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ABSTRACT
High-resolution scanning tunneling microscope images of iron phthalocyanine and zinc phthalocyanine molecules
on Au(111) have been obtained using a functionalized tip of a scanning tunneling microscope (STM), and show
rich intramolecular features that are not observed using clean tips. Ab initio density functional theory calculations
and extended Hückel theory calculations revealed that the imaging of detailed electronic states is due specifically
to the decoration of the STM tip with O2. The detailed structures are differentiated only when interacting with
the highly directional orbitals of the oxygen molecules adsorbed on a truncated, [111]-oriented tungsten tip. Our
results indicate a method for increasing the resolution in generic scans and thus, have potential applications in
fundamental research based on high-resolution electronic states of molecules on metals, concerning, for example,
chemical reactions, and catalysis mechanisms.
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1. Introduction
Organic functional molecules on solid surfaces have
been extensively investigated with regard to both the
fundamental aspects of the organic–inorganic interface
at a single-molecule level and potential applications
in molecular electronics [1–9]. A scanning tunneling
microscope has proven to be an exceptional tool for
the imaging, manipulation, modification, and spectroscopy of adsorbed molecules on solid surfaces [10, 11].
In this respect, researchers seek to image molecular
Address correspondence to hjgao@iphy.ac.cn

structures with higher resolution, allowing direct
observation of detailed molecular orbitals, thus,
providing a deeper understanding of the molecule–
substrate interaction and reactions at a sub-molecular
or even atomic scale. This could be accomplished by
decoupling molecules from the substrate, for example,
using an ultrathin insulating film [12, 13], a molecular
layer between molecules and a metal substrate [14, 15],
physisorbed molecules [16], or a semiconductor
substrate [17]. An alternative way to get high-resolution
images of molecules is to functionalize the scanning
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tunneling microscope (STM) tip by attaching a
molecule at its apex [18–22]. It has been proven that
adsorbates at the tip apex can change the chemical
contrast of the molecular layer on metal surfaces
[19, 22]. Also, a tip functionalized with CO or C2H4 has
been found to increase the resolution of STM imaging
of small molecules [20, 21]. The chemical structure
can also be resolved by atomic force microscopy [23].
Reciprocally, the unexpected resolution and symmetry
of experimental images could help to extract the
realistic chemical composition and orientation of the
tip from STM image simulations [24]. However, for
large molecules less work has been done on directly
imaging the molecular electronic structures in detail.
In this paper, we report our recent investigation of
the electronic states of iron phthalocyanine (FePc) and
zinc phthalocyanine (ZnPc) molecules on Au(111)
by low-temperature STM combined with density
functional theory (DFT) calculations and STM image
simulations. With a special tip, STM images of FePc
and ZnPc molecules on Au(111) reveal features not
observed with a normal metallic tip. Theoretical
simulations using a large number of possible STM
tips with different geometries, compositions and contaminants identified only one realistic O2 functionalized
[111]-oriented tungsten tip. This identification was
initially based on a systematic comparison between
simulated and experimental STM images of FePc,
and confirmed afterwards by simulating ZnPc images.
The fact that this specific tip geometry and composition determined with one molecule and could be
applied directly to another molecule strongly support
the suggestion that the O2 functionalization of a W(111)
tip could be a method for increasing the resolution for
molecules directly adsorbed on metal surfaces.

2. Experimental and calculation details
The experiments were performed with a lowtemperature STM system (LT-STM, Omicron GmbH)
in an ultrahigh vacuum (UHV) chamber with a base
pressure of 1 × 10–10 mbar. The bare Au(111) surface
was prepared by several cycles of Ar+ ion sputtering
and annealing to 700 K, until a clean surface was
confirmed by STM imaging. FePc and ZnPc (Aldrich,
98+%) were thermally evaporated at 540 K with a
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molecular beam deposition–low energy electron
diffraction (MBD–LEED) technique onto an Au(111)
surface held at 370 K. Subsequently, the sample was
cooled down to 5 K directly in the STM chamber [9].
The normal STM tips were electrochemically-etched
polycrystalline tungsten tips. All STM images were
recorded in a constant current mode at 5 K.
In order to gain a detailed understanding of observed
high-resolution STM images, the experimental STM
results were compared with simulations based on DFT
calculations both for free molecules and molecules on
the substrate. For free molecule calculations we used
Gaussian 98 at B3LYP/6-31G* level. For molecules
on Au(111), theoretical calculations were based on
density functional theory, the Perdew–Wang exchangecorrelation functional with generalized-gradient
corrections [25], projector augmented waves (PAW)
[26], and plane waves, as implemented in the Vienna
Ab-initio Simulation Package (VASP) code [27, 28].
Due to the huge size of the unit cells we limited the
calculations to only one k-point. The energy cutoff in
the simulation was 400 eV, and the structures were
relaxed until the net force on every atom was smaller
than 0.02 eV/Å. STM images were calculated with the
GREEN code [29, 30], a program based on the extended
Hückel theory (EHT) [31, 32]. In this program, the
tunneling current is calculated explicitly by applying
the Landauer formula in which the transmission
coefficient is evaluated through a Green’s function
approach. This allows the precise tip apex geometry
and composition to be taken into account, which is
essential in the present context.

