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PACS 68.37.Ef — Scanning tunneling microscopy (including chemistry induced with STM)

PACS 73.40.Gk — Tunneling

PACS T73.20.At — Surface states, band structure, electron density of states

Abstract — We report on scanning tunneling microscopy (STM) studies performed with
single crystalline W[001] tips on a graphite(0001) surface. Results of distance-dependent STM
experiments with sub-angstrom lateral resolution and density functional theory electronic
structure calculations show how to controllably select one of the tip electron orbitals for high-
resolution STM imaging. This is confirmed by experimental images reproducing the shape of the
5dy 2,y and 5d,2 _, 2 tungsten atomic orbitals. The presented data demonstrate that the application
of oriented single crystalline probes can provide further control of spatial resolution and expand

the capabilities of STM.

Copyright © EPLA, 2010

In quantum mechanics, a single-electron state in an
atom is described by a set of wave functions associated
with a particular electron energy, orbital momentum,
spin and momentum projections on the quantization axis.
The spatial distribution of these wave functions (atomic
orbitals) determines the probability for an electron with
quantum numbers n, I, m;, ms; to be detected in a
particular volume of space. This theoretical formalism
allows to explain the behavior of the electron systems on
the atomic level. However, for a long time the electron
orbitals could not be directly observed in experiments.
This only became possible with invention of scanning
probe microscopy (SPM) methods [1-3]. These use sharp
tips to image [4] and manipulate [5] atomic structures, to
identify the chemical nature of atomic species [6,7] and to
reveal magnetic contrast [8] on surfaces.

The ultimate vertical resolution of scanning tunneling
microscopy (STM) is determined by exponential depen-
dence of the tunneling current between a sample and
a tip [9]. The lateral resolution can be limited by the
technical characteristics of a microscope. One of the first
theoretical explanations of the atomic resolution was
proposed by Tersoff and Hamann [10,11] who considered
a spherically symmetric s-wave tip. The theory was

(2) E-mail: chaika@issp.ac.ru

further advanced by Chen [12-14] who showed that
the tunneling matrix elements are proportional to the
derivatives of the wave functions of electrons involved
in the tunneling process. Therefore, a variety of elec-
tron states can contribute to experimental images and,
consequently, the limit of lateral resolution is physically
restricted by spatial distribution of the tip and surface
wave functions. However, it took two decades after the
invention of STM to measure the asymmetric charge
distribution related to apex atomic orbitals in atomic
force microscopy (AFM) [15,16] and STM [17-19] exper-
iments. The observed subatomic features [15-19] still
could not be unambiguously identified with single-electron
orbitals. Recently, two legs of the MnNi tip d,.-orbital
(I=2, m;y=1) were resolved in STM experiments on a
Cu(014)-0O surface [20,21]. Essential distance dependence
of the atomically resolved Cu(014)-O STM images [21,22],
however, did not allow to reveal the conditions where
this tip orbital channels most of the tunneling current.
The observed distance dependence, leading to chemical
selective imaging either copper or oxygen atomic rows of
the Cu(014)-O surface [7,21,22], was attributed to change
of relative contribution of different electron orbitals of
the surface atoms. However, the distance-dependent
contribution of different d-orbitals could be proved
experimentally only by direct experiments demonstrating
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Fig. 1: (a)—(c) SEM images of electrochemically etched W[001]
tips. Images in panels (a), (b) and (c) were taken from two
different tips. The UHV tip treatment [23] is used to remove
contaminants seen in panels (b), (c).

subatomic features of different symmetry at different gap
spacings. For example, such experiments can be done
using a combination of d electron tip states and s or p,
surface electron states.

In this work, we use the reciprocity principle of STM,
and probe different d-orbitals of the W[001] tip atom by
localized carbon orbitals of the highly oriented pyrolytic
graphite (HOPG) surface atoms at different bias voltages
and tip-sample separations. Using distance-dependent
STM measurements with sub-angstréom lateral resolution
and density functional theory (DFT) calculations we
demonstrate the possibility of selecting a particular
tip electron orbital for high-resolution imaging. This is
confirmed by reproducing the shapes of the Wbd,, .
and 5d;2_,2 atomic orbitals.

