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In this work we report a theoretical and experimental study of the HOPG(0001) surface using density
functional theory and scanning tunneling microscopy (STM) where both the triangular and the full hexagonal
atomic structures are resolved. The experimental STM images are supported by ab initio charge-density
calculations and STM image simulations without invoked mechanical or electronic tip effects. The optimal
experimental conditions to obtain both structures are discussed in detail.
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I. INTRODUCTION

Despite that for several years the highly oriented pyrolytic
graphite HOPG(0001) surface has been theoretically (by cal-
culating the electronic structure) and experimentally [by us-
ing scanning tunneling microscopy (STM)] studied,'~?*> some
important issues are not yet well understood. The fact that in
most STM images are observed only three of the six carbon
atoms from the hexagon of the graphite top-layer lattice,'-
“giant corrugations” (enormous apparent heights of atoms)?
and giant hexagonal periodic patterns (referred as moiré
patterns)*~8 have attracted a lot of scientific interest and have
been the starting points to propose several hypotheses to ex-
plain these phenomena. These hypotheses have a wide range
of physical grounds and among those it is possible to find the
mechanical tip-to-sample interaction,” multiple mini tips,'®
subsurface defects,!! and the surface charge-density
picture.'> However, none of these hypotheses gives a com-
pletely satisfactory explanation to understand the STM im-
age formation mechanism on this surface. This fact is par-
ticularly important, since the scanning tunneling microscopy
is one of the crucial experimental techniques to investigate
surface defects, such as terraces,'® and the novel properties
of quantum structures based on graphene (see next para-
graph) as quantum dots and nanoribbons.'*

Basically, the highly oriented pyrolytic graphite (HOPG)
crystal is formed by layers of honeycomb atomic array of
carbon atoms with interatomic distance of 1.42 A (a single
layer is called graphene). The layers are held together by van
der Waals forces and they present an ABAB stacking se-
quence. This stacking sequence gives rise to a 4-carbon atom
unit cell with two nonequivalent atomic sites: the
a-type-sites, atoms with neighbors directly above and below
in adjacent layers, and the S-type-sites, atoms without such
neighbors'3 (in what follows « and S8 atoms, respectively).

The widely accepted theory for STM image formation of
Tomdnek et al.'? predicts, for low-bias voltages, that only 8
atoms are visible as a consequence of the asymmetry in the
interlayer interaction in the bulk graphite. Such asymmetry
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occurs due to the higher local density of states (LDOS) of the
B atoms compared with « atoms near the Fermi level. This
(often called triangular) electronic surface structure has a
unit cell length of about 2.46 A corresponding to the peri-
odicity of the lattice, and it is usually reported in the STM
experiments.? In this way, the authors in Ref. 12 explain the
usually found experimental STM image features at low-bias
voltages. However, despite this successful explanation, tip-
size effects must be invoked to understand the persistence of
the triangular structure at higher voltages since the calcula-
tions predict that the LDOS, and consequently the tunneling
current, for o and B atoms tend to be equal by increasing the
bias voltage.

To elucidate this fact, the three other invisible carbon at-
oms have been sought for several researchers during the last
seventeen years,'!%=2% but since it is not possible to control the
sharpness of the tip no definite conclusions have been
achieved. Even so, Hembacher e al.'® obtained very inter-
esting results using a low-temperature highly sensitive STM/
atomic force microscopy (AFM) setup and revealing the full
hexagonal structure by AFM. Another initiative using scan-
ning tunneling microscopy at room temperature by Wang et
al.'” reports STM images of both structures, the triangular
and the hexagonal, which were obtained using the same tip.
In this last report the occurrence of the full hexagonal struc-
ture was rarely observed (10%—-20% of times) and these au-
thors attributed the hexagonal structure to a mechanical
layer-sliding model, early proposed by Ouseph et al.'8

The main goal of the present study is to clarify the con-
ditions required to observe the full atomic structure on
HOPG(0001) surface, without mechanical or electronic addi-
tional considerations. Within this framework we imaged
HOPG at room temperature using STM where both struc-
tures (triangular and hexagonal) at different feedback condi-
tions are obtained. The STM image features are interpreted
from spatial charge density based on first-principles linear
muffin tin orbital (LMTO) calculations. The experimental
data are in agreement with these calculations and the results
indicate a strong image-feature dependence on the tip-to-
surface distance.
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II. THEORETICAL APPROACH

In order to obtain the simulated STM images we have
computed the charge density above the HOPG(0001) surface
using first-principles total-energy electronic structure calcu-
lations within the density functional theory (DFT) (Refs. 23
and 24) and the local density approximation (LDA). The
LMTO method?>?® under the atomic sphere approximation
(ASA) was used for this purpose and the surface was simu-
lated by a repeating four-graphene layer slab model (ABAB
stacking sequence), where the slabs are substantially sepa-
rated (16.8 A) to avoid artificial interactions and to ensure
that the charge density goes to zero effectively far from the
surface. The density of states (DOS) in this configuration has
been calculated for atoms on the top surface and internal
layers. In addition and for comparison, the DOS for HOPG
bulk (filling all the space with carbon atoms) was calculated
with the same method and accuracy. The DOS from atoms of
internal layers in the slab and bulk configuration show simi-
lar structure and both cases are in agreement with previous
results,”’ showing additionally that the DOS near the Fermi
energy for 8 atoms is larger than those for « atoms.