3. Results and discussion
Both FePc and ZnPc are typical planar D4h symmetric
metal phthalocyanines (MPc) molecules, composed
of a flat Pc skeleton with an iron or zinc ion in the
central cavity (see the insets of Figs. 1(d) and 2(d)).
Highly ordered FePc and ZnPc monolayers were
fabricated on Au(111) [33]. Figure 1(a) shows a typical
STM image of the highly ordered FePc monolayer
on Au(111) obtained using a normal STM tip. The
molecules prefer a commensurate superstructure
with a quadratic unit cell. Each FePc molecule is
recognized as a four-lobed “cross” structure with a
central round protrusion as shown in Fig. 1(c). This
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Figure 1 STM topographic images of an FePc monolayer on an
Au(111) surface: (a) 40 nm × 40 nm; (b) 20 nm × 20 nm; (c) 5 nm ×
5 nm; (d) 5 nm × 5 nm, structure of FePc as inset; (e) 2 nm × 2 nm;
and (f) 2 nm × 2 nm. (a), (c), and (e) were obtained with a bare
metallic STM tip. (b), (d), and (f) were obtained with a functionalized
STM tip. All images were obtained with V = –0.4 V, I = 0.05 nA

Figure 2 STM topographic images of a ZnPc monolayer on an
Au(111) surface: (a) 40 nm × 40 nm; (b) 40 nm × 40 nm; (c) 5 nm ×
5 nm; (d) 5 nm × 5 nm, structure of ZnPc as inset; (e) 2 nm × 2 nm;
and (f) 2 nm × 2 nm. (a), (c), and (e) were obtained with a bare
metallic STM tip. (b), (d), and (f) were obtained with a functionalized
STM tip. All images were obtained with V = –1.6 V, I = 0.05 nA

indicates that the FePc molecules are in a flat-lying
geometry on the terraces. The STM image of a highly
ordered ZnPc monolayer is shown in Fig. 2(a), which
shows a superstructure commensurate with the FePc
monolayer. The ZnPc molecules also have a flat-lying
adsorption configuration, and they are equally imaged
as a four-lobed “cross” pattern with a normal STM
tip, but the central zinc atom appears as a round hole
as shown in Fig. 2(c), unlike FePc, whose central iron
atom appears as a protrusion. Both FePc and ZnPc
show identical orientations on Au(111), with the “cross”
directed in the [110] and [112 ] directions of the
Au(111) surface.

