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Abstract. We report on the observation of some unusual electronic patterns on a
graphite surface using scanning tunneling spectroscopy (STM). We attribute these patterns to different types of strain near the surface. One such pattern seen on a particular layer comprises of two-dimensional spatially varying super-lattice and one-dimensional
fringes. This pattern is present in a finite region of a layer on the surface confined between
two carbon fibers. We attribute this spatially varying super-lattice structure to the shear
strain generated in the top layer due to the restraining fibers. We have also developed a
model with the Moirè rotation hypothesis that gives us a better insight into such largescale spatially varying patterns. We have been able to model the above-observed pattern.
We also report another pattern near a defect, which we attribute to the change in density
of states due to the physical buckling of the top graphite layer. Part of this buckled layer
is found to be buried under another layer and this region shows a reversed contrast and
thus supporting our idea of buckling. We also performed tunneling spectroscopy measurements on various regions of these patterns which show significant variations in the density
of states.
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1. Introduction
Since its invention, scanning tunneling microscopy (STM) has been used extensively
for studying topography and electronic structure of surfaces. Most of the studies
has been concentrated on the outermost layers of surfaces, because inner layers are
usually not observed by STM. However, effects of inner layers are seen in the STM
observations. For example, in the case of normal graphite which has Bernal [1]
structure where the layers of hexagonal network of carbon atoms stacked in ABAB
fashion, show only three atoms of hexagonal rings in the STM image. This happens
because of the overlap of pz orbitals at A atom’s site which causes dispersion in the
energy bands and hence density of electronic states at Fermi energy is quite small
on these sites [2]. Graphite has been studied quite extensively with the STM, due
to the ease with which an atomically flat surface can be prepared. Pertaining to the
zero gap semiconductor nature of graphene, the electronic density of states (DOS)
at Fermi energy in graphite is very sensitive to perturbations. Moreover, the weak
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interlayer coupling in graphite makes it easy to have such perturbations that can
be probed on the surface by STM. One such perturbation is a small rotation of the
top-most graphene layer with respect to the underneath bulk giving rise to a Moirè
pattern [3]. Variation of the Moirè patterns occurs at very small rotations where
one actually observes a large scale periodic triangular pattern due to a dislocation
network [4]. Kobayashi et al [5] recently observed a bias voltage dependence of
STM images on such patterns on an over-layer and attributed this dependence to
an electronic wave interference.
A Moirè pattern in graphite is a hexagonal lattice structure with triangular symmetry, with its periodicity usually 10–100 times larger than that of graphite’s inplane lattice constant and a corrugation amplitude up to a nanometer. Kuwabara
et al [6] first proposed the Moirè rotation idea to explain the origin of the superlattices. Equation (1) relates the periodicity D of a super-lattice to its rotation
angle θ between two graphite layers,
D = d/(2 sin(θ/2)),

(1)

where d = 0.246 nm is the in-plane lattice constant. This super-lattice is rotated
with respect to the original lattice by an angle φ = 30◦ − θ/2. By simultaneous
imaging of Moirè lattice and atomic lattice Rong and Kuiper [7] and Xhie et al [8]
have shown that the Moirè pattern equation (eq. (1)) can properly describe the
experimental results of the periodicity and rotation angle of the super-lattice. The
pattern seen by STM is actually the electronic pattern arising from different local
atomic structures. The spatially varying Moirè super-lattice was first observed by
Bernhardt et al [9] and attributed to an in-plane shear strain.
Here we report a spatially varying super-lattice pattern that we observed using
STM on HOPG (0 0 0 1) surface near defects. This pattern extends for more than
0.2 µm×0.5 µm between two carbon fiber-like defects and terminates into a onedimensional wave-like pattern. We attribute the spatially varying periodicity as
well as the one-dimensional wave-like pattern to the in-plane shear strain in the
affected region. The tunneling spectra show a marked variation over the pattern
illustrating that it is due to a spatial variation in the electronic density of states
(DOS). The latter gives rise to the topographic contrast in the STM images. We
have also developed a model which can generate spatially varying super-lattice as
well as linear fringes.
Another perturbation that we have observed is the periodic buckling of the top
layer giving rise to corresponding variations in the interlayer spacing. This in turn
gives rise to one-dimensional fringe-like pattern as seen with the STM. We are also
reporting here observation of such large-scale linear fringes near defects.
2. Experimental details
Experiments were done with a home-built compact STM similar to the one described in [10]. This STM uses commercial electronics and software [11]. The data
reported here were taken in ambient conditions. HOPG was fixed on the sample
holder with a conducting epoxy and the sample was freshly cleaved using adhesive
tape before mounting on the STM. Fresh-cut Pt0.8 Ir0.2 wire of 0.25 mm diameter
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Figure 1. An STM image (0.32×0.32 µm2 area at 0.5 V bias and 0.2 nA
tunneling current) showing a spatially varying super-lattice structure confined
between fiber-1 and fiber-2 on the layer defined by step-1 and step-2. Near
the termination of superstructure, a one-dimensional fringe pattern appears.