The spatial charge density computed with this method
was used in the expression for tunneling current-density j(r)
showed in Eq. (1), which is a simple extension®® of the ex-

pression of Tersoff and Hamann,?
Ep
jx,v) ‘Xf p(r,E)dE (1)
Ep—eV
where
p(r,E) =2 |V, (r)*)E - E, ) (2)
n.k

Here, p(r,E) is the LDOS at the tip center position r
=(x,y,z), the W, ,(r) are the eigenstates of the unperturbed
surface with corresponding energy E, ;, and V), is the applied
bias voltage to the tip sample. Thus, to perform our calcula-
tions of the electronic charge density participating in the tun-
neling we integrate the electrons that are within the energy
window [Ep—e|V,|,Er]. By defining the axis perpendicular
to the graphite surface as the z axis and setting a constant
value for z, it is possible to generate the spatial charge den-
sity over xy plane, which is proportional to STM current
image. The tip-size effect has been considered by performing
a lateral and uniform smoothing with radius of about 1.0 A
(Ref. 30) of the charge density.

III. EXPERIMENTAL SETUP

The experiments were performed using a variable tem-
perature scanning tunneling microscopy (VT-STM) from
Omicron with background pressure better than 107'° mbar.
The samples were peeled off using an adhesive tape in air
and transferred into the vacuum chamber. The STM images
were collected at room temperature at both modes (constant
current and constant height) using etched tungsten tips. The
bias voltages refer to the applied sample bias, which corre-
sponds to the filled states. The scans direction was performed
from the bottom-to-up at all images. The images were flat-
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FIG. 1. (a) (Color online) Experimental STM image of HOPG at
constant-current mode, V,=—50 mV. (b) Calculated STM image at
constant-height mode, V,=-50 mV, and tip-surface distance of
1.2 A. The triangular structure is visualized in both images. (c) And
(d) line profiles along the lines indicated in Figs. 1(a) and 1(b),
respectively.

tened to correct the sample tilting and filtered with smooth
filters.

IV. RESULTS AND DISCUSSION

The usually reported experimental HOPG STM image
with atomic resolution is presented in Fig. 1(a). Here the
triangular structure is visualized from one of the lattice sites.
This image was obtained in constant-current mode, with 7,
=0.4 nA and V,=-50 mV. Figure 1(b) shows a calculated
STM image (constant-height mode) at the same bias voltage,
with z=1.2 A. The line profile (LP) along the lines indicated
in Figs. 1(a) and 1(b) are presented in Figs. 1(c) and 1(d),
respectively, where the vertical axis in the last one has been
adjusted by introducing a multiplicative constant C;=4.0
X 1074, Both profiles might be compared assuming that de-
pressions in the charge density lead to proportional approxi-
mations of the tip-to-the-surface in order to keep the tunnel
current constant. Accepting this fact, the agreement is quite
well between theory and experiment, and with early reports
also.!? Besides, the atomic corrugation revealed from the
experimental LP is around 1.2 A value which corresponds to
the atomic corrugation informed by Mamin et al.® for STM
graphite characterization under UHV and clean conditions.
This fact indicates that contaminants do not exist on the tip.

Figure 2(a) and inset (low left corner) show experimental
current STM (at constant-height mode) images that exhibit
the HOPG surface’s full atomic structure. Here, the tunnel
current range goes from ~0.1 up to 2.0 nA and is taken at
V,==300 mV. The simulation was performed [shown in Fig.
2(b)] at the same bias voltage, considering a constant tip-to-
surface separation of 1.2 A. Experimental and simulated im-
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FIG. 2. (a) (Color online) Experimental STM image of HOPG at
constant-height mode, V;,=-300 mV. (b) Calculated STM image at
constant-height mode, V,=—300 mV, and tip surface distance of
1.2 A. Both images reveal the hexagonal atomic structure which is
compound by « and B atoms. (c) And (d) are line profiles along the
lines indicated in (a) and (b), respectively.

ages show current maxima on three of the six carbon atoms
of the surface-hexagonal ring (eye-guide hexagonal net was
inserted on the experimental image). From the calculated im-
age are easily identified the carbon atoms on each lattice site
and thus it was stated that the brightest correspond to S
atoms and the less intense are « atoms. The same labels were
extended at the experimental image. The central black re-
gions in the hexagons correspond to the hollows sites.

