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Images of the (0001) surface of graphite observed in the scanning-tunneling microscope (STM)
show a strong asymmetry in the tunneling current between neighboring carbon atoms in the hex-
agonal ring. The magnitude of this asymmetry is seen to be almost independent of the polarity
and to decrease slightly with increasing amplitude of the bias voltage for voltages below 1 V. A
theory is developed that explains this anomaly as a purely electronic effect, arising from the sym-
metry of the states scanned by the STM, which dominates over the topography of graphite. The
predicted trends for the bias-voltage dependence of the asymmetry are confirmed experimentally.

Images 1-4

of graphite obtained
tunneling microscope (STM) reveal two anomalous
features: ‘“‘giant corrugations” (enormous apparent
heights of atoms above the centers of the carbon rings) !~*
and a substantial asymmetry in the apparent heights of
neighboring carbon sites.>* Neither of these features can
be understood within the simplistic picture that the STM
images total charge densities at the surface. The first
anomaly has been attributed to the unusual electronic
structure of a single graphitic layer, in which the Fermi
surface collapses to only one point in the surface Brillouin
zone (BZ).3 However, to explain the large apparent mag-
nitude of the corrugations, one also has to consider large-
scale surface deformations induced by elastic interactions
between the STM tip and the surface,® especially in the
case of contaminated surfaces.* The second anomaly, a
large apparent asymmetry leading to the resolution of
only every other atom in the STM images [Fig. 1(a)], is
unexpected, since the weak interaction between layers

in the scanning-

FIG. 1. (a) Observed and (b) and (c) calculated STM
current densities j(x,y,z =const) for a bias voltage V' =0.1 V.
In (c), calculated results of (b) have been Fourier analyzed and
filtered to mimic the experimental conditions. On the grey
scale, white corresponds to large current densities.
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should ensure that the total charge densities on these
atoms are practically identical. A recent calculation7 on
a graphite slab revealed some asymmetry between these
sites, but does not explain the main experimental findings
present in this paper: The asymmetry is large at a low
bias voltage, decreases with increasing voltage, and is in-
dependent of its polarity. All three experimental observa-
tions are well explained by the model outlined here, which
demonstrates that the asymmetry is primarily a property
of the bulk material. Using ab initio methods, we calcu-
late STM current densities which lead to images closely
resembling experimental observations (see Fig. 1).

The graphite samples were prepared by cleaving highly
oriented pyrolythic graphite in air. The STM was operat-
ed in the current-imaging mode,? in which the tunneling
tip is scanned across the surface at constant height and
bias voltage, and the variations in the tunneling current j
constitute the image. We emphasize that in this mode the
deformation of the graphite surface remains constant and
amplification of the atomic heights therefore does not
occur. Thus, even for a surface exposed to air, we expect
the observed variations of the tunneling current to be the
same as those on a clean surface. By contrast, the asym-
metry observed in images obtained in the topographic
mode, in which the tip-to-surface separation varies, de-
pends strongly on the surface deformation and hence on
the }evel of contamination of the surface and the tunneling
t1p.

Figure 1(a) shows a typical current image of a 12x12
A? graphite sample obtained in air at a bias voltage
V'=0.1 V. As seen, the STM image does not reflect the
expected honeycomb atomic arrangement, but rather
shows only a sublattice with a hexagonal close-packed
structure, which contains every second atom. The con-
trast between the neighboring sites in terms of the current
asymmetry is very large. In hexagonal graphite (with
ABAB stacking), the crystal is composed of an a sublat-
tice consisting of atoms with neighbors directly above and
below in adjacent layers and a B sublattice consisting of
sites without such neighbors (Fig. 2). Our theory present-
ed below predicts that the atoms visible in the STM image
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FIG. 2. Schematic drawing of two successive layers of hexag-
onal graphite in (a) the top view and (b) the side view. The unit
cell is enclosed by a dashed line in (b).

are of the 8 type.

For a given small positive bias voltage ¥V, the tunneling
current density j(r) can be obtained from a simple exten-
sion’ of the expression derived by Tersoff and Hamann, ?

