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The effect of tip asymmetry on atomic-resolution scanning tunneling microscopy and atomic force

microscopy measurements of graphitic surfaces has been investigated via numerical simulations.

Employing a three-dimensional, crystalline, metallic tip apex and a two-layer thick graphene sam-

ple as a model system, basic calculations of the tip–sample interaction have revealed a significant

effect of tip asymmetry on obtained results, including artificial modulation of site-specific chemical

interaction forces and spatial distortion of observed features. Related artifacts are shown to be

enhanced for tips with low lateral stiffness values. Our results emphasize that potentially erroneous

interpretations of atomic-scale surface properties via imaging and spectroscopy measurements can

be caused or enhanced by tip asymmetry. VC 2015 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4915898]

I. INTRODUCTION

The emergence of graphene—a two-dimensional material

consisting of a single or few sheets of carbon (C) atoms

arranged in a honeycomb lattice—in the last decade with its

combination of outstanding electrical and mechanical prop-

erties has resulted in a renewed interest in graphitic materi-

als, including highly oriented pyrolytic graphite (HOPG) as

well as carbon nanotubes. Consequently, a significant

amount of effort has been directed toward uncovering the

physical properties of graphene as well as realizing potential

applications in a number of fields.1,2 While techniques such

as Raman spectroscopy3 and photoemission spectroscopy4

provide useful information about the structure and electronic

properties of this interesting material, successful implemen-

tation in functional applications requires a detailed and com-

plete understanding of atomic-scale properties not delivered

by the spectroscopic techniques mentioned above due to lim-

itations on spatial resolution. On the other hand, atomic-

resolution scanning probe microscopy (SPM) constitutes a

powerful experimental tool with which structural, mechani-

cal, physical, and chemical properties of surfaces can be

investigated with true atomic resolution. Consequently, two

members of the scanning probe microscopy family with

atomic-resolution imaging and spectroscopy capabilities—

scanning tunneling microscopy (STM) and atomic force mi-

croscopy operated in the noncontact mode (NC-AFM)—

have been employed in recent years to study graphene sam-

ples obtained via various methods including mechanical

exfoliation and epitaxial growth, as well as other graphitic

materials.5–18

While scanning tunneling microscopy and atomic force

microscopy have been proven to be indispensable in atomic-

scale imaging and spectroscopy of a large class of materials

since their invention almost three decades ago, a major

drawback associated with the methods is the ubiquitous

effect of atomic-scale structural and chemical properties of

the tip apex (such as tip asymmetry, elasticity, or elemental

composition) on obtained experimental results.19–22 In fact,

data collected by various research groups on the same sam-

ple system often seem to be incompatible due to tip-related

effects and repeatability of the experiments suffers as a con-

sequence. Moreover, data sets featuring unexpected proper-

ties not immediately compatible with the sample structure

are often discarded and more importantly, experimental

results heavily affected by tip effects may form the basis for

erroneous physical interpretation of surface properties.

Despite the fact that the precise characterization of the

atomic-scale structure and chemistry of tip apices remains

extremely challenging, several research groups around the

world have now achieved notable success in tip property

standardization via the controlled adsorption of single mole-

cules such as CO on the apex prior to imaging and spectros-

copy experiments.15,23 However, the application of the

method usually requires highly specialized microscopy

equipment operated at low temperatures and ultrahigh vac-

uum conditions as well as involved recipes for tip prepara-

tion. As such, most atomic-resolution STM and NC-AFM

experiments are still performed with insufficiently character-

ized tip apices.

A major source of imaging and spectroscopy artifacts in

STM and NC-AFM experiments as well as the resulting

inconsistencies between data sets is tip asymmetry.20,24 Most

tip apices used in STM and NC-AFM experiments—whether

they are obtained by electrochemical etching of thin metallic

wires or are in the form of micromachined cantilevers—

feature a certain degree of atomic-scale asymmetry at thea)Electronic mail: mehmet.baykara@bilkent.edu.tr
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very apex with respect to the surface, leading to notable