was used as the STM tip. Tunneling spectra and conductance images were acquired
by applying a small AC bias modulation (20 mV) of 2.731 kHz frequency and detecting the AC component of tunneling current using Lock-In. The images shown
here are filtered to remove steps and spikes. However, for quantitative analysis we
have used the unfiltered data.
3. Results and discussions
3.1 Super-lattice of varying periodicity and 1D fringes
Figure 1 shows topographic image of a (0 0 0 1) basal plane of HOPG with the superlattice structure together with two steps and two carbon fibers. We mark these as
fiber-1 and 2 and step-1 and 2. Such steps are quite common in graphite [3] and this
structure was found on a fresh cleaved graphite surface, presumably created during
crystal growth. Step-1 is a double layer step with a height of 0.7±0.1 nm while
step-2 is a single layer step. These step heights have been found from the images
taken from the super-lattice pattern area. These two steps divide the area into three
terraces with the middle one having the super-lattice pattern confined between the
two fibers as seen in the same figure. The super-lattice contains two regions, namely,
a 2D lattice extending till the end of fiber-1 and a 1D wave-like pattern starting
from the fiber-1 end. The 1D fringes bend towards step-2 and terminate at this
step. The 2D lattice continues beyond the fiber-2 end but terminates at step-2
in this image. The 1D pattern contains the same number of maxima and minima
Pramana – J. Phys., Vol. 70, No. 2, February 2008
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Figure 2. The topographic images of the super-lattice structure showing its
evolution with the removal of fiber-1. (a) 0.52×0.52 µm2 , (b) 0.35×0.35 µm2 ,
(c) 0.43×0.43 µm2 taken at 0.5 V and 0.2 nA.

as the terminating 2D lattice. The 2D lattice is not uniform as it evolves from a
hexagonal lattice deep inside the fibers to nearly a square lattice with much larger
periodicity. The corrugation amplitude is also found to change with periodicity.
As we image this area repeatedly, fiber-1 becomes shorter in length as some of its
length gets etched away due to scanning. Several groups have reported such surface
modifications due to scanning but the exact mechanism behind such modifications
is not quite understood. We show three of the latter images in figure 2 depicting
the changing pattern with fiber-1 removal. The removal of this fiber is not uniform
with time as sometimes a significant length disappears in one scan and at other
times it gets removed gradually. Eventually the removal stopped and the length
of the fiber stayed the same over a couple of days. One remarkable observation is
the pinning of the super-lattice to the fiber-1 end. The boundary of the 2D superlattice pattern moves with the end of fiber-1 and the 1D pattern starts from this
point. The termination of the 2D-lattice is always found to be pinned to the end
of fiber-1. With fiber-1 removal, the 1D fringes terminate on fiber-2 as opposed to
step-2 in earlier images. Moreover, the spatial extent and corrugation magnitude
of 1D fringes increase together with some modifications in the large scale structure
of the 1D pattern.
To analyze the spatial change in periodicity quantitatively we show an image of
a region of this pattern in figure 3a. This image has been taken at an early stage
when fiber-1 was extending the most. This is also taken at a different orientation of
the image window as compared to the previous ones. It is apparent from the image
shown in figure 3a, that the pattern changes from a hexagonal lattice to nearly a
square lattice. Fourier transform of this image shown in the inset also demonstrates
this variation.
To analyze the periodicity variation carefully in figure 3a, line cuts were taken
along various lines perpendicular to the line C. Two such representative lines are
A and B along which the topographic height is plotted in figures 3b and 3c. These
lines were carefully chosen to pass over the bright spots of the 2D lattice. The last
row of bright spots was not selected because of pronounced curvature in the pattern.
The periodicity along the lines perpendicular to C was found to be almost constant
but as one moves out along C this periodicity increases. Periodicity as measured
by line cuts perpendicular to C are plotted in figure 3d as a function of distance
along the line C. The periodicity along such lines has been found from the average
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Figure 3. (a) Super-lattice pattern of varying periodicity (196×196 nm2 at
0.5 V and 0.2 nA). (b) and (c) show the line scans along the lines A and
B. (d) and (e) show the variation (along line C) in periodicity and rotation,
respectively.

