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Scanning tunneling microscopy has been used to characterize the surface structure of the KHgC,
(stage 1) and KHgC, (stage 2} graphite intercalation compounds. Images of the stage 1 and
stage 2 materials exhibit a new commensurate 2 X2 superlattice in addition to the centered
hexagonal lattice observed in images of pristine graphite. Consideration of the intercalant layer
structure and previous studies of stage 1 (MC;) and stage 2 (MC,,) alkali metal graphite
intercalation compounds (GICs) indicate that the 2 X 2 superlattice is due to a modulation of the
surface carbon layer density of states by the periodic (2 X2) potential of the potassiom ions. In
addition, a new orthorhombic superlattice,a = b = 0.89 nmand < a — b==89° has been observed
in images of the stage ! KHgC, material. Possible origins of this novel superstructure are

discussed.

i. INTRODUCTION

Scanning tunneling microscopy (STM) images of the sur-
face of graphite often exhibit anomalous features such as a
large asymmetry between adjacent surface carbon atom
sites, and a large vertical corrugation between the atomic

positions and the centers of the carbon rings." ® Theoretical -

studies have suggested that the observed asymmetry
between adjacent carbon atoms is due to the intrinsic differ-
ences in the electronic states of these two sites.”® These dif-
ferences arise from the 4B stacking sequence of hexagonal
graphite. The Jarge’ corrugation amplitude observed in im-
ages has also been attributed to the electronic properties of
graphite.” Specifically, nodes in the surface wave function
arising from the small size and hexagonal symmetry of the
Fermi surface could yield anomalously high corrugations.
STM studies of graphite intercalation compounds (GICs)
should provide an ideal experimental test for these theoreti-
cal explanations of the anomalous features in images of
graphite since the carbon layer stacking sequence and the
size of the Fermi surface can be varied through intercalation
of different electron donor and acceptor species.'®!!

Indeed, there have recently been several high-resolution
STM studies of stage 1 (MC,)!'*"* and stage-2 (MC,, )"
alkali metal GICs. The carbon layer stacking sequence is A4
in the stage 1 materials and 44BBCCA -+ in the stage 2
compounds. In addition, charge-transfer from the alkali
metal layers to the carbon layers in both materials signifi-
cantly expands the Fermi surface relative to graphite.’® The
STM images of the MC, GICs show a new 2aX2a
(a=0.246 nm) superiattice and the images of the MC,,
materials exhibit the centered hexagonal structure
(a2 = 0.246 nm ) observed for pristine graphite in contrast to
theoretical predictions.® ®!* To probe further the origin of
these fascinating results and to understand better the surface
properties of GICs in general we have extended our investi-
gation o include the ternary GICs, M, M; C,, and herein we
report the first atomic resolution STM images of stage 1
KHgC, and stage 2 KHgC,.
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il. EXPERIMENT

The stage 1 and stage 2 KHgC,, GICs were prepared by
heating KHg and thin highly oriented pyrolytic graphite
crystais (A. W. Moore, Union Carbide, Inc.) in sealed Pyrex
tubes at 200 and 300 °C, respectively. The phase purity of the
GICs was determined by analysis of 001 diffraction lines.
The pink stage ! compound had a c-axis repeat () of 1.021
nm while 7, for the blue stage 2 material was 1.355 nm; these
data are consistent with previous studies of pure stage 1 a-
phase and ordered stage 2 materials.''®"

The STM measurements were made in an inert atmo-
sphere glove box using a commercial instrument (Nanos-
cope, Digital Instruments, Santa Barbara, CA ). The images
were recorded using Pt—Ir alloy (80%—-20% ) tips on freshly
cleaved sample surfaces; these surfaces were stable for at
least 12 hours in the glove-box. Numerous STM tips and
KHgC, and KHgC, crystals were investigated in these
studies, and the images reported below are typical of several
hundred obtained on these materials. Furthermore, these
images were recorded on areas that did not exhibit surface
steps or grain boundaries, and hence we believe that these
images are characteristic of the intrinsic properties of the
crystal surface and are not due to ainomalies associated with
crystal defects.!®"’