changes in obtained imaging contrast and/or force/tunneling

current spectroscopy data.20,24 Within that context, high-

resolution measurements of vertical and lateral forces on the

surface of graphite have previously revealed a significant

effect of tip asymmetry on NC-AFM measurements, con-

firming that experimental results truly represent a convolu-

tion of surface properties and those of the probe.16

Based on the discussion above, we have analyzed in this

contribution the effect of tip asymmetry on high-resolution

STM and NC-AFM measurements via numerical simula-

tions. A two-layer graphene sample has been chosen as the

model surface due to: (1) The scientific and technological

relevance of the material and the associated recent increase

in atomic-scale SPM measurements and (2) The fact that the

existence of the second layer allows us to make comparisons

with previously obtained results on HOPG. While effects

associated with tip-induced elastic deformations of the sur-

face and the specific electronic structure at the tip apex have

also been shown to lead to various unusual features observed

in high-resolution STM and AFM experiments reported in

the literature,25,26 our results reveal that tip asymmetry by
itself has a measurable effect on imaging and spectroscopy

data obtained via NC-AFM and STM on graphitic materials,

which might potentially result in erroneous evaluation of

surface properties.

II. MODELING

In order to investigate the effect of tip asymmetry on

high-resolution STM and NC-AFM measurements per-

formed on graphitic sample surfaces, numerical simulations

of Lennard–Jones interactions, as well as the STM contrast

for a model tip and sample surface have been performed

[Fig. 1(a)]. A three-dimensional model of a metallic tip apex

consisting of ten platinum (Pt) atoms arranged in a triple-

layer, close-packed configuration has been employed in

the simulations [Fig. 1(b)]. Based on the fact that high-

resolution NC-AFM/STM experiments are frequently

performed using tuning fork based sensors27 employing elec-

trochemically etched Pt/Ir tips, the choice of Pt as the model

tip material is reasonable and also consistent with previous

simulation work.20,21 To evaluate the effect of substantial tip

asymmetry on NC-AFM/STM imaging and spectroscopy,

the model tip apex is rotated by an angle of 56� around the

front-most atom, in line with previous efforts [Fig. 1(c)].20

While effects related to tip asymmetry discussed in Sec. III

are valid for tips featuring lower degrees of asymmetry, the

results are demonstrated for the present tip apex model to

better emphasize the associated artifacts. For reasons out-

lined in Sec. I of this contribution, the sample system used in

the numerical simulations comprises two layers of graphene,

consisting of 50� 50 unit cells each. Every other C atom in

the top layer has a direct neighbor underneath and thus one

can distinguish between A-type (those with a neighboring C

atom in the bottom layer) and B-type (those without a neigh-

boring C atom in the bottom layer) atoms in the top layer.

The two-layer graphene sample is taken to be suspended in

the simulations, in order to eliminate potential effects of an

underlying substrate on the tip–sample interaction and thus

study the influence of tip asymmetry in an isolated fashion.

The total interaction force acting between the tip and the

sample surface at each point of a three-dimensional mesh with

3 pm resolution above the sample surface is calculated by sum-

ming up the individual interaction forces acting between each

tip and surface atom utilizing the well-known 12–6

Lennard–Jones model and appropriate parameters for Pt and C

atoms.28 On the other hand, in accordance with literature,5,29,30

STM images are calculated based on the tunneling currents

acting between the individual atoms of the tip apex and the

sample surface, which are directly related to the local density

of states at the Fermi level (qFermi) at respective tip–sample

distances. It should be mentioned that the qFermi employed in

our simulations have been calculated according to Ref. 30, as

it has previously been done to compare experimental STM

results to theoretical expectations on HOPG.5 Calculated STM

images for graphite for the investigated height regime result in

triangular patterns, reflecting the concentration of charge den-

sity at every other C atom (B-type).5,30 It should be noted that

the simulated STM images in this contribution simply repre-

sent the spatial evolution of qFermi as the tip is scanned over

the surface (rather than representing actual tunneling current

values) and are thus utilized only for qualitative comparison

purposes to investigate the effect of tip asymmetry and elastic-

ity on STM contrast patterns.