separation between peaks. If we use Moirè rotation hypothesis, the rotation angle
θ (between the top layer and the layers underneath) should also change spatially to
get a varying lattice spacing D. Using D = d/(2 sin(θ/2)) (d = 0.246 nm), we plot
the variation in θ in figure 3e. The second-order polynomial fit (as shown in figure
3e) for this θ variation of the following form,
θ = A0 − A1 x − A2 x2

(2)

gives A0 = (36.8 ± 0.3) × 10−3 radian, A1 = (5.3 ± 1.0) × 10−5 nm−1 , A2 =
(4.2 ± 0.8) × 10−7 nm−2 .
We attribute this pattern to a spatially varying Moirè rotation. The two fibers
are constraining a portion of this layer to a particular rotation angle (2.3◦ ) and at
the end of the fiber the layer relaxes to no rotation with a shear strain near the
fiber end. However, the detailed pattern, and in particular the 1D pattern, is far
from obvious even with the Moirè rotation hypothesis.
The Moirè patterns are more popular in optics where the super-periodic pattern
is visible in the light transmitted through the two superimposed periodic patterns
due to the spatial variation in the stacking pattern. Higher transmittance areas are
the places where two lattices fall right on top of each other and in low transmittance
areas one pattern’s lattice points fall in between the other pattern’s lattice points.
In the present case, the electrons are responsible for the super-lattice pattern observed by STM and their density varies depending on the local lattice structure, as
discussed by Rong and Kuiper [7] and Xhie et al [8]. The stacking pattern changes
periodically between BAA, BAC, BAB and slip. This explains the corrugation observed in the STM images in terms of the variation in the electron DOS. To study
this DOS change we performed tunneling spectroscopy and STS imaging.
The tunneling conductance of a STM junction at a bias voltage V and tip sample
separation z is given by [12]
Pramana – J. Phys., Vol. 70, No. 2, February 2008
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Figure 4. (a) Topographic image (61×61 nm2 area at 0.5 V and 0.2 nA), (b)
tunneling spectra at the two points marked as black and white spots at the
bump and trough, respectively. (c) is a simultaneous tunneling conductance
image in constant current (0.2 nA) mode. To see the contrast reversal better
we have drawn a closed elliptical loop near the lower left corner in (a) and (c)
enclosing the same region.