The experiments were carried out in an ultra-high
vacuum (UHV, p <1 x 107 mbar) chamber equipped
with a room temperature STM (GPI-300). STM images
were measured in the constant current mode. Tung-
sten tips were fabricated from [001]-oriented 0.5 x 0.5 X
10mm? single crystalline bars using electrochemical etch-
ing. Figure 1 shows typical scanning electron microscopy
(SEM) images of chemically etched W[001] tips. Before the
experiments, the tips were cleaned from contaminants and
sharpened in the UHV chamber by electron beam heat-
ing and Ar" ion bombardment [23]. Only clean W[001]
tips allowing to resolve a honeycomb surface structure
(fig. 2(a)) directly after tip approach were used for all
experiments. All other tip treatments (e.g., continuous
scanning or voltage pulses) which could lead to a mass
transport from the sample to the tip were excluded. The
distance dependence of the STM images was measured by
varying the gap resistance with fixed bias voltages applied
to the sample. Only sequences without tip changes were
analyzed.

Figure 2(a) shows the atomic structure of graphite.
Carbon atoms within each layer are strongly bonded via
sp? bonds and form in-plane honeycomb patterns while
the neighboring layers are weakly bonded via van der
Waals forces. The honeycombs in the adjacent layers
are shifted in the (z-y)-plane so that only three of
six carbon atoms in each hexagon (namely, a atoms)
lie directly above the atoms of the underlying layer,
while the three others are located above the hollow
sites (8 atoms). Because of their non-equivalence, «
and [ atoms demonstrate different relaxations interact-
ing with a SPM tip [24]. As a result, for most tunneling

Fig. 2: (Color online) (a) Schematic view of a W[001] tip with
the dj.2_,2 (left), ds.y. (center) or d,2_,2 (right) orbital
at the apex above the graphite surface. (b)—(d) Pseudo 3D
images of the atomic features measured with W[001] tips at
different tunneling parameters as indicated in fig. 6. The images
are explained by overwhelming contribution of ds.2_,2 (b),
dezy= (c) or dy2_,2 (d) electron states of the tip atom. 2.5 x
2.4 A% STM images were plotted with the WSxM software [25].

Fig. 3: (Color online) (a)~(d) 11 x11A% STM images of
HOPG(0001) measured with polycrystalline W tips. The
images demonstrate a typical hexagonal pattern (a) and
subatomic features with two- (b), three- (c¢) and four-fold
(d) symmetry. The tunneling parameters are U= —-30mV,
I=0.25nA (a); U=-25mV, I =0.25nA (b); U=—-200mV,
I=0.4nA (c); U=—-45mV, I =0.25nA (d). The STM images
were background subtracted and smoothed by 5 x 5 matrix.

conditions [24,26,27], only one of two carbon atoms is
resolved in HOPG(0001) STM images (fig. 3(a)). Partial
density of electron states (PDOS) calculations, performed
for a 20-layer graphite slab within the tight-binding (TB)
method (fig. 4)!, show that both o and 3 atoms have p,
electron states near the Fermi level (Ef) that are suit-
able for studies of the fine tip electronic structure effects
in SPM. The subatomic features with two-, three-, and

IThe TB parameters for s- and p-states of graphite were taken
from the tables given in the book of Harrison [28] with the Vo
coefficient reduced by a factor of 2 as suggested in Problem 3.3
in Chapt. 3 of that book. The interactions within three nearest-
neighbor coordination spheres were taken into account.
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Fig. 4: (Color online) Partial DOS associated with s- and
p-orbitals of graphite(0001) surface atoms.
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Fig. 5: (Color online) (a), (b) 6x6A2 STM images of
HOPG(0001) surface measured with W[001] tip at I =0.7nA
(a) and I=1.6nA (b). U=—-100mV. (c) A 2x2A? region
indicated by the dashed square in panel (b). (d) Electron
probability density distribution for the W 5d,2_,2-orbital in
the plane z = 1.0A from the nucleus. This plane was selected
because of necessity of extremely small tip-sample separations
for subatomic imaging and due to the fact that carbon orbitals
are less localized than tungsten orbitals (see text and fig. 8).