To estimate the effect of elastic relaxations of the tip apex

on calculated AFM and STM images, the lateral force acting

FIG. 1. (Color online) (a) Representative illustration describing the model

tip–sample system used for the numerical simulations of AFM and STM

imaging. The model tip apex consisting of ten close-packed Pt atoms is

raster-scanned in a three-dimensional mesh over the sample surface compris-

ing C atoms arranged in a honeycomb lattice. Please note that the second

layer of C atoms has not been shown for clarity. (b) Symmetric tip apex con-

figuration. The [1100] direction of the surface [detailed in part (d)] is drawn

as a guide to the eye. (c) Asymmetric tip configuration obtained by a 56� rota-

tion around the front-most atom. (d) Schematic drawing of the sample surface

region used for the results presented in Figs. 2 and 4. A-type carbon atoms are

drawn bright and B-type carbon atoms dark, while the dotted circles represent

the positions of the bottom layer carbon atoms. The [1100] crystallographic

direction as well as a honeycomb unit cell are depicted.
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on the apex at each (x, y, and z) location is computed and the

associated lateral deflection of the apex based on lateral stiff-

ness k is determined, in accordance with previous work.21

Despite the fact that the model calculations performed

here involve certain simplifications of the actual physical

mechanisms responsible for tip–sample interactions (such as

the assumption of a basic Lennard–Jones type interaction

between Pt and C atoms as well as neglecting tip-induced

changes on the charge density distribution of the surface31),

the obtained results do provide valuable insight into the

potential effect of tip asymmetry on experimental measure-

ments reported in the literature, as detailed in Sec. III. While

more detailed numerical simulations based on, e.g., density
functional theory (DFT) are successfully used to simulate

NC-AFM and STM operation,19,25,26,32,33 the basic advan-

tages of the analytical simulation method utilized here and in

previous work are the ability to work with a larger number

of atoms and more rapid calculations.20,21 Moreover, a com-

parison of simulated interaction forces for the carbon atoms

and hollow sites on the sample surface with experimental

results obtained via Pt-terminated tip apices13,34 reveals that

the calculated and experimentally measured atomic-scale

force contrasts agree very well (�40 and �80 pN, respec-

tively) for the immediate distance regime before the point of

maximum force interaction is reached. Additionally, let us

indicate that calculations for larger tip clusters are not

expected to change our main conclusions regarding the

effect of tip asymmetry and elasticity on AFM/STM imaging

on graphitic surfaces, since it is well-known in the SPM

community that the atomic-scale contrast obtained in experi-

ments is due to the atomic structure/chemistry of the last few

atomic layers of a given tip apex.24 On the other hand, a

larger tip cluster would lead to an increase in the absolute

values of total interaction forces, especially if long-range

effects such as van der Waals interactions were included in

the calculations.

Finally, despite the fact that a cross-over between the

force-distance curves on carbon atoms and hollow sites has

been previously calculated for metallic (W) tips via a DFT-

based approach (which corresponds to a sign change in the

difference of the chemical interaction magnitudes measured

on the two sites during force-distance spectroscopy),33 sev-

eral experimental results13,34 do not feature such a cross-

over, but rather a smooth separation between the force inter-

actions for carbon atoms and hollow sites with decreasing

tip–sample distance, with hollow sites monotonously repre-

senting a more attractive behavior than C atoms, as predicted

by our simulations.

III. RESULTS AND DISCUSSION

A straightforward method for evaluating the effect of tip

asymmetry on NC-AFM and STM imaging involves the

comparison of constant height images of interaction force

and charge density calculated via the methods discussed in

Sec. II on a certain region of the sample surface [Fig. 1(d)]

using symmetric [Fig. 1(b)] and asymmetric [Fig. 1(c)] tip

configurations. As one can see in Fig. 2, tip asymmetry has a

significant effect on simulated images, resulting in contrasts

FIG. 2. (Color online) (a) Constant height (z¼ 3 Å) image of interaction forces calculated for a symmetric tip apex on the surface region depicted in Fig.

1(d). The location of the dashed hexagon directly corresponds to the position of the hexagon depicted in Fig. 1(d) for both parts. The color-scale reflects

the corrugation of interaction force at that height (�0.25 nN), with sites of maximum attraction located on the hollow sites of the lattice. (b) Calculated

image of interaction forces for an asymmetric tip apex on the same surface region. Note the spatial distortion affecting all lattice sites, as well as the lat-

eral shift associated with the carbon atoms and the hollow sites [where the actual position of a representative hollow site is indicated by the straight and

dashed circles in parts (a) and (b), respectively]. Further, interaction forces exhibited by the two carbon atoms now differ, breaking the honeycomb sym-

metry observed in part (a) in favor of triangular symmetry. (c) Constant height (z¼ 3 Å) STM image for a symmetric tip apex on the same surface

region. B-type C atoms are imaged as round and isolated maxima, as highlighted by the circle. (d) Simulated STM image for an asymmetric tip apex.