The enhanced brightness at the center of FePc is
ascribed to a large tunneling current that results from
orbital-mediated tunneling through the half-filled d z2
orbital of the Fe ion. In the case of ZnPc, the d orbitals
of Zn are fully filled and there is no electronic state
contributing to tunneling near the Fermi level [34–36].
Therefore the zinc ion of the ZnPc molecule appears
as a hole in the STM images. Due to the three-fold
symmetry of the Au(111) surface, the symmetry of
the adsorbed planar MPc molecules is reduced from
D4h to C2v.
Due to oxygen reduction by MPc species, some
oxygen molecules will adsorb within the MPc powder
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by virtue of the strong oxygen–MPc interactions
[37–40]. So, a few oxygen molecules co-adsorb with
the MPc molecules on the Au(111) surface during the
deposition process. In the STM measurements, we
purposely approach the MPc monolayer with the STM
tip by either increasing the current or decreasing the
bias so that the tip has a higher probability (compared
with the normal scanning condition) of picking up an
oxygen molecule. Then we have a small but non-zero
chance of getting an O2-functionalized STM tip. When
introducing a few extra oxygen molecules to the
chamber, we have a higher chance of getting an
equivalent functionalized tip, directly confirming
the O2-functionalized STM tip from the experimental
viewpoint.
Figures 1(b) and 2(b) present large scale STM images
for FePc and ZnPc, respectively, on Au(111), with
high resolution using the functionalized tip. Both
FePc and ZnPc molecules can be resolved with many
intramolecular features (see Figs. 1(d) and 2(d)) if this
functionalized tip is used. Intramolecular features are
revealed in the close-up STM images of FePc and
ZnPc molecules, as presented in Figs. 1(f) and 2(f),
respectively. The images obtained with the normal tip
(Figs. 1(e) and 2(e)) are shown for comparison. The
difference in the images of the FePc molecule is most
pronounced for the central protrusion. This protrusion
appears as a featureless round bump in images with
the normal tip, while it appears as a nearly equilateral
triangle with the functionalized tip. The specific
features are also observed within the molecular
lobes. Without considering the intensity asymmetry
of different lobes, the features within the two lobes of
FePc along the [011 ] direction are mirrored in the
[211] direction, while those within the two lobes along
the [211] direction are also mirrored in the [011 ]
direction. But the features of lobes in different
directions are different, similar to the highest occupied
molecular orbital (HOMO) of a free FePc molecule, as
shown in Fig. 3(a). It is apparent that the triangular
protrusion at the iron position is different from the
HOMO of a free FePc molecule, demonstrating the
strong effect of the substrate on the central iron atom.
So we can conclude that the interaction between the
central iron atom and the substrate is the main
contributor to the whole FePc molecule–substrate
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interaction. Furthermore, this triangular protrusion
must be induced by the mismatch of symmetry of the
FePc molecule and the Au(111) substrate.
As for the ZnPc molecule, the corresponding image
retains the round central depression with the functionalized tip, even though the rest of the molecule is
substantially better resolved than it would be with a
normal tip. Each of its four lobes shows similar
intramolecular features, in which each lobe is divided
into four small protrusions with different intensity.
This is also similar to the HOMO of an isolated ZnPc
molecule (Fig. 3(b)). Unlike the FePc/Au(111) system,
in which the adsorption changes the central protrusion
from round to triangular, the center of ZnPc is still a
round hole after adsorption. As the chemical structures
of FePc and ZnPc are so similar, this difference must
be attributed to their different molecule–substrate
interactions resulting from their different central metal
ions. That is to say, the interaction between Fe2+ and
the substrate is stronger than that between Zn2+ and
the substrate.
In order to fully understand the physical information
behind these high-resolution STM images, we performed ab initio calculations for the adsorption of FePc
(and ZnPc) on Au(111). STM images were simulated
with the GREEN code using previously DFT-optimized
FePc (ZnPc) monolayers on Au(111) with a realistic
W(111) tip [41] (single atom terminated pyramid,
Fig. 3(c), top view and side view) and a blunt tip
(obtained by removing the end atom) with one O2
molecule attached to it (Fig. 3(d), top view and side
view). It is commonly assumed that no sub-molecular
resolution is achievable with standard STM tips concerning a single molecule or a monolayer of adsorbed
molecules on a metallic substrate. This is only possible
if the molecules are positioned on a second layer or
on an insulating “buffer” layer. The difference can be
ascribed to the well-known alignment of molecular
orbitals with the substrate Fermi level upon adsorption,
or the fact that the molecular states are merged with
the surface electrons to produce a convoluted STM
image [14]. The alignment corresponds to a shift of
molecular orbitals like the HOMOs and lowest
unoccupied molecular orbitals (LUMOs) (see Scanning
Tunneling Spectroscopy (STS) and VASP-calculated
projected densities of states (PDOS), e.g., SnPc on Ag
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the Au(111) substrate (right hand panels of Figs. 3(e)
and 3(f)) is presented with the PDOS of the clean
tungsten tip (left hand panel of Fig. 3(e)) and with the
PDOS of the O2-functionalized tungsten tip (left hand
panel of Fig. 3(f)), with respect to the bias used in
simulation. It is clear that the oxygen atoms create a
new localized electronic state near the Fermi level,
which should make the intramolecular features of
HOMO of FePc molecule visible.
Our simulation using a pyramidal W-fcc(111)
oriented tip (a normal STM tip shown in Fig. 3(c))
shows a four-lobed “cross” structure with a round
protrusion in the center for FePc/Au(111) (Fig. 4(a)).
The simulation with the same tip also shows a “cross”
structure with a round “hole” in the center for
ZnPc/Au(111) (Fig. 4(c)). Both simulations are in good
agreement with the experimental results (Figs. 1(e)
and 2(e)). The simulations using a blunt tip with one O2
molecule (the O2-functionalized tip shown in Fig. 3(d))
show the intramolecular features within the FePc and
ZnPc molecules (Figs. 4(b) and 4(d), respectively),
which are in good agreement with the experimental