We have performed LP along the line indicated over the
experimental (simulated) image which is shown in Figs. 2(c)
and 2(d). The multiplicative constant C,=1.3X 10™* was in-
troduced [Eq. (1)] to scale the vertical axis for the Fig. 2(d)
and to compare directly, and without additional assumptions,
both results. Thus, the line profiles confirm that one kind of
atom, the £ atom, presents a higher current density, revealing
a difference in the LDOS if we assume that all carbon atoms
in the surface layer are in the same plane. Such difference
was stated before for Tomanek et al.,'?> who introduced the
following asymmetry-definition A=(jg—j,)/(jg+j,) to
quantify the phenomenon. Replacing our experimental and
theoretical data in this expression we find A=0.13 and A
=0.10, respectively. Both results present a pretty well agree-
ment with the values calculated by Tomanek et al.'?> for 0.3
V bias voltage and 0.5 and 1.0 A as tip-to-surface separa-
tion.

The asymmetry between these two atomic sites was also
shown previously by Atamny et al,' but not clearly from

PHYSICAL REVIEW B 79, 205431 (2009)

z=1.4 A

(a) z=0.8 A

z=1.6 A z=25A

(b) z=0.8 A

(c)

FIG. 3. (Color online) Calculated STM images representative of
three different bias-voltage ranges: (a) =50 to —200 mV, (b) =300
to =800 mV, and (c) —1000 to —1500 mV: two different tip-
surface separations for the first bias-voltage range and three tip-
surface separations for the next two ones. The brightest spot indi-
cates the maxima of charge density, and the asymmetry in intensity
for different voltage and separation is illustrated.

the STM image. Actually they found such asymmetry from
the line-profile analysis where they observed a shoulder
around the brighter atom. This shoulder was attributed to the
a atom (Fig. 3 in Ref. 19). In our case, the set of parameters
(Vy,1,) enables obtain high-resolution STM images and
clearly resolve both atom sites and its corresponding asym-
metry. Such STM image feature, site asymmetry, reveals
clearly the graphite electronic structure instead of any pos-
sible graphene slide layer as it was proposed before.!”!8

In order to clarify which conditions are needed to image
the full hexagonal structure, we performed a set of theoreti-
cal calculations at V,, from =50 mV up to —1.5 V and z from
0.5 up to 3 A at constant tip-surface distances. The repre-
sentative results over those ranges are displayed in Fig. 3,
where these theoretical images are separated in three differ-
ent bias-voltage ranges (a) =50 to —200 mV, (b) =300 to
—800 mV, and (c) —1000 to —1500 mV. At this point it is
important to remark that current maxima declines exponen-
tially if the simulated tip-to-surface separation is incre-
mented (Fig. 3, from left to right). However, as it occurs in
the experiments, contrast remains unaltered.

For the first calculated voltage range (=200 mV<V,<
—50 mV) series in Fig. 3(a), the brightness difference be-
tween o and B atoms is strong, even when the tip is very
close to the surface (z=0.8 A). In addition, although the
asymmetry diminishes for closer tip-surface separation, even
so it is difficult to resolve both atoms. This explains, as it
was stated by Tomdnek et al.,'?> why it is not possible to
resolve both atoms at energies (eV,) close to Fermi energy
during the STM image acquisition. On the other hand, the
calculation predicts no image for z beyond 1.6 A. This oc-
curs because for smaller bias voltages the integral of spatial
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charge density [Eq. (1)] diminishes and consequently falls
below more drastically than for higher voltages.

For the two following bias-voltage range series of Figs.
3(b) and 3(c), the brightness difference (asymmetry) between
«a and B sites diminishes, i.e., charge-density differences are
getting smaller by increasing the applied bias voltage (energy
window). As it is well-known, this behavior was predicted
before,'> being the usually triangular STM HOPG(0001)
structure attributed to tip-size effects. Additionally, for these
voltage ranges the calculated charge density spreads beyond
2 A, and beyond this value these theoretical results predict
that only one brilliant spot per unit cell would be visible.

Based on the theoretical experimental image features, the
bias voltage and the tip-to-surface separation z are physically
important in order to obtain the triangular or the hexagonal
surface structures. The overall experimental data analysis in-
dicates that the full hexagonal atomic structure was success-
fully resolved at V,=-200~-300 mV and [,=1.5~3 nA,
and in general at constant height mode. Although our theo-
retical results do not match exactly with the experimental
bias-voltage range to achieve full atomic resolution (prob-
ably due to thermal effects),?' there exists an agreement re-
lated to a windows energy (eV,) very close to the Fermi
energy, where full resolution is not possible. On the other
hand it is expectable that for high experimental bias voltages
the tip deals with high tunnel currents. This phenomenon
during the image acquisition represents an inconvenience for
bias voltages larger than 300 mV, and fine adjustments must
be made in order to preserve such full atomic resolution.
Anyway, the theoretical simulated images show that the
asymmetry depends strongly on the tip-surface separation
and that, for bias voltages not so close to the Fermi energy,
the full resolution can be achieved [Fig. 3(b)] if the tip is
sufficiently near to the sample.

