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Electronic effects from two well-defined defects are identified and measured using scanning tunneling
microscopy on graphite. An atomic vacancy on the topmost (0001) plane caused a lowering of apparent
2 height in a 30 AX30 A area by ~1.5 A A plane rotation relative to the third surface layer caused a
Moiré pattern, with an attenuation along the ¢ axis about 2.6 per monolayer. A ‘“supervacancy” was im-
aged due to competition between the above two effects. An explanation based on changes in density of

states near the Fermi level is proposed.

Graphite consists of hexagonal layers of sp? sites,
weakly bonded together by van der Waals forces into an
AB AB stacking sequence along the c axis. Its electronic
properties near the Fermi level are determined by delo-
calized 7 states, which has attracted much research for
decades.! The graphite monolayer is a zero-gap semicon-
ductor in which a single state at the corner of the surface
Brillouin zone determines the Fermi energy that results
in a standing wave of electron density along the plane.?
The interlayer interactions cause a band overlap and shift
wave functions concentrated on the A atoms (above
atoms in the layer below) away from the Fermi energy.
That introduces an asymmetry for the neighboring two
atoms in a surface unit cell.> These unusual electronic
structures were used to interpret the two anomalies of
graphite, i.e., giant corrugations and the asymmetry, ob-
served in scanning tunneling microscopy (STM), a tech-
nique which probes the local density of states at the Fer-
mi level of a sample surface.* Moreover, the electronic
properties of graphite are subject to change when the
basic 4B-stacked Bernal structure is modified® or inter-
calated,® and the electrical conductivity of the resulting
material can vary from insulator to superconductor. Un-
derstanding the correlation between electronic structures
and atomic-structure modifications of graphite is crucial
for engineering these materials. Tunneling spectra and
atomic images provided by STM are ideal approaches for
studying the correlation. Indeed, STM studies have re-
vealed many defect-related anomalies on graphite, which,
in practice, complicate the interpretation of the images,
especially when graphite is used as substrate for support-
ing, e.g., biomolecules.” Therefore, careful identification
of these defects and measurement of their electronic
effects so that a direct comparison with theory may be-
come possible are motivations of this research.

In this paper, STM images of graphite samples are
presented, in which the structures of two defects are
determined, and their electronic effects are identified and
measured. These results suggest that 7 states of graphite
near the Fermi level have unexpectedly long intra- and
interlayer correlation distances.

The STM used in this experiment is a modified “slip-
stick” type of tip approach with a strong spring clamping
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of the tube-scanner unit. A detailed description of the
STM design will be published elsewhere.® All STM im-
ages were taken in the constant current mode and in air
ambient conditions. STM tips were mechanically formed
from Pt90/1Ir10 wires. Highly oriented pyrolitic graphite
samples (Union Carbide, grade ZYH) were prepared by
cleaving with an adhesive tape.

A hexagonal superlattice with periodicity 36 A, super-
imposed on top of an atomic lattice of graphite (0001)
plane with about 30° angle between their lattice vectors,
was imaged on one of the samples. In particular, a “su-
pervacancy” was found within the superlattice, as shown
in Fig. 1(a). A dark valley with an area about
30 AX30 A is visible located at what was expected to be
a bright peaking area for the superlattice. The image was
taken with tunneling current set to 1 nA and bias voltage
125 mV, tip positive with respect to sample. The super-
lattice has a z corrugation about 0.6 A with simultane-
ously obtained atomic corrugation about 0.35 A [see
cross-section plot Fig. 1(b)]. The z contrast between the
dark valley and nearby superlattice peaks is ~1.5 A. In-
terestingly, focusing inside the supervacancy, STM im-
ages [Fig. 1(c)] show an atomic point defect at the center
of the dark valley. The atomic image of neighboring area
shows a typical graphite (0001) surface undisturbed by
the point defect, except a slight apparent outward (and
upward) move for the direct neighboring atoms, which
may be an electronic effect. Images of nearby regions
show uniform superlattice, and no other defects were
detected on the surface within a radius of at least 400 A.
These images strongly suggest that the observed point de-
fect on the surface is responsible for the mlssmg part of
the superlattice, or the reduction of 1.5 Ainz height of
an 30 AX30 A area.