The maxima corresponding to B-type carbon atoms are now imaged as elongated and are connected by faint bridges of tunneling current, in accordance

with published experimental results (Ref. 5). The associated lateral shift in position is indicated by the straight and dashed circles in parts (c) and (d),

respectively.
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that differ substantially for the two tip configurations.

Evaluating first the simulated AFM image for the symmetric

tip (z¼ 3 Å), the following observations are made: As

expected from previous work, simulations indicate that the

model tip exhibits the most attractive interaction with the

hollow site of the honeycomb lattice (�0.75 nN), due to the

close separation of the C atoms (�142 pm) on the surface

[Fig. 2(a)].7,13 Moreover, the two C atoms are indistinguish-

able from each other in terms of interaction forces, despite

the fact that high-resolution NC-AFM measurements have

been able to detect a slight difference in chemical interaction

forces associated with the two types of carbon atoms in a

few experiments performed on HOPG in the past, while

uneven interaction forces exhibited by the C atoms of a gra-

phene sample epitaxially grown on Ir(111) were attributed to

substrate effects.5,13,18

Switching over to the simulated AFM image for the asym-

metric tip apex, a significant change in contrast becomes

apparent involving the following aspects [Fig. 2(b)]:

(1) The honeycomb symmetry associated with the C atoms

on the surface is broken in favor of a triangular arrange-

ment, with the two C atoms now exhibiting detectable

differences (�50 pN) in terms of interaction forces.

(2) The location of the observed force maxima shift laterally

by about 25 pm when compared to the actual locations of

the hollow sites on the underlying lattice of the sample

surface.

(3) Despite the fact that the hollow sites appeared com-

pletely round and isolated from each other in AFM

images simulated for the symmetric tip, they now appear

to be elongated and connected via bridges of attractive

interaction regions along a preferred crystallographic

direction on the surface [Fig. 2(b)].

Before switching to a discussion of the observed contrast

changes in the simulated force images and published experi-

mental results, constant height STM images based on site-

specific qFermi calculations simulated for the two types of tip

apices should be discussed [Figs. 2(c) and 2(d)]. As expected

from previous theoretical and experimental work conducted

on HOPG as well as few-layer graphene,5,9,30,35 the STM

data highlight every other C atom of the sample surface,

based on the uneven distribution of charge density indicated

earlier [Fig. 2(c)]. Following the same procedure for simu-

lated AFM images, the following changes in image contrast

are observed based on the utilization of asymmetric tip api-

ces [Fig. 2(d)]:

(1) Similar to the observation made for the AFM images,

the simulated appearance of the C atoms observed in

STM images changes from round and isolated to elon-
gated and connected along the same crystallographic

direction as for the AFM image.

(2) Additionally, the location of the observed current maxima

shift laterally by about 25 pm when compared to the STM

image simulated for the symmetric tip, thus resulting in a

slight shifting of the observed STM contrast with respect

to the underlying lattice of the sample surface.

A major advantage of NC-AFM when compared to other

members of the SPM family is its capability to perform site-

specific measurements of chemical interaction forces and

energies as a function of the three spatial dimensions

above the sample surface, in addition to atomic-resolution

imaging.13,32,34,36 As such, the effect of tip asymmetry on

site-specific force spectroscopy has been estimated in our

simulations via the calculation of two-dimensional, vertical

slices (x, z) of interaction forces along the [1100] crystallo-

graphic direction on the sample surface [shown with the

dashed arrows in Figs. 2(a) and 2(b)] that includes both types

of C atoms, as well as the hollow site (Fig. 3). As already

discussed, the symmetric tip apex interacts most attractively

with the hollow sites on the surface (�0.75 nN), while inter-

actions measured on both types of C atoms are virtually

equal (�0.50 nN) [Fig. 3(a)]. When the same interaction

force slice is simulated for the asymmetric tip apex, it is

clearly observed that the two C atoms now exhibit differen-

ces in interaction force, breaking the expected symmetry of

force interactions for this sample surface, leading to poten-

tial complications in data interpretation in actual experi-

ments aimed at recovering site-specific chemical interactions

[Fig. 3(b)].

