centers of the carbon rings, and (2) a large
asymmetry between adjacent carbon atom sites (usually
only alternate atoms are observed).!® Current evidence
suggests that large vertical corrugations are due to elastic
interactions mediated by a contamination layer between
the tip and the graphite surface,* although other factors
may also be important.>*> Asymmetry between adjacent
carbon atoms in images of HOPG has been explained by
the unique electronic properties (near the Fermi level, Ef)
of the two structurally distinct carbon sites in graphite. -
These site differences are intrinsic to hexagonal graphite
which has an AB stacking sequence [Fig. 1(a)l. The
graphite stacking sequence and electronic structure can,
however, be modified by intercalation of electron donor
and acceptor species.” Hence, it has been suggested that
STM studies of graphite intercalation complexes (GIC’s)
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FIG. 1. Cross-sectional view of (a) hexagonal graphite and
(b) a stage-1 GIC. (c) Top view of the stage-1 GIC illustrating
the commensurate 2 X 2 structure.
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should provide data useful for elucidatin§ further the ori-
gins of these interesting anomalies. >%10-!

In this Rapid Communication we report the first sys-
tematic atomic-resolution STM investigations of stage-1
and stage-2 potassium, rubidium, and cesium intercala-
tion compounds. Recently, a STM investigation of the
LiCe GIC was reported. !> Hexagonal structures with in-
plane periods larger than HOPG were observed in LiCg
and attributed to images of lithium metal on the graphite
surface. For the GIC’s studied herein, however, it is be-
lieved that at room temperature all of the alkali metal is
intercalated (i.e., there is no metal on the surface).!4!5
The carbon layer stacking in the stage-1 (M Cjg) K, Rb,
and Cs GIC’s is A4 [Fig. 1(b)] and intercalation of the
three metals increases the carbon layer-layer spacing by 2,
2.3, and 2.7 A, respectively.® In addition, diffraction evi-
dence suggests that the alkali-metal ions form an ordered
2ax2a lattice in the bulk'® and at the surface'*!7 of these
MCg materials [Fig. 1(c)]. The carbon-intercalant-
carbon stacking is also believed to be 44 in the stage-2
GIC’s (and AB between adjacent carbon layers),!® al-
though the alkali-metal layer is disordered at room tem-
perature. '®-2° In our STM studies we find that images of
the stage-l Rb and Cs GIC’s exhibit a strong 2a
(a=2.46 A) modulation similar to our recent report for
KCs.!? This new superstructure has been observed for bias
voltages up to | 750 mV | and for tunneling currents be-
tween 0.5 and 10 nA, and is ordered over large areas. Im-
ages of the stage-2 materials are dominated by a centered
hexagonal structure typical of graphite. The vertical cor-
rugation determined for the stage-2 materials is, however,
significantly smaller than observed for HOPG.

The stage-1 and stage-2 GIC’s were prepared from
HOPG (Union Carbide) and alkali metal (> 99.9%) us-
ing the standard two-zone technique.®!® The GIC sam-
ples were removed from the sealed reaction tubes inside an
argon filled glovebox that was equipped with a purification
system capable of reducing the oxygen and water concen-
tration to <1 ppm. The optical properties and elemental
analysis results were consistent with bulk formulations of
MCg and MC,,4 for the stage-1 and stage-2 materials, re-
spectively. The STM experiments were carried out in the
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glovebox (without exposing the samples to air) using a
commercial STM (Ref. 21) and mechanically formed
platinum-iridium alloy tips. The samples could be cleaved
repeatedly after mounting on the STM stage to expose
new surfaces that were stable for at least 4 h. Although
alkali-metal may be left on the surface immediately after
cleaving a sample, previous studies of K and Cs overlayers
on graphite have shown that such surface metal will rapid-
ly intercalate at 300 K.'4!5