Efp
jee [, dEp(.E) (1a)
where
PLE)=Y | yu(t) | 26(Es—E) . (1b)
nk

Here, p(r,E) is the local density of states at the tip posi-
tion r=1(x,y,z), and the y,(r) are the eigenstates of the
unperturbed surface with corresponding energy E,x. The
implied assumptions”® are a constant matrix element for
tunneling and the description of the relevant tip states by s
waves with a constant density of states for the tip in the
narrow (but nonzero) energy region (Ex —eV;Er). The
explanation of the observed asymmetry in the STM
current is crucially dependent on the nature of the graph-
ite eigenstates y,x, which contribute to the tunneling
current. They are p, in character and can be written as a
linear combination of Bloch functions ®; localized on the
a, a', B, and B’ sites in the unit cell shown in Fig. 2(b),

Wk (r) = ®@o(r,k) + oy @, (1, k)

+ ¢np®Pp(r,k) + iy @p(r,k) (2a)
where
1 ik-(R—1t;)
®;(r,k)=——Ye "p,(r—R+1;) , (2b)
’ VN § ’
j=a’a"ﬁ,ﬁ’ .

The Fermi surface of graphite lies close to the P line in the
Brillouin zone [Fig. 3(a)l, defined by k=({, L &) (in
units of the reciprocal lattice vectors). Along this line, the
Hamilton matrix H;;(k) =(®;| H|®;) is given in the
nearest-neighbor approximation by

a a B B
a ( Eq t,8) 0 0
H(3,5.8)=a [t:(g) E. 0 0 \ 3)
B [ 0 0 E; 0 J
gL o 0 0 E

Because of the crystal symmetry, the phase factors in Eq.
(2b) add up in such a way that the states on the a atoms
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FIG. 3. (a) The Brillouin zone and (b) the schematic band
structure of the x states of hexagonal graphite along the P line.
States sampled by the STM at small voltages are crosshatched
in (b).

are decoupled from those on the B atoms in the whole
crystal up to all orders of neighbor interactions. For the
same reason, we obtain the unexpected result that the
Bloch functions on 8 atoms do not interact with those on
atoms on neighboring planes, leading to a diagonal g sub-
matrix. Since the atomic environment of the a and S sites
is similar, we expect E, == Ep. Along the P line, this Ham-
iltonian then gives rise to a doubly degenerate band at
E =Epg near Er, with wave functions localized on the g
sites, and to a dispersive band with wave functions local-
ized on the a sites [Fig. 2(b)]. The STM, which scans a
narrow energy region below Ep corresponding to k states
near the P line, detects all B states and only a very small
fraction of the a states. It is this “density of states” effect,
rather than a different spatial extension of wave functions
on neighboring sites,” which causes the dramatic asym-
metry in Fig. 1.

The extension of the physical picture from the bulk to
the (0001) surface is straightforward. The P line in the
bulk BZ collapses to the point X in the surface BZ. The a
band folds to a continuum of states spread over approxi-
mately 1.2 eV around Er and the B band is essentially a §
function at Er. The physical origin of the asymmetry in
the tunneling current j between the a and the B sites is un-
changed. As the magnitude of the bias voltage is in-
creased, the tunneling process samples states increasingly
far from the P line (or K point), where a and S states are
not completely decoupled. However, because of the large
band dispersion near P or K, the part of the BZ sampled
by the STM is still very small, which causes a decrease,
but not a disappearance, of the asymmetry for larger bias
voltages V.