Figure 3 HOMOs of MPc (M = Fe or Zn) and STM tips used in
the simulations. (a) HOMO of FePc; (b) HOMO of ZnPc; (c) a
sharp W(111) tip apex supported by a W slab: top view and side
view; (d) O2-functionalized blunt W(111) tip apex supported by
a W slab: top view and side view (red balls are oxygen atoms);
(e) PDOS for FePc on Au(111) and the pure W(111) tip; and
(f) PDOS for FePc on Au(111) and the O2-functionalized W(111)
tip. The dashed lines are the DOS projected on O2 molecule. The
horizontal lines indicate the Fermi level

reported in Ref. [14]). The consequence is that these
levels are out of range under standard bias (for example,
0.4 V and 1.6 V for imaging FePc and ZnPc, respectively)
with the pure metallic STM tip. With the functionalized
tip, however, the adsorption of molecules or impurities
creates new localized electronic states that restore
the bias range for a sub-molecular resolution. Here
we take FePc/Au(111) as an example to illustrate this
effect. The calculated PDOS of the FePc molecule on

Figure 4 Simulated STM images using different tips. STM images
of (a) FePc and (c) ZnPc on Au(111) simulated with a bare metallic
STM tip; STM images of (b) FePc and (d) ZnPc on Au(111)
simulated with an O2-functionalized STM tip
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results presented in Figs. 1(f) and 2(f), especially the
asymmetry inside each lobe of the molecular orbital
resolved images.
Finally, we want to stress that during our experiments, after we reduced the tip–surface distance to
pick up a molecule in order to functionalize the tip,
we did not find any MPc molecules missing from the
MPc monolayer. Based on this direct experimental
evidence, we can exclude the possibility of an MPcfunctionalized STM tip. Although the possibility of
contaminants (of compositions Au, W, O, N, C, NO,
CO, N2, or O2) is negligible, we have systematically
compared STM images simulated with these contaminants on different tips such as W-fcc(111), W-bcc(110),
and Au-fcc(111). Two examples of STM tips, a W(110)
tip (Fig. 5(a)) and an N2-functionalized W(111) tip
(Fig. 5(b)), and the corresponding simulated STM
images for the FePc/Au(111) system obtained with
these tips are shown in Figs. 5(c) and 5(d), respectively.
Of all the calculated images, only the one calculated
with an O2-functionalized W(111) tip was in close
agreement with the experimental observations. Once
this unique geometry and composition has been
determined, we have verified by calculation that a
rotation of 120°of the O2 at the extremity of the apex

Nano Res. 2011, 4(6): 523– 530
does not introduce any significant modification in the
simulated image. As this same functionalized tip was
used directly to simulate STM images for ZnPc/Au(111)
with excellent agreement with experiment, we may
conclude that the special functionalized tip in the
experiments was indeed modified by oxygen molecules
at the tip apex.

4. Conclusions
We have investigated the electronic states of FePc
and ZnPc molecules on an Au(111) surface by a combination of low-temperature STM analysis and DFT
and ETH calculations. High-resolution STM images
of FePc and ZnPc molecules on Au(111) are obtained
using functionalized tips, by means of which intramolecular features are observable within the molecules.
The key difference between a clean tip and a moleculecovered tip was found to be the energetic registry
between tip orbitals and orbitals of the molecules at
the surface. The experimental results and their interpretation are in excellent agreement with simulated
STM images based on the DFT and ETH calculations.
Our results indicate that when well controlled, the technique of functionalizing a tungsten tip by O2 molecules
could be a simple solution to improve the resolution
of STM images of large molecules on metal surfaces.
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