dI/dV = |M (z)|2 ρs (eV),
(3)
√
where |M (z)|2 = exp(−2( 2mφ/h̄)z) is the tunneling matrix element with φ as
the average tunneling barrier height. This assumes that the tip DOS is constant
near its Fermi energy and ρs (eV) is the electronic DOS of the sample at energy eV
with respect to its Fermi energy. This is actually valid at T = 0 and some thermal
smearing will occur at finite temperatures, which is not playing an important role
here. The tunneling current, I(V ), can be obtained by integrating eq. (3) and this
will be proportional to the integrated DOS (IDOS) up to energy eV. We are also
assuming that |M (z)|2 is independent of V , which is not strictly true for the bias
voltages that we are applying here but this does not affect our arguments.
Figure 4a shows a small area topographic image of the super-lattice with the
spectra taken at the bump and trough (marked in figure 4a) shown in figure 4b. If
we attribute the topographic image contrast to the DOS change [7], the tip has to
retract at the bump as compared to the trough. This is to decrease the tunneling
matrix element to compensate for increased IDOS. Thus the matrix element |M |2
at the bright spot is smaller by a certain factor. The same factor would scale the
two tunneling spectra in figure 4b giving a larger DOS at the topographic bump.
Also the spectrum at the bump is a lot more flat (or metal-like) than the spectrum
at the trough. This, in fact, is consistent with earlier reports [6] and also with
the calculation of DOS for different stackings [13]. A tunneling conductance image
(figure 4c) at 500 mV was acquired simultaneously with the topographic image (in
constant current mode) of figure 4a. The conductance image contrast is opposite to
that of the topographic image indicating that more conducting areas appear dark
while less conducting areas appear bright in topography. This is actually consistent
with the tunneling spectrum if we compare the dI/dV value at 0.5 V in figure 4b for
the two spectra. We have also taken images of the pattern at different bias voltages.
While the images look same qualitatively there is a small increase in corrugation
amplitude with increasing bias voltage.
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Figure 5. (a) The lattice vectors of the two slightly rotated hexagonal lattices and their differences. (b) Moirè interference pattern calculated using eq.
(4) with θ=2.5◦ . The size of the image is 25×25 nm2 .

3.2 Simulation model
We have developed a model giving us a better insight into the large-scale variations
in these spatially varying Moirè patterns. For illustration we consider a 1D periodic
lattice first. If we superimpose two 1D periodic patterns given by cos k1 x and cos k2 x
(k1 ≈ k2 ), we would see an interference (or beats like) pattern with periodicity
2π/|k1 −k2 | in the superposed pattern (i.e., cos k1 x cos k2 x). In 2D if we superimpose
two hexagonal patterns of slightly different reciprocal lattice vectors ki and k0i
(i = 1–6), the resulting Moirè pattern’s periodicity would be given by the difference
of the two vectors, i.e. (k0i − kj ). The longest period variations would arise from
∆ki = k0i − ki , which are of our interest here. Also in 2D the pattern could arise
due to difference in both the magnitude and direction of k and k0 but in the present
case only the direction mismatch is important.
∆ki as seen in figure 5, has a magnitude of 2k sin(θ/2) and the smallest angle it
makes with any of the ki ’s is 30◦ − θ/2. This is consistent with the aforementioned
periodicity and angle of the Moirè super-lattice. Now the Moirè interference pattern
is easily produced by inverse Fourier transformation of these six lattice vectors
(∆k = k0i − ki ). This would give a pattern described by
I(x, y) = I0 + cos[2k sin(θ/2){x sin(θ/2)−y cos(θ/2)}]
+ cos[2k sin(θ/2){x sin(π/3+θ/2)−y cos(π/3+θ/2)}]
+ cos[2k sin(θ/2){x sin(2π/3+θ/2)−y cos(2π/3+θ/2)}].
(4)
√
Here k = 4π/ 3d with d as the real space ab-plane lattice parameter for graphite,
i.e. 0.246 nm. This I(x, y) is plotted in figure 5b for θ = 2.5◦ . Using this model we
have calculated the 1D fringes as well as the spatially varying 2D pattern. Such a
calculated image is shown in figure 6 together with the STM image. The qualitative
resemblance of the two, particularly in the 2D fringe region, is remarkable. The 1D
fringes from this model are found to be very sensitive to the details of the spatial
variation of the Moirè rotation angle, while in the modelled image as discussed
below we have taken a relatively simple function for modelling for the variation in
this angle.
Pramana – J. Phys., Vol. 70, No. 2, February 2008
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Figure 6. (a) Super-lattice pattern of varying periodicity and linear fringes
(196×139 nm2 at 0.5 V and 0.2 nA). Super-lattice structure is present up
to 100 nm and after that it changes to linear fringes. (b) Simulated image
(174×120 nm2 ). (c) Simulated image (149×113 nm2 ). (d) shows θ variation
used in simulation.