four-fold symmetry have been observed previously in AFM
experiments [16] and explained by [011]-, [111]-, and [001]-
oriented clusters at the apex of polycrystalline W tips.
Similar subatomic features were observed in our STM
experiments with polycrystalline W tips (fig. 3(b)—(d)).
In order to improve resolution, we used W[001] tips,
which would be more stable because of higher apex atom
coordination and would reveal a greater number of details
on the subatomic scale [16]. In experiments with W[001]
tips (fig. 5(b)) we reproducibly acquired STM images
demonstrating a regular lattice of well-resolved four-
fold split subatomic features although for most tunnel-
ing conditions typical hexagonal patterns (fig. 5(a)) were
observed. The experimental image in fig. 5(c) qualitatively
reproduces the shape of the W 5d,2_,2 electron orbital
calculated within the Thomas-Fermi approximation shown

[ K

Fig. 6: (Color online) (a)-(c) Gap resistance (tip-sample
separation) dependence of 7 x 7 A2 HOPG(0001) STM images
measured with W[001] tips at three bias voltages of —100 mV
(a), +23mV (b), and —35mV (c). The tunnelling currents
are indicated on each particular frame. The images were
background subtracted and smoothed by 5 x5 matrix. The
dashed squares in panels (a), (b) and (c) indicate the regions
shown in fig. 2(d), 2(b), and 2(c), respectively.

in fig. 5(d). The difference between the calculated and
experimental features (fig. 5(b), (d)) could be caused by a
slight tip tilting and strong tip-sample interaction affect-
ing the tip electronic structure and increasing experimen-
tal noise because of graphite surface layer oscillations [29].

The observation of four subatomic maxima was found
to be both bias and gap resistance dependent. The bias
voltage allows to select the range of energies of the
electron states involved in the tunneling. The partial
density of electron states for the W[001] tip (fig. 13 of
ref. [22]) suggests that one can apply a bias voltage
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in the way that either the d,>_,» or ds,»_,» states
of the tip could provide maximum contributions. Small
positive voltages (up to 50mV) would be optimal for
achieving highest lateral resolution because of large PDOS
associated with ds.2_,2 tip states slightly below Er [22].
In contrast, at a sample bias around —100mV one can
expect a significant contribution from the d,2_,2-orbital
(fig. 5(b), (c)). The ideal situations when dz,2_,2 or
dg2_,2 atomic orbitals of the tip can be responsible for
STM imaging are shown in fig. 7(b). In fact, we could
resolve STM images with four-fold split atomic features at
small negative voltages (up to —150 mV). Additionally, the
spatial distribution of electron wave functions can result
in a strong dependence of STM images on the tip-sample
distance [21,30,31]. This is illustrated by gap resistance
dependences of HOPG(0001) STM images at different
bias voltages shown in fig. 6. The biases were selected on
the basis of PDOS calculations [22], to achieve situation
when tunneling current is controlled by d,2_,2 (fig. 6(a)),
ds.2_,2 (fig. 6(b)) or a sum of different d-states (fig. 6(c)).

For all sequences at larger distances (smaller currents)
the honeycomb pattern is resolved in accordance with TB
calculations (fig. 4). With increasing current (i.e. decreas-
ing distance) it transforms into a hexagonal pattern where
every second carbon atom is resolved [24]. However, the
most interesting results were obtained at smaller gap resis-
tances.

For U=-100mV, at intermediate gap resistances
(fig. 6(a), I=0.7nA) the ds,2_,2-orbital of the tip is
mainly responsible for the observed images with spher-
ically symmetric atomic features. Then, with increasing
current the atomic features become asymmetric and at
some currents (fig. 6(a), I =1.6 and 1.7nA) four-fold split
subatomic features are observed due to the substantial
contribution of d,2_,2-orbital. The images in fig. 2(d)
and 5(c) correspond to the situation when this tip orbital
is responsible for the STM imaging. Evidently, this can be
achieved by a suitable choice of both voltage and distance
(fig. 6).

The best resolution can be achieved when the tip
d3,2 _,2-orbital is responsible for the tunnelling current.
This is demonstrated by the measurements at a sample
bias of +23mV (fig. 6(b)). One can see an enhancement
of lateral resolution at tunneling currents between 1.0
and 3.9nA. The most impressive resolution is achieved
at 1=39nA (fig. 6(b)) when the full width at half
maximum of the atomic features is slightly below 1A.
This is close to the physical limit of the resolution related
to the spatial distribution of the carbon p,-orbital. The
left part of fig. 2(a) illustrates the situation when the p,-
orbital is imaged with the ds.2_,2-orbital. With decreasing
distance, the atomic features become broader but distinct
subatomic features could not be resolved unambiguously.