We have calculated the electronic structure of graphite
quantitatively using the ab initio pseudopotential local-
orbital method.!® We used a Gaussian basis,!! norm-
conserving ionic pseudopotentials of Hamann-Schliiter-
Chiang type,'? and the Hedin-Lundqvist'?® form of the
exchange-correlation potential in the local-density ap-
proximation. The calculations are performed fully self-
consistently on graphite slabs with four layers. The irre-
ducible part of the surface BZ is sampled by a fine mesh
consisting of 61 k points. A kj-resolved density of states is
derived from the four-layer slab results by broadening en-
ergy levels using Gaussians with a half-width at half max-
imum of 0.2 eV. Calculations on bulk graphite yielded
similar results, supporting our claim that the effect is a
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bulk, rather than a surface property. Since the a and the
B densities of states are nearly symmetric around Er [Fig.
3(b)], the tunneling current is expected not to depend on
the polarity of the bias voltage. Only at large voltages is
the tunneling current expected to be different for the two
polarities. ’

Figure 1(b) shows a predicted tunneling current density
image, obtained from Eq. (1a) for ¥=0.1 V and a tip-to-
surface separation of 1 A. When comparing this image
with the experimental image in Fig. 1(a), one should bear
in mind that the relatively large size and irregular shape
of the real STM tip limits the lateral resolution. We can
mimic this effect by filtering out the high-frequency
Fourier components from the calculated current density
shown in Fig. 1(b) to produce Fig. 1(c), which shows a
strong similarity to the experimental data.

To obtain a quantitative comparison between the exper-
imental and calculated data, we define the asymmetry be-
tween the tunneling current j at the a and B sites by
A=[j(B) —ja)1/[j(B)+j(a)]l. In the experiment, j(a)
and j(B) were extracted from a whole image by averaging
over sites with the low and high current density, respec-
tively.!* In general, we expect A to depend on the tunnel-
ing voltage ¥ and the tip height h above the surface (or
the tunneling resistance). Figure 4 summarizes our re-
sults for this asymmetry as a function of the bias voltage
V. Calculated values of 4 (from the unfiltered densities)
for h =0.5 and 1 A are given by broken and solid lines, re-
spectively. These results indicate that 4 decreases with
increasing voltage and is almost independent of 4 in this
height range.!> The experimental data, taken at a fixed
but unknown height, show very similar trends, with A4 de-
creasing from =0.2 at 0.05 V to =0.1 at 0.5 V bias.
The complete data set has been obtained using the same
tip and sample. The values of the asymmetry shown in
Fig. 4 were among the largest obtained; in some runs A
was substantially smaller, probably due to the finite reso-
lution of the microscope. This finite resolution can be
modeled by filtering out the high-frequency Fourier com-
ponents of the current density with a Gaussian. The
filtered theoretical values for 4 are shown as the dotted
curve in Fig. 4. The same filter parameters have been
used for all voltages in Fig. 4 and correspond to those used
in Fig. 1(c). We further note that A was almost certainly
greater than 1 A in the experiment; if so, A would be fur-
ther reduced below the computed values.

An important test of the theory is the dependence of 4
on the polarity of the bias voltage. Data in the inset of
Fig. 4, obtained by reversing the bias polarity in the mid-
dle of one scan, indicate that A is insensitive to the polari-
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FIG. 4. Asymmetry A=[j(8) —j(a)1/[j(B)+(a)] of the
tunneling current j as a function of the bias voltage V. The solid
and broken lines represent calculated results at a tip-surface
separation A=1 and 0.5 A, respectively. The dotted lines
represents theoretical data at 1 A, which have been filtered to
mimic the finite experimental resolution. The experimental
points are constant resistance data corresponding to an unknown
value of . The inset shows the observed polarity dependence of
A.

ty. These results agree with our prediction and mitigate
against surface states as the origin of the asymmetry.

In summary, we have investigated the graphite surface
using scanning tunneling microscopy and ab initio band
structure calculations. In the current imaging mode, we
observe a strong asymmetry between the neighboring car-
bon sites. This is explained by the unique symmetry of the
states near K in the surface Brillouin zone near the Fermi
energy. Hence, the asymmetry has an electronic and not a
topographic origin. Our calculation predicts significant
asymmetry at low bias voltages, its decrease with increas-
ing bias voltage, and its independence of polarity, in
agreement with experiment.
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FIG. 1. (a) Observed and (b) and (c) calculated STM
current densities j(x,y,z =const) for a bias voltage ¥ =0.1 V.
In (c), calculated results of (b) have been Fourier analyzed and
filtered to mimic the experimental conditions. On the grey
scale, white corresponds to large current densities.