The point defect shown in Fig. 1(c) appears as a miss-
ing lattice of ~1 A hole depth. It is well known that
holelike structures in a STM image can be caused by ad-
sorbates that lower the density of states near the Fermi
edge. One objection to such an explanation is that inten-
tionally’ or unintentionally'® deposited foreign molecules
have been found that did not cause any observable
change of the underlying superlattices. (The origin of the
superlattice will be discussed later.) That is also
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FIG. 1. (a) STM image showing a superva-
cancy in a superlattlce of lattlce spacing 36 A

(d)

confirmed on our sample by locating (after four days with
STM sitting in the air) some molecules (contaminates) in
a nearby superlattice region. Furthermore, after scan-
ning an area containing both these molecules and the su-
pervacancy in a fast scan mode, one of these molecules
was trapped in the point defect while all the others disap-
peared from the scanned area. Figure 1(d) shows the
same supervacancy as in Fig. 1(a), but with the trapped
molecule which appears as an atomic protrusion. For im-
ages scanned with the same parameters, the size and
depth of the supervacancy do not have any measurable
change before and after the trapping of the molecule.
The point defect in Fig. 1(c) acted as an atomic trap with
the underlying supervacancy insensitive to its trapping-
detrapping (protrusion-hole) status. These observations
can hardly be reconciled with the explanation that the
observed point defect is a result of adsorbates on a
defect-free substrate. Besides adsorbates, point defects on
graphite have never before been well characterized in an
STM image. Point defects introduced by tip crashing,
voltage pulse on bias!! and ion bombardment!? have
shown damages on the nearby regions. However, the
point defect of Fig. 1(c) is basically confined to one sur-
face unit cell (one visible atomic position), which strongly
suggests that the defect is an atomic vacancy (a missing
atom).

Hexagonal superlattices on graphite have been report-
ed by many grog‘.lps.9 The reported periodicity ranged
from 17 to 440 A, and they were usually terminated by
sharp steps or twist boundaries. Kuwabara, Clarke, and
Smith!3 suggested that the superlattice may be rotational

on graphite (100 Ax100 A, Vip=125 mV,
1,=1.0 nA). Detailed structures in the dark
region have some artifacts from smoothing,
and should refer to (c). (b) A cross section of
(a) from the lower-left corner to the upper-
right corner. (c) An atomic vacancy at the
center of the dark region of (a) (41 Ax41A,
AZ=1.3 A, V,;,=125 mV, I,=1.0 nA). (d
The same sample location as (a), after trapping
an unknown molecule (206 A X206 A,
AZ=1.04, V,;,=200mV, I,=1.0 nA).

tip

Moiré patterns, where the topmost graphite (0001) sheet
is rotated by a small angle with respect to the substrate.
Therefore the superlattice periodicity D and the rotation
angle 6 are related as D =d/[2Xsin(6/2)], where
d =2.45 A is the atomic lattice spacing. This was recent-
ly confirmed by Xhie et al.,° and by Rong and Kuiper'*

through direct imaging of related atomic lattice vectors.
Therefore, the superlattice shown in Fig. 1(a) is expected
to have the same origin. By expanding the scan region,
the area of Fig. 1(a) is found to be inside a ~ 1500- A-wide
strip [region C of Fig. 2(a)], which is terminated on both
sides by sharp boundaries. The lower-right boundary is a
two-step staircase with step sizes both about one atomic-
layer height 3.5 A. Images on the lowest region (A4)
show a typical graphite (0001) plane without superlattice.
One atomic step up from region A, images on region B
show the same superlattice as a continuation of region C
except with much higher z corrugation [see solid line in
Fig. 2(b)]. Since it has been established that the superlat-
tice is a Moiré pattern due to a relative rotation between
graphite planes, the continuation of the superlattice from
region B to region C (with an attenuation) suggests that
the rotation is between plane B and A rather than be-
tween plane B and C. The measurements of atomic lat-
tice vectors of planes A4, B, and C are also consistent with
the suggestion. Therefore, images on region B can be
called direct Moiré patterns [Fig. 3(a) is one of the exam-
ples] and images on region C can be called Moiré patterns
covered by an overlayer. Near the upper-left corner of
Fig. 2(a), the superlattice is terminated by a ~200- A-
wide band (region E) with a pair of beadlike chain edges
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FIG. 2. (a) Large-scale STM image of the graphite sample
(2030 A X2030 A, V,,,=125 mV, I,=1.0 nA). Images in Fig. 1
were obtained from region C. The inset is a schematic model
for the sample. (b) STM scan lines crossing regions B and C
(solid line, ¥,=20 mV, I,=0.8 nA), and the band near the
upper-left corner of (a) (dashed line, V,;, =180 mV, I, =0.9 nA).
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(chain D and chain F, respectively). The two chains
which extend several thousand angstroms, though rela-
tively parallel, have no correlation in shape, and this ex-
cludes the multiple tip as an origin. The dashed line in
Fig. 2(b) shows a cross section of the band. Inside the
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band (region E) the superlattice regains its high z corru-
gation to an amplitude roughly equal to those on region
B. The left F chain is much higher than the right D
chain. Atomic resolved images of chain D show an un-
derlying graphite atomic lattice continuously across
chain D without observable distortion. However, along
chain F, STM images become very noisy and atomic reso-
lution was not obtained, similar to those twist boundary
terminations of Moiré patterns reported previously.®!*
At the upper-left corner of Fig. 2(a), STM images show a
normal graphite region (G).