1. RESULTS AND DISCUSSION

Diffraction studies of the stage | KHgC, material have
shown that the intercalant layer can adopt two distinct ori-
entations in the crystal; these are termed the « and £
phases.'®!” In the present investigation we focus only on
pure stage | a-phase and stage 2 crystals. The structure of
the carbon and intercalant layers of these materials is shown
schematically in Fig. 1. A key point to recognize in this fig-
ure is that the potassium layer, which lies directly beneath
the carbon layer, forms an ordered 2 X 2 superlattice in both
the stage 1 a-phase and stage 2 crystals. Notably, this 22
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F16. 1. Schematic views of the structures of the KHgC, and KHgC, GICs.
(a) Top-view showing a projection of a carbon layer and the commensurate
2 X 2 potassium layer. The 2 X 2 structure is adopted by the potassium layer
inboth KHgC, and KHgC,. (b) Side-view of KHgC, indicating the stack-
ing sequence of the carbon, potassium, and mercury fayers. (¢) Side-view of
KHgC, showing the stacking sequence of the carbon, potassium, and mer-
cury layers. The cross section views in (b) and (¢) were taken along the fine
(a) marked “s”.

superiattice is the same as that found in the stage 1 MC,
GICs.

Gray-scale STM images of the stage 1 and stage 2 materi-
als are shown in Fig. 2. The image of KHgC, is typical of
that observed over 90%-93% of the surface while the image
of KHgC, is representative of all of the data obtained to date
on the stage 2 materials. Images of both the stage 1 and stage
2 materials exhibit a 28X 2a superlattice and the centered
hexagonal structure typical of pristine graphite; the 22
superlattice is commensurate with the hexagonal graphite
lattice. Similar features were observed in images recorded
with bias-voltages from — 750t0 + 750 mV and with tun-
neling currents from 0.5 to 6 nA. Furthermore, images re-
corded in the constant height mode, where the force between
the tip and sample are nearly constant, are essentially the
same as the constant current topographs. In addition, we
note that the 2 X 2 superlattice and hexagonal graphite lat-
tice observed in images of KHgC, and KHgC, have the
same features observed previously in images of the stage 1
MC, (M=K, Rb, Cs) GICs.">"?

Severa! explanations could account for the 2 X 2 structure
observed in our images of K HgC, GI1Cs. First, as suggested
for the stage 1 alkali metal materials*® it is possible that the
2 X 2 structure corresponds to a direct image of the K atoms
on the surface. The absence of lattice defects (e.g., missing K
atoms) and the high stability of this structure ( > 12 h in the
glove box )} argue against the presence of a reactive K layer
on top of the surface. Second, it is possible that changes in the
Fermi level, which are due to charge transfer from potas-
sium to the carbon layers, could lead to the formation of a 2a
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FI1G. 2. (a) 8.0 8.0-nm” image of KHgC, recorded with a bias voltage of
- 15 mV and 2 tunneling current of 6 nA. (b) 8.0x8.0-nm? image of
KHgC, recorded with a bias voliage of 25 mV and a tunneling current of 4

nA. Both images exhibit 2 2X2 modulaticn of the hexagonal structure
abserved in images of graphite.

charge density wave."’> This explanation is also unlikely
since the same 2 X2 superlattice is observed in images of
KHgC, and KHgC, even though the degree of charge trans-
fer to the carbon layers differs significantly in these two
GICs. We believe that the most reasonable explanation for
the 2 X 2 superlattice is that it is due to an electronic effect of
the ordered peotassium ions directiy beneath the surface car-
bon layer. Specifically, the periodic (2X2) potential of the
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potassium ions modulates the density of states of the surface
carbon layer to produce the observed 2 X 2 superlattice. A
2 X 2 ordered array of alkali metal ions is known to exist in
KHgC,, KHgC,, and the MC, GICs. Additionally, the ab-
sence of a 2 X 2 superstructure in images of the stage 2 MC,,
materials is consistent with these results since the alkali met-
al layers are disordered at room temperature in these GICs.