For simulation of super-lattice of varying periodicity as shown in figure 6b we used
θ variation as given in eq. (2). For simulation of the linear fringes, we can find a
simple analytical condition as follows. We define the arguments of first, second and
third cosine terms in the eq. (4) as f1 , f2 , and f3 , respectively. These arguments
satisfy the condition f1 = f2 − f3 . We find that the θ variations satisfying the
condition ∇f1 = 0 give rise to linear fringes. One such condition
c
θ=
(5)
(63 + x)
has been used to simulate the linear fringes as shown in figure 6b. In this image
θ varies according to eq. (2) from 0 nm to 117 nm and then it starts changing
according to eq. (5) up to 174 nm. Here c(=4.44 radian-nm) is a constant which
has been calculated to keep θ continuous. Figure 6c shows another simulated image
in which we have used the following θ variation:
θ = 1.3(1 − x2 /(2202 nm2 ))π/180 radian.

(6)

Figure 6d shows variation of θ for both simulation images.
3.3 Large scale linear fringes due to buckling of the top-layer
Here we report on the observation of linear fringes on (0 0 0 1) plane of HOPG
surface near a defect in a large area (1.5×1.5 µm2 ). These fringes as shown in
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Figure 7. (a) STM image of parabolic pattern produced by defects on the
surface (area = 0.85×0.85 µm2 , bias = 0.6 V, tunneling current = 0.2 nA).
(b) This image is taken under negative bias voltage with 0.2 nA tunneling
current of the same region as shown in figure 7a. (c) Close-up view of defect
(area = 240×240 nm2 , bias = −0.6 V, tunneling current = 0.2 nA). (d) STM
image showing termination of rippling fringes (area = 1.53×1.53 µm2 , bias =
0.6 V, tunneling current = 0.2 nA).