The most informative tip-sample distance dependence
was obtained at U = —35mV which is partially shown in
fig. 6(c). Firstly, one can see an enhancement of the resolu-
tion with decreasing distance. Then, the atomic features
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Fig. 7: (Color online) (a) PDOS associated with different
d-orbitals of the W[001] tip apex atom interacting with the
graphite(0001) surface. The distances between tip and surface
atom nuclei are indicated on each panel. (b) Schematic models
of the tunnelling process in the W[001] tip-graphite(0001)
system for STM imaging in the empty (left panel) and occupied
(right panel) surface state regimes. The PDOS for the models
(b) was taken from ref. [22].

become smeared and at some currents (=5.3nA) trans-
formed into double features. Then, in the current range
from 5.3 to 7.2nA the double features become sharper.
And finally, they are rapidly transformed into features
with four-fold symmetry (7.7-9.1nA). It is seen that in a
very narrow range of the tunneling currents, the subatomic
features demonstrate a three-fold symmetry (7.5-7.6nA)
that can be related to simultaneous contribution of both
dyzy. and dy2_,2 electron orbitals. This sequence proves
that explanation based on the tip cluster orientation [16]
can only be partially correct and is not valid in general
case: Different subatomic features can be resolved with
the same tip while the most frequently observed double
features can be measured in a significantly wider range
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of the tip-sample distances. The STM image transfor-
mation shown in fig. 6(c) is determined by two factors:
i) the difference in spatial localization of d-orbitals with
different m which implies that they can be probed by a
carbon p,-orbital at different tip-sample separations and
ii) gradually decreasing density of states (DOS) on the
further extended tip orbitals (ds.,2_,2 and then d. )
because of their substantial overlapping with the carbon
p.-orbital. At small distances the PDOS associated with
the tip ds,2_,2-orbital becomes smaller and the experi-
mental conditions can correspond to the models depicted
in the central and right parts of fig. 2(a). In these cases
two or four distinct maxima can be resolved typical for
the d, . (fig. 2(c)) and dy2_,2 (fig. 2(d)) wave functions.

To prove this interpretation we have performed DFT
calculations of the PDOS at the W tip atom interact-
ing with the graphite cluster. The ab initio DOS calcu-
lations were performed using the VASP program. A plane
augmented wave basis [32] was used with an energy cutoff
of 400eV. The electron exchange and correlation was
simulated by local density approximation pseudopoten-
tials with a Ceperley-Alder exchange functional [33]. A T’
centered (1 x 1 x 1) k-point grid was used for all calcula-
tions to sample the Brilliouin zone. For the DOS a smear-
ing of 0.2eV was applied using the Methfessel-Paxton
method. The global break condition for the electronic self
consistent loops was set to a total energy change of less
than 1-107%eV.

The simulated graphite(0001) surface consisted of two
constrained unit layer slabs. To model the W tip we used
a pyramid in [001] orientation out of seven unit layer
slabs (128 atoms in total). For the tip all atom positions
were constrained as well. Tip-sample separations from
1.25A up to 4.0A were applied to calculate the PDOS
dependence on the distance. The spacing between the back
of the tip slab and the HOPG was ~ 7.5 A for a distance
of 4A, for all other distances it was correspondingly
larger.

The results of DF'T calculations presented in fig. 7(a) are
in a good agreement with the above discussion. The PDOS
associated with the ds,2_,2-orbital decreases drastically
when the separation is close to the interatomic distances
(below 3.0A). The tip d,2_,e-orbital can dominate at
small distances and small negative bias voltages, while
ds. and d,, orbitals are not equivalent at distances below
2.25 A due to the tip-sample interaction, which can lead to
doubling subatomic features. Note that PDOS calculations
of the fully relaxed W[001] tip-graphite system (to be
published elsewhere) give qualitatively the same results.
According to the DFT calculations (fig. 7(a)), the best
lateral resolution can be obtained at small positive sample
biases and distances around 31&, but four-fold splitting
can, in principle, be resolved at very small gap spacings
in some ranges of the bias voltages. However, at negative
biases from —50 to —150 mV the four-fold splitting can be
achieved at somewhat greater distances because the DOS

graphite(0001)