FIG. 3. (Color online) (a) Vertical slice of interaction forces calculated along

the [1100] direction indicated by the dashed arrow in Fig. 2(a) for a symmet-

ric tip apex. The average force for each height has been subtracted for

improved contrast. As such, the color-scale reflects the corrugation of inter-

action forces (negative numbers mean more attractive forces). The straight

arrow indicates the position of a B-type carbon atom, whereas the dashed

arrow indicates the position of the A-type carbon atom next to it. (b) The

same force slice calculated for an asymmetric tip apex. As indicated by the

straight and dashed arrows, the two types of carbon atoms now exhibit �50

pN difference in interaction force, potentially complicating interpretation of

high-resolution force spectroscopy experiments due to convolution of tip

and surface properties.
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It has been recently shown that in addition to structural

asymmetry in the tip apex, the lateral stiffness of individual

probe tips used in high-resolution SPM imaging and spec-

troscopy experiments influence obtained results by distorting

the structural symmetry of observed features on the atomic

scale.21 In order to evaluate the combined effect of asymme-

try and elasticity, we have performed representative calcula-

tions of STM imaging using a relatively soft asymmetric tip

apex [Fig. 1(c)] with a lateral stiffness of k¼ 5 N/m. As it

can be clearly inferred from the comparison presented in

Fig. 4, observed maxima in tunneling current images for our

model sample (corresponding to B-type C atoms) are further

distorted due to elastic relaxations of the tip apex toward

hollow sites during imaging caused by lateral interaction

forces, resulting in an elongated and triangular appearance

[Fig. 4(b)], helping to explain the variety of shapes reported

in the literature for maxima observed in STM imaging of

graphitic materials (e.g., elongated and elliptical5,6,10 as well

as semitriangular9).

The results of AFM and STM imaging simulations

described above clearly indicate that structural asymmetries

associated with the tip apex likely lead to detectable artifacts

in actual experiments, potentially resulting in erroneous and/

or exaggerated interpretation of atomic-scale surface proper-

ties. In particular, the simulation results indicated here imply

that apparent differences in chemical interaction forces for

different lattice sites may be induced or enhanced by tip

asymmetry, a fact that needs to be carefully taken into account

when performing high-resolution NC-AFM experiments on

sample surfaces.5,13,34 Moreover, the results presented here

suggest a certain degree of misalignment of observed features

in atomic-resolution SPM experiments compared to the under-

lying lattice of the graphitic sample surface, as previously pre-

dicted for ionic crystal and metallic surfaces.20

Most importantly, the observed elongations and other dis-

tortions of the experimental atom images in previously pub-

lished high-resolution NC-AFM and STM imaging

experiments on graphitic materials5,6,9,10,16 are correctly pre-

dicted by our images, pointing to the possibility of the utili-

zation of asymmetric and potentially soft tip apices in the

mentioned experiments. Consequently, while effects such as

those attributed to the specific orbital structure of an

assumed tip termination5 may still be responsible for unusual

features observed in NC-AFM and STM images, the possi-

bility of a strongly asymmetric and/or soft tip apex should

not be ignored before definite conclusions can be made

regarding surface properties.

IV. SUMMARY AND CONCLUSIONS

In summary, we have presented numerical simulations

aimed at evaluating the role of tip asymmetry in high-

resolution NC-AFM/STM experiments performed on graphitic

materials. Our results point toward several artifacts associated

with the utilization of asymmetric tips in such experiments,

including an artificial but detectable modulation of chemical

interaction forces on individual lattice sites, as well as spatial

distortions in the appearance of individual features in acquired

images and inconsistencies in the alignment of observed fea-

tures with the underlying lattice of the sample surface.

Moreover, the additional effect of tip elasticity has been shown

to enhance related artifacts. Overall, our calculations help to

explain certain unexpected features of high-resolution STM

and NC-AFM experiments reported in the literature. In partic-

ular, while DFT-based simulations have been successful in

evaluating the contribution of effects associated with, e.g., the

electronic structure of the tip apex26 and elastic surface dis-

placements25 on SPM measurements on graphitic surfaces, our

simulation results point toward separate artifacts associated

with tip asymmetry as well as elasticity. Taking into account

that a fundamental, atomic-scale understanding of surface

properties is required for the successful implementation of

emerging materials such as graphene in actual applications,

our simulations underline that the role of the tip in high-

resolution SPM experiments should be carefully evaluated in

individual experiments before definitive conclusions are made

about surface properties.
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