Typical constant current images of RbCg and CsCg are
shown in Fig. 2. Lighter areas in these images correspond
to apparent surface protrusions while darker areas indi-
cate depressions. Under this bias condition tunneling
occurs from sample to tip and thus images depict the filled
sample states near Er. The images of RbCg and CsC;s are
very similar to that observed for KCs (Ref. 13) and are
different than images observed for graphite. In particular,
the images of RbCg and CsCjs exhibit a long-range modu-
lation of period 4.9 £0.5 A (p sites) and two other ine-
quivalent sites, p’' and p" [Fig. 2(b)]; the p-p’, p-p”, and

(a)

FIG. 2. (a) Constant current image of CsCs recorded with a
sample vs tip bias voltage of —15 mV and 8-nA tunneling
current. (b) Image of RbCs recorded with a —15-mV bias volt-
age and 4-nA tunneling current; the p, p’, and p" sites are
marked in one unit cell. The bar in both images corresponds to

10 A.
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p'-p" distances are all ca. 2.5 A. Images such as Fig. 2(a)
and 2(b) are reproducibly observed for tunneling currents
between 0.5 and 10 nA (bias-voltage=15 mV) and for
bias voltages between —750 and 750 mV. The vertical
corrugation (at constant tip height) remains nearly con-
stant over this bias-voltage range. Furthermore, pairs of
images acquired simultaneously at positive and negative
bias voltages have an identical registry of the p, p', and p"
features. We also find that the 2a superlattice is stable
and ordered over areas at least as large as 500% 500 A2
(Fig. 3). We therefore believe that these new features are
not due to contamination, multiple-tip imaging, or isolat-
ed defects. 2224

Several explanations could account for the new 2a
modulation observed in our images of K, Rb, and Cs
stage-1 GIC’s. First, it is possible that the 2a superlattice
corresponds to a direct image of the metal sites. Direct
imaging of Li on the surface of LiC¢ has been proposed to
explain experimental results for this GIC.'?> For K, Rb,
and Cs GIC’s previous studies'*!> have shown that there
is no alkali-metal on the surface (this may also be true in
the case of lithium'4), although the intercalant layer
beneath the graphite surface does have a 2a periodicity. !’
It is unlikely, however, that the 2a superlattice in our im-
ages corresponds directly to these sites since the lowest en-
ergy metal states (the empty ns level) lie several eV above
the Fermi level. Furthermore, such an assignment would
be inconsistent with the 2.5-A lattice spacing observed for
the p’ and p" features since the alkali-metal ions are locat-
ed at the centers of the carbon hexagons. It is also possi-
ble that the 2a modulation is due to a variation in the
force between the sample and tip?’ caused by the underly-
ing 2% 2 metal ion lattice. We believe that this is unlikely
since images obtained in the constant height mode where
the sample-tip force remains nearly constant’ also exhibit
the new 2a superlattice. Hence, we suggest that the ob-
served 2a modulation has an electronic origin. In fact, de-
tailed electronic structure calculations suggest that a new

FIG. 3. 300%x300 A2 constant current image of CsCs record-
ed with —15-mV bias voltage and a 6-nA tunneling current.
The centered hexagonal structure has a period of 4.9 A (2a)
which is the same as the p-p distance in Fig. 2. The p' and p”
sites are not resolved in this image.
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low-dispersion interlayer band should be present in the
stage-1 MCg compounds near Er.25?" The presence of a
low-dispersion band near Er has been confirmed experi-
mentally in angle-resolved photoelectron spectroscopy
(ARPES) studies of KCg and CsCs.!”28 In addition, it
has been proposed that this band is due to a surface driven
charge density wave.?® The 2a modulation observed in
our STM images of the MCg GIC’s may correspond to a
real-space observation of such a charge modulation, al-
though additional studies will clearly be needed to identify
unambiguously the origin of this interesting feature.