Based on the above analysis, a three-layer model can be
used to describe the sample system, a schematic drawing
of which is shown as the inset of Fig. 2(a). Part of the top
two graphite sheets (B and C) are rotated together by an
angle 6=3.9° (calculated from the formula that relates
angle to Moiré pattern periodicity) with respect to the
underlying substrate ( 4). The rotated patch of plane Cis
terminated by a twist boundary at line F. The rotated
patch of plane B is terminated by another twist boundary
at line D. Therefore, images on region E show a direct
Moiré pattern due to the relative rotation between the ro-
tated part of plane C and the unrotated part of plane B.
Chain D is the image of a twist boundary on the subsur-
face layer (B).

On a different graphite sample, we found another
direct Moiré pattern, with a periodicity 66 A [Fig. 3(b)].
The image shows bright peaks in a centered-hexagonal
lattice, each surrounded by a hexagonal ring of six gray-
ish valleys. This geometry can be visualized by overlay-
ing two identical hexagonal patterns on transparencies
and rotating one with respect to the other. The rotation
creates three kinds of high-symmetry areas with local
stacking orders 4 AB, BAB, and C AB, respectively. In a
two-layer approximation, area 4 AB is surrounded by six
equivalent BAB or CAB areas. Recent band-structure
calculations!® show that the density of states (DOS) at the
Fermi level of simple hexagonal A A4 A-stacked graphite
(0.0085 states/eV) is about three times higher than that of
rhombohedral C AB-stacked (0.0021 states/eV) or normal
hexagonal AB-stacked graphite (0.0033 states/eV). This
is in agreement with the high peaking of area 4 AB (2.6
A). Also, according to ab initio calculations, hypotheti-
cal graphite with A4 stacking has virtually the same in-
terlayer spacing as AB- and CAB-stacked graphite.'®
Therefore, the Moiré pattern is mainly an electronic

FIG. 3.° STM images (a) on region B of Fig.
2(a) (100 AX100 A, AZ=1.7 A, ¥,;,=15mV,
I,=0.8 nA), and (b) on a different graphite
sample wcith a superlattice spacing 66 A (202
AX202 A, AZ=23 A, V,,=72 mV, I,=5.6
nA).
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effect rather than a real physical buckling, and detailed
arguments were given previously. 14

Concluding from the above analysis, the observed su-
perlattices are rotational Moiré patterns, and their z con-
trasts are modulations on surface DOS from subsurface
layers. In particular, in the image of Fig. 1(a), the modu-
lation is from the third surface layer. The strength of this
interlayer electronic coupling can be measured. Z corru-
gations of direct Moiré pattern are four times larger than
simultaneously obtained atomic corrugations [Fig. 3(a)
and Fig. 3(b)]. The attenuation of the Moiré pattern by
an overlayer (A = the ratio between corrugations of
direct Moiré pattern and Moiré pattern covered by an
overlayer) can be measured from the solid line (A =2.6,
Vup—20 mV, I,=0.8 nA) and the dashed line (A =2.3,
Vip=180mV, I,=0.9 nA) in Fig. 2(b). It can also be ob-
tained by a comparison between Fig. 3(a) and an image
on region C (A =2.6, V,;,=15mV, I,=0.8 nA). The at-
tenuation for the beadlike chain is about 1.6, measured
from the dashed line of Fig. 2(b). (This is an underes-
timation due to the instrumental smoothing.) Consider-
ing the weak interlayer coupling of graphite, these at-
tenuation factors are surprisingly low. An attenuation
factor of 5 on Moiré pattern by two graphite overlayers
was previously reported.!® These possible low attenua-
tion values suggest that Moiré pattern can propagate
along the ¢ axis through a few layers, especially for the
beadlike string where huge amplitude is observed. These
beadlike strings may be one of the sources for creatmg
mysterious “DNA”-like 1mages on graphite surface.’
The effectiveness of screening by a single graphite layer,
a common assumption for modeling graphite intercala-
tion compounds, may need a rejustification.