Fig. 8: (Color online) (a)—(c) Calculated electron density
distribution for the W[001] tip atom interacting with a
graphite(0001) atom shown as a (100) slice through the apex
atom (a) and 2 x 2 A2 (001) slices located 0.4 A (b) and 0.6 A
(c) below the apex atom. The asymmetrical orbitals in panels
(b) and (c) are due to the tip interaction with the surface which
is not two-fold symmetrical along the tip axis.

associated with the dg2_,» tip orbital exceeds the DOS
for other orbitals in the corresponding energy interval of
the empty tip electron states (fig. 6(a)). We assume that
the strong tip-sample interaction, inducing uncontrollable
fluctuations of the gap spacing at small distances [29],
is the most probable reason why the four-fold splitting
could not be observed clearly at positive bias voltages in
our experiments. In contrast, the splitting was evident
at negative biases (e.g., see fig. 5 and fig. 6(a), (c))
although the appearance of the four-fold split features
is not fully identical. The latter is tightly related to the
fact that appearance of four distinct subatomic maxima
is essentially distance dependent: very small change in the
tip-sample separation can easily modify the shape of the
subatomic features or even completely suppress the effect.
We illustrate this by calculated electron density maps
for the fully-relaxed W[001] tip-graphite system shown in
fig. 8. In this case the final W-C interatomic distance is
2.38 A (1.75 A before allowing atomic relaxations). This
slightly exceeds the W-C bond length in tungsten carbide
and can be realized in experiments. Figure 8(a) reveals
that carbon orbitals protrude much further into vacuum
than tungsten d-orbitals. For that reason even the highly
localized W d,2_,2-orbital (fig. 8(b)) can be probed by
carbon orbitals. Comparison of the calculated electron
density maps in (001) planes located 0.4 and 0.6 A below
the apex core (fig. 8(b), (c)) shows that transition from
imaging two-fold to imaging four-fold split subatomic
features requires a small (around 0.2 A) change in the
tip-sample separation. This is in line with the tunneling
current values indicated in fig. 6(c). The experimental
tip-sample distances corresponding to imaging particular
electron orbitals of the W[001] tip atom can be estimated
from the distance dependence of STM images (fig. 6) and
PDOS calculations shown in fig. 7(a). It is reasonable
to assume that spherically symmetric features start to
smear out at gap spacings corresponding to fading PDOS
associated with the ds,2_,2-orbital. This is observed at
distances slightly below 3.0 A. For our experiments these
distances correspond to tunneling currents of 0.7nA,
3.9nA and 2.7nA at bias voltages of —100mV, +23mV
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and —35mV, respectively. From the values of tunneling
currents required for imaging symmetric and four-fold
split features (fig. 6(a), (c)), and assuming the exponential
distance dependence, one can suggest that four-fold and
two-fold split subatomic features are observed in the tip-
surface separation range of 2.0-2.5 A. The observed rapid
transition from symmetric to multiple subatomic features
can be one of the reasons why subatomic contrast was
earlier detected with AFM but could not be observed in
simultaneous STM experiments [16]: the required distance
was not reached in the STM regime but occurred during
the tip-surface approaching phase of the probe vibrations
in the AFM mode.

For all dependences, at the smallest distances one can
see a reverse transformation from hexagonal to honeycomb
pattern (lower panels in fig. 6(a)—(c)). This is consistent
with a “current-distance” dependence observed in [27].
In this regime the honeycomb patterns can mostly be
determined by the repulsive tip-sample interaction due to
drastically decreased PDOS near Fr (fig. 7).

In conclusion, one can fabricate a single crystalline
tip with a certain set of wave functions at the apex
and adjust the tunneling parameters to select one of
them for STM imaging. Note that a tip suitable for
high-resolution studies on one surface may not be as
effective on another sample because of the necessity of
applying different bias voltages. The relative contributions
of different atomic orbitals are simultaneously bias- and
distance-dependent because of the overlapping of the tip
and sample wave functions. STM topographic images
can bear important information on the tip and surface
electronic structure that cannot be obtained even with
sophisticated spectroscopic techniques. And finally, the
single-electron wave functions can be probed in real space
and controllably selected for high-resolution STM studies.
This possibility can provide key to success in improving
spatial resolution and controllable chemical analysis on an
atomic scale.
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