To further probe these interesting results we have im-
aged the stage-2 materials. Figure 4 shows grey-scale im-
ages of the K and Rb GIC’s recorded in the constant
current mode. These images are typical of those obtained
for several independently prepared stage-2 samples. Not-
ably, the centered hexagonal structure and the 2.5+0.2 A
lattice period determined from these images are similar to
results obtained for HOPG.'"® The 0.4+0.2 A vertical
corrugation is, however, lower than the 0.8 +0.3 A value
measured for graphite. This decrease in vertical corruga-
tion is consistent with the expansion of the Fermi surface
that occurs following alkali-metal intercalation.?!® The
graphitelike features dominate experimental images re-
corded with bias voltages between —100 and 100 mV and
tunneling currents between 2 and 20 nA. We do not ob-
serve new superlattice features in these stage-2 materials
(in contrast to the 2a modulation in the M Cg GIC’s), al-
though a low-amplitude (=0.05 A) modulation cannot
be ruled out. To understand fully the origin of the ob-
served differences between images of the stage-1 and
stage-2 materials will require additional experimental and
theoretical work. For example, it will be interesting to im-
age the stage-2 materials at lower temperatures where the
intercalant layers form ordered domains that are structur-
ally similar to the room-temperature intercalant layers in
the stage-1 GIC’s. '8-20

Finally, we compare these results for the stage-1 and
stage-2 materials with theoretical investigations of graph-
ite STM images. Calculations®~%!? have shown that all of
the surface carbon atoms should be imaged equally in the
stage-1 materials using a single-atom tip since intercala-
tion removes the carbon-site asymmetry present in
HOPG.? Although our experimental images for the M Cg
compounds exhibit a more complicated structure, these
results are consistent with the low-dispersion band that
has been observed in ARPES studies.'”*® For the stage-2
materials recent tight-binding calculations also indicate
that all of the surface carbon sites should be observed due
to the expansion of the Fermi surface.'® In contrast to the
predictions of these calculations, our images for the
stage-2 K, Rb, and Cs GIC’s exhibit the centered hexago-
nal structure typical of native HOPG. The reduced verti-
cal corrugation in these images is, however, consistent
with an expanded Fermi surface. One possible explana-
tion for these experimental observations is that the near
surface region consists of two carbon layers with AB
stacking as in HOPG,?° although other factors may also
be important.®> Detailed theoretical calculations for this

(b)

FIG. 4. (a) Unfiltered grey-scale image of KCj4 recorded
with a —15-mV bias voltage and a 10-nA tunneling current.
(b) Filtered image of the stage-2 rubidium GIC recorded with a
—15-mV bias voltage and 6-nA tunneling current. Both images
exhibit centered hexagonal structure with a period of 2.5 A.
The bar in both images corresponds to 10 A.

structural geometry should elucidate this point further.

In conclusion, we have used the STM to investigate the
stage-1 and stage-2 alkali-metal GIC’s with atomic reso-
lution. We find that images of the stage-1 complexes ex-
hibit a new 2a modulation of the graphite structure that
has an electronic origin. Images of the stage-2 compounds
exhibit the centered hexagonal structure typical of
HOPG, although the vertical corrugation is significantly
smaller than observed for graphite. These experimental
results can be attributed in part to an expansion of the
Fermi surface following intercalation, although additional
electronic structure calculations will be needed to fully
understand these interesting results.
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(a)

FIG. 2. (a) Constant current image of CsCs recorded with a
sample vs tip bias voltage of —15 mV and 8-nA tunneling
current. (b) Image of RbCs recorded with a — 15-mV bias volt-
age and 4-nA tunneling current; the p, p', and p" sites are
marked in one unit cell. The bar in both images corresponds to

10 A.



FIG. 3. 300%300 A? constant current image of CsCs record-
ed with —15-mV bias voltage and a 6-nA tunneling current.
The centered hexagonal structure has a period of 4.9 A (2a)
which is the same as the p-p distance in Fig. 2. The p' and p"
sites are not resolved in this image.



FIG. 4. (a) Unfiltered grey-scale image of KCys recorded
with a —15-mV bias voltage and a 10-nA tunneling current.
(b) Filtered image of the stage-2 rubidium GIC recorded with a

—15-mV bias voltage and 6-nA tunneling current. Both images
exhibit centered hexagonal structure with a period of 2.5 A.

The bar in both images corresponds to 10 A,