The z corrugation of a direct Moiré pattern is voltage
dependent, which increases when bias voltage is de-
creased, which was also found on the sample of Fig.
3(b).'"* The voltage dependence is stronger with the tip
biased positively. However, the voltage dependence for
the Moiré pattern covered by an overlayer is rather weak,
which makes the attenuation voltage dependent. As the z
corrugation at the atomic scale on graphite is tip depen-
dent one might expect that the superstructure would be
also. Under the single-tip assumption, the z corrugation
of superlattice is virtually independent of tip material due
to its large lattice vector.!” However, interesting tip
dependences of the z corrugation as well as the Moiré
pattern shape were found when a multiple tip was
identified. The multiple tip effect on superlattice is very
similar to those on atomic scale images of graphite re-
ported by Mizes, Park, and Harrison. 18

The two Moiré patterns of Fig. 3(a) and Fig. 3(b) have
very different shapes. Figure 3(a) shows a triangular pat-
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tern between three different regions with different bright-
ness and is a typical image for those Moiré patterns with
periodicity below 44 A.%1° The Moiré pattern imaged on
region B does not change shape with bias voltages (10 mV
to 1 V) or bias polarities. Figure 3(b) shows a six-valley
structure which surrounds every brightest peak and is a
typical image for those Moiré patterns with periodicity
above 66 A.'>!* In analyzing Fig. 3(b), we have treated
the three high-symmetry areas as unrelated crystals with
respective stacking sequences, and that matches well with
available band-structure calculations.!* However, the
difference between Fig. 3(a) and Fig. 3(b) suggests that an
intralayer correlation becomes important when the size
of the Moiré pattern is reduced.

The above horizontally extended electronic influence
can also be used to explain Fig. 1(a): the suppression of a
Moiré pattern peaking area of 30 Ax30 A by an atomic
vacancy. It is very unhkely that a single atomic vacancy
can cause such an 1.5-A change in real z height on an
atomic plane. Isolated adsorbed molecules are often
found on graphite to be accompanied by (V3XV3)R 30°
superlattices, which extends typically few tens of A.
Mizes and Foster!® suggested that it is an oscillation
caused by the scattering of the charge-density wave on a
localized perturbation. Different from physi- or chem-
isorption, atomic vacancies on (0001) surface create extra
dangling bonds, which may change the electronic struc-
ture of the surrounding area. More probably, the ter-
mination of these dangling bonds opened up a gap at the
Fermi level for the half-filled 7 band, since that is likely
to be stabilizing.® I suggest that the supervacancy indi-
cates a lowering of DOS near the Fermi level caused by
the atomic vacancy, an opposite effect to the A4 stacking
of the underlying layers, and the 30 A X30 A area is re-
lated to the intralayer correlation length of the 7 electron
system. A thorough understanding requires further ex-
perimental and theoretical work.

In summary, electronic effects of two well-defined de-
fects on a graphite sample were simultaneously imaged
by STM. An atomic vacancy on the topmost (0001) plane
caused a lowering of surface DOS in a 30 A %30 A area.
It completely suppressed an expected higher DOS in the
area due to the underlying A4 stacking caused by a plane
rotation with respect to the third surface layer. The rota-
tional Moiré pattern has an attenuation factor ~2.6 per
monolayer.  These measurements may provide
justification for modeling graphite related materials.

This work was supported by the Air Force Office of
Scientific Research, AFOSR Grant No. F49620-92-J-
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FIG. 1. (a) STM image showing a superva-
cancy in a superlattice of lattice spacing 36 A
on graphite (100 AX100 A, ¥, =125 mV,
I,=1.0 nA). Detailed structures in the dark
region have some artifacts from smoothing,
and should refer to (c). (b) A cross section of
(a) from the lower-left corner to the upper-
right corner. (c) An atomic vacancy at the
center of the dark region of (a) (41 AX41 A,
AZ=13 A, Vip=125 mV, I,=1.0 nA). (d)
The same sample location as (a), after trapping
an unknown molecule (206 A X206 ﬁ“L,
AZ=1.0A, V,;,=200mV, I,=1.0 nA).
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FIG. 2. (a) Large-scale STM image of the graphite sample
(2030 A X 2030 A, Vip =125 mV, I,=1.0 nA). Images in Fig. 1
were obtained from region C. The inset is a schematic model
for the sample. (b) STM scan lines crossing regions B and C
(solid line, V', =20 mV, I,=0.8 nA), and the band near the
upper-left corner of (a) (dashed line, ¥;, =180 mV, I, =0.9 nA).



FIG. 3. STM images (a) on region B of Fig.
2(2) (100 AX 100 &, AZ=1.7 A, ¥, =15 mV,
1,=0.8 nA), and (b) on a different graphite
sample with a superlattice spacing 66 A (202
Ax202 A, AZ=23 A, V,,=72mV, I,=5.6
nA).
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