We have also characterized a new orthorhombic superlat-
tice(a=b=0.89n1m, <a~— b= 89 + 2°) in images of the
stage | KHgC, GIC (Fig. 3). We believe that the ortho-
rhombic symmetry of this superstructure is intrinsic and not
due to an asymmetric tip or piezo nonlinearities since the
underlying graphite lattice is hexagonal. The superlattice is
observed in two distinct orientations (5° + 2° and 13° 4 1)
relative to the underlying graphite lattice. These orientations
are highlighted by lines in Fig. 3. The 0.89-nm period super-
structure is found over 5%-10% of the surface, and has nev-
er been observed simultaneously with the 2 X 2 superlattice
discussed above. This superlattice is, however, observed im-
mediately after KHgC, crystals are cleaved and is stable for
at least 12 hours; hence, it is unlikely that 0.89-nm period
superstructure evolves in time from the 2 X 2 superlattice.

The origin of this new orthorhombic superlattice in
KHgC, isnot weil-understood at present. Modulation of the
carbon layer density of states by a dilute potassium layer (in
analogy to the 22 superlattice) is unlikely since previous
surface analytical studies have shown that the surface donor
intercalant concentrations are either the same or higher than
in the bulk.? The possibility that this 0.89-nm superstruc-
ture is due to a rotational moire pattern’® is also unlikely
since this pattern should have hexagonal symmetry in con-
trast to the observed orthorhombic structure. One other pos-
sible explanation for this new superiattice is that it is due to
the charge density wave that has been postulated for the 8-
phase of KHgC,.'® Additional studies are now in progress
to test this interesting suggestion.

Last, it is important to note that in addition to the new
superlattices only alternate surface carbon atom sites are ob-
served in our images of KHgC, and KHgC,. Since the
stacking sequence and Fermi surface size change significant-
ly in these materials our data contrast the results expected
based on theoretical models proposed to explain the carbon
site asymmetry and vertical corrugations in graphite. Hence,
additional theoretical and experimental studies are certainly
warranted so that a better understanding of the factors that
determine observed images in these layered materials can be
developed.

IV. CONCLUSIONS

In summary, we have used STM to characterize the sur-
face structure of stage 1 KHgC, and stage 2 KHgC, . Images
of the stage 1 and stage 2 materials exhibit 4 commensurate
2 X 2 superlattice in addition to the centered hexagonal lat-
tice observed in images of pristine graphite. Consideration of
the intercalant layer structure and previous studies of stage 1
MC, and stage 2 MC,, alkali metal GICs indicates that the
2 X 2 superlattice is due to a modulation of the surface car-
bon layer density of states by the periodic (2 X 2) potential of
the potassium ions. In addition, a new orthorhombic super-

d. Vac. Sci. Technol. B, Vol. 9, No. 2, Mar/Apr 1991

{a}

b)

FiG. 3. () 8.0 X 8.0-nm* image of KHgC, recorded with abias voltage of 15
mV and a tunneling current of 4 nA that shows the 0.89-nm period ortho-
rhombic superlattice. The superlattice is oriented at an angle of 5" 4-1°
relative to the hexagonal graphite structure. (b) B.OX 8.0-nm’ image of the
0.89-nm period superlattice which is oriented at an angle of 13° 1 1 relative
to the hexagonal graphite structure. The orientation of the orthorhombic
superlattice is highlighted by lines in {(a) and (b).

lattice, a =b = 0.89 nm and <a —~ b = 89°, has been ob-
served in images of the stage 1 KHgC, material. At present
the most likely explanation of this 0.89 nm period superlat-
tice is that it is due to an incommensurate charge density
wave, although additional studies are clearly needed to
prove this proposal.
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