Thus, these calculations show that during a hypothetical
image acquisition with the tip approaching continuously to
the surface (polarization-voltage constant, over 200 mV and
biased positively with respect to the sample), it will detect
first a tunneling-current maximum over only one lattice site,
until the tip finally reaches the zone where the two atoms
appear visible with their respective asymmetry. Therefore, if
full resolution is obtained in a STM experiment, a triangular
structure can be imaged after a tip retraction.

Under this scheme we performed STM experiments scan-
ning the surface at constant-height mode, but with the par-
ticularity that the tip-to-surface separation was suddenly
changed (maintaining the bias-voltage constant). In this way
we obtained an image divided into two zones, each one re-
corded for a different tip-to-surface distance. Using such pro-
cedure to go from the hexagonal to the triangular structure
we retract the tip about 1 A (1 A refers to a nominal dis-
tance value set at the piezo which corresponds to current
decrease of approximately 0.7 nA) and these results are dis-
played in Fig. 4. There it is clearly visible how both struc-
tures are resolved and, according theoretical predictions, how
for a larger tip-to-surface separation only one maximum ap-
pears. Similar features were observed in the inverse experi-
ment (not shown here), during which the full structure was
recovered by approaching the tip during the current-image
acquisition.
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tip retracted 1A

FIG. 4. (Color online) Experimental STM image of HOPG at
constant-height mode, V;,=—200 mV and initial /,=2.1 nA; sudden
change of tip-surface distance to 1 A far away. The image shows
the transition from the honeycomb to triangular atomic structure by
adjusting the tunneling current. The honeycomb lattice is super-
posed on the image to identify the bright spot positions.

As reported before,'? these results indicate that the spatial
charge-density distribution has its origin on the structural-
asymmetry and graphene-interlayer interaction rather than on
tip-size effects or any sort of mechanical interactions. Be-
sides, the fact that the same tip produces both kinds of struc-
tures reflects the strong influence from the bias voltages (oc-
cupied states contributing to the tunneling current) and also
from the tip-surface separation (probably due to surface
states).3> Thus it seems necessary to perform more experi-
ments, perhaps combining STM with AFM (Ref. 16) to elu-
cidate which site appears visible in the STM (Refs. 17, 20,
and 21) at different bias voltages and tip-surface separation.

V. FINAL REMARKS

In general, measurements in constant-height mode are
more difficult to be performed compared with those in
constant-current mode due to the obvious nonfeedback scan.
However, the constant-height mode is particularly important
in order to achieve the full hexagonal graphite structure. This
mode reveals the full hexagonal structure according to our
theoretical predictions based on DFT.

The simulated images clarify the physical meaning of
such needed experimental conditions to achieve the full
atomic structure due to the narrow ranges of tip-surface dis-
tance and bias voltage. In principle atoms on a- and B-lattice
sites can be imaged simultaneously if the asymmetry is small
enough, a situation which occurs for a narrow set of experi-
mental conditions. In addition, an important consequence is
that tip-size effects would not ever be relevant in explaining
the triangular structure, although we recognize that this pa-
rameter is left as an uncontrolled variable on the experi-
ments.
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It is well-known that Mizes et al.'® developed theoretic-
experimental studies to explain several patterns on the
HOPG surface, including the hexagonal lattice. In this task
they introduced a nonideal tip, specifically a double-atom tip,
where amplitude and phase are chosen to match the character
of experimental images. However, it is necessary to remark
that neither tip-to-surface distances nor different bias volt-
ages were considered in these studies. If such approximation
would apply to our experimental results, one must pay atten-
tion to the line-profile asymmetry revealed from our theoret-
ical and experimental results and at least it should be recog-
nized that such site-current asymmetry [Figs. 2(a) and 2(c)]
requires a very coincident double-tip configuration which is
improbable to occur in each experimental image with full
atomic resolution.

VI. CONCLUSIONS

Experimental STM images of HOPG can be completely
understood by performing standard DFT calculation of the
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electronic charge density and Tersoff-Hamann model. In the
ideal situation of a perfect tip, the full resolution of the hex-
agonal structure is predicted for voltages over 200 meV and
tip-surface separation shorter than 2.0 A. For smaller volt-
ages and/or larger tip-surface separation the triangular struc-
ture appears. These statements were experimentally con-
firmed by showing that the kind of structure revealed has a
strong dependence on the applied bias voltage and the tip-
surface distance in a quite well agreement with the theoreti-
cal predictions.
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