figure 7a are originating from a defect on a particular graphite layer. Overall fringe
pattern looks like many parabolas whose vertices lie on different points of the defect.
The pattern has qualitative change in the details of the fringe structure with the
bias voltage. In particular, figures 7a and 7b show the image of the same region at a
bias voltage of 0.6 V and −0.6 V, respectively. In figure 7b, an extra narrow bright
fringe appears at the location of the dark fringe of the image in figure 7a. This is
actually a result of the change in DOS as seen from the tunneling spectra described
later. Part of the affected layer is found to be buried under another graphite layer
and the pattern persists over this layer. However, there is a contrast reversal in the
pattern as compared to the pattern on the directly affected layer. This is visible in
figure 7a at the step on the left side and slightly above the center. As one moves
over this step from the exposed portion of the affected layer, the bright fringes
become dark and vice versa with a reduction in corrugation. A zoomed-in image
of the defect is shown in figure 7c. This is a 150 nm long defect and looks like
some kind of crack on the top layer of graphite. The pattern terminates itself when
the affected layer comes to an end as shown in figure 7d. Near the termination,
the fringes are almost straight with a periodicity of about 100 nm. The Fermi
wavelength of the electrons on the planar graphite sheet is 2.51 nm [14] and so the
electronic wavelength is smaller than the periodicity by two orders of magnitude,
and therefore these patterns cannot be any kind of electronic standing waves on
the surface. Another cause for such pattern might be the nano-scale defects buried
deep inside the surface [15] or the Moirè pattern of varying periodicity. But such
explanations cannot explain the contrast reversal feature of the fringe pattern.
Figure 8a shows a topographic image near the defect with a line cut shown in
figure 8b. From this figure we see that periodicity as well as corrugation amplitude
increases as one moves away from the defect. Corrugation amplitude changes from
0.3 nm to 1.7 nm while the periodicity changes from 69 nm to 145 nm. Observed
corrugation amplitude is quite large and buckling of surface cannot be so large
because that will require too much energy and can break the layer [7]. We believe
that such large corrugation amplitude is coming from the electronic effects due
to small buckling of the affected layer. Figure 8c shows variation of tunneling
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conductance with bias voltage at the topographic maximum and minimum (marked
as black and white point in figure 8a). The tunneling conductance at the bump
(topographic maximum) shows maximum and minimum in the DOS at opposite bias
voltages (±0.38 V). The spectrum at topographic minimum shows almost flat DOS
above the Fermi energy, while below the Fermi energy it is close to normal graphite
DOS. Here topography image contrast is mainly attributed to DOS changes similar
to super-lattice case. So, here also tip has to retract by significant amount at the
bright spot as compared to dark one to decrease the matrix element to compensate
for increase in DOS. Thus matrix element at bright spot is smaller by certain factor
and the same factor would scale the two tunneling spectra in figure 8c giving much
larger DOS at the bright spot.
We see that the topographic contrast is here accompanied by a change in local
DOS. The calculations of Kilic et al [16] show that the density of states at the Fermi
energy strongly depends on the inter-layer separation. This strengthens our belief
that the buckling of the affected layer is responsible for this pattern. Increase in the
corrugation amplitude as one moves away from defects implies that the difference
in the density of states at consecutive maximum and minimum sites also increases.
Since buckling is responsible for the modification in the density of states, we can
assert that buckling is smaller near the defects and becomes comparatively larger
as we move away from the defect.
Here we assert that the buckling of the affected layer is such that observed topographic maxima are actually depressions reducing the inter-layer spacing locally
and enhancing the DOS. The observed topographic minima are exactly opposite
with a small decrease in the DOS. Kilic et al [16] have shown that small decrease
in the inter-layer separation gives rise to a significant increase in the DOS. This increase has been found to be 300% upon ≈30% reduction of c. While small increase
in c does not have much effect on the DOS. This calculation, however, was done
for the bulk graphite, but here the changes are very local.
Now the contrast reversal, which prompted us for this buckling argument, can
be easily seen if we look at figure 9 depicting the top few graphite layers with one
of the middle layers as buckled. It is clear the inter-layer separation at a given
location between the buckled layer and the layer on top is reduced if the separation
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Figure 8. (a) Parabolic pattern image (area = 0.77×0.77 µm2 , bias = 0.6
V, tunneling current = 0.2 nA). (b) Variation in the corrugation amplitude
as well as periodicity along the line shown in a. (c) Tunneling conductance at
the bump and at the trough.

348

Pramana – J. Phys., Vol. 70, No. 2, February 2008

Unusual electronic patterns on graphite surface

Figure 9. Contrast reversal due to buckling of middle layer.

between the buckled layer and the layer below is increased. So if the top layer is
peeled off the contrast would reverse.
4. Conclusions
We have observed two different unusual electronic patterns on graphite using STM.
We attribute the first pattern to a spatially varying Moirè rotation and the second
one to the buckling of a top graphite layer. This is the first observation of 1D fringes
connected to the 2D Moirè lattice. We have also demonstrated explicitly by STS
imaging that the contrast in topographic image is arising from the variation in DOS.
We also observed that the magnitude of the topographic contrast increases with the
periodicity of the Moirè lattice. The periodicity of 2D pattern changes because of a
spatially varying rotation angle while the 1D fringes are also attributed to the same
but with a very specific spatial dependence of this Moirè rotation angle. Treating
the Moiré patterns in a Fourier space we have been able to understand the observed
spatially varying 2D pattern and the linear fringes. This treatment only gives spatial
variation in the local stacking pattern and a better understanding in terms of the
electronic DOS variation requires more detailed calculations. The second pattern
that we reported here on graphite has been attributed to the buckling of a graphite
layer near the surface. The buckling gives rise to spatially varying changes in the
interlayer spacing affecting the local DOS as observed by the tunnelling spectra.
However, a detailed understanding of the fringe pattern at various bias voltages
and in terms of the local tunnelling spectra again requires detailed calculations of
DOS with buckling of the top graphite layer.
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