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Abstract We present an extensive first-principles study

of the interaction between a silicon oxide nanoasperity and

a sexithiophene monolayer in order to investigate the

individual molecular processes responsible for the energy

dissipation during atomic force microscope (AFM) opera-

tion. Our approach includes not only ground-state calcu-

lations of the tip–sample interaction, but an extensive set of

molecular dynamics simulations at room temperature to

include the folding deformation modes that are necessary

to describe properly the mechanical response on the

molecular layer. With this large computational effort, we

have characterized the complex configuration space of the

combined tip–sample system in a function of the distance,

position and orientation of the tip. We identify surface

adhesion as the relevant short-range dissipation mecha-

nism. The system is trapped, due to the presence of energy

barriers that cannot be overcome even with the available

thermal energy, in different bonding configurations corre-

sponding to local energy minima during the approach and

retraction of the tip. These energy barriers are responsible

for breaking the adiabaticity and thus lead to force hys-

teresis and energy dissipation. The quantitative agreement

between our calculations and experimental results for the

mechanical strength and the dissipated energy supports the

use of combined theoretical–experimental dynamic AFM

studies in order to gain a fundamental understanding of the

microscopic mechanisms involved in energy dissipation.

Keywords AFM � Adhesion � Ab initio simulations �
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1 Introduction

Friction and adhesion are ultimately originated by the

interaction of multiple nanoasperities between two bodies

in contact [1]. Although significant advances in the

description and control of friction have been achieved in

the last few years, the physical mechanisms of energy

dissipation during friction remain controversial and are still

poorly understood. The atomic force microscope (AFM),

where a sharp tip—a single nanoasperity—interacts with a

surface, provides a model system for the fundamental

research of such complex phenomena. Different AFM-

based experimental techniques have been developed in

order to access the mechanical and friction properties of

single contacts. While most of the classical studies are

based on the friction force microscope (FFM) [2],

dynamical AFM methods—that provide access to well-

defined contact geometries involving just few atoms—are

emerging as unique tools to measure energy dissipation and

to identify the underlying microscopic processes. At vari-

ance with the FFM, where the tip and sample remain in

contact under a large repulsive force during scan and the

force is determined directly from the cantilever deflection,

in the dynamic AFM operation, the changes in the ampli-

tude, the resonance frequency and the phase-shift of the

oscillation link the dynamics of a vibrating tip to the tip–

surface interactions. Our goal in this contribution is to

show how experiments based on dynamic AFM and theo-

retical simulations can be combined in order to provide a
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framework for the quantitative study and characterization

of the dissipation processes at the nanometer and atomic

scale. Presently, two major dynamic AFM modes, ampli-

tude modulation (AM-AFM or tapping mode) and fre-

quency modulation (FM-AFM) have being developed to

measure the topography of a sample surface [3]. AM-AFM

exploits the reduction of the oscillation amplitude by the

tip–sample interaction. This amplitude change is used—in

the same way as the tunnelling current variation with dis-

tance in the scanning tunnelling microscope (STM)—as a

feedback parameter to produce topographical images.

AM-AFM achieves nanometer-scale spatial resolution in

soft materials (including biological samples) [3–5]. In

FM-AFM (commonly known as non-contact AFM,

NC-AFM), the focus is set on how the resonance frequency

of the cantilever is affected by the tip–sample interaction

while keeping the cantilever oscillating always with the

same amplitude. The control over the interaction of the tip

outermost atom with the surface provides true atomic res-

olution in metal, semiconductor and insulating surfaces

[6–9]. While traditionally performed in ultra-high vacuum,

recent developments have extended the FM-AFM high-

resolution capabilities to technologically relevant envi-

ronments, including liquids [10, 11].

Apart from topography, both major dynamical AFM

methods provide access to information about energy-dis-

sipation processes during tip–sample contact. In AM-AFM,

it was soon realized that the variation of the phase-shift—

the phase lag between the external excitation of the

vibrating probe and its response to the tip–surface inter-

actions—gives rise to a powerful source of spatial contrast.

This method is known as phase-imaging force microscopy

[12]. Notice that dissipation at the nanoscale can be

accomplished in a wearless regime that it is compatible

with high-resolution imaging. Thus, the measurement of

the changes in amplitude and phase confers AM-AFM the

ability to map simultaneously the shape and the composi-

tional variations of heterogeneous materials.

The phase-shift is, in principle, related to the local

energy dissipation on the surface [13–15]. The theory of

amplitude modulation AFM at high-quality factors is based

on the use of a point-mass model to calculate the properties

and interactions of a vibrating tip in the proximity of a

surface, including the sample deformation and adhesion

properties through continuum mechanics modelling [16,

17]. This approach has demonstrated great quantitative

accuracy in the description of AM-AFM experiments [18–

20]. Considering this success, it is surprising the lack of

studies devoted to link the observed contrast in phase-

imaging with atomic and molecular energy-dissipating

processes. It is only very recently, that phase-imaging has

been applied to identify nanoscale dissipation processes

[21]. This first step has not been followed by any attempt to

understand from a fundamental perspective the atomistic

and molecular mechanisms responsible for these dissipa-

tive processes, in particular for the surface adhesion

hysteresis.

The true-atomic-resolution of FM-AFM provides

experimental access to study the most basic and well

defined case one could think about: the friction and adhe-

sion originated in a single atomic contact [22]. Two dif-

ferent signals are simultaneously recorded in FM-AFM [3,

23]: the frequency shift that renders the topography, and

the so-called dissipation (or damping) signal: the additional

amount of energy required to keep the oscillation ampli-

tude constant, compensating for the energy lost in the

cantilever due to the non-conservative tip–sample interac-

tions. The dissipation images show also true atomic reso-

lution and thus provide a tool to study dissipation at the

atomic scale. While a general consensus exist in the

interpretation of the topography images, the connection

between the dissipation images and some physical energy-

dissipation processes have been very controversial [24–29].

This is related to the fact that, even for the case of a single

atomic contact, reliable quantitative studies require, the

characterization of the tip-apex termination [30], quite a

complicated task commonly avoided.

Recently, an FM-AFM study on a well-characterized

semiconductor surface (Ge(111)-c(2 9 8)) [31], where it

was possible to switch between two different topographic

and dissipation patterns on the same surface by a gentle

contact of the tip and the surface, has unambiguously

identified a dissipation channel due to single atomic contact

adhesion and the associated atomic processes. Combining

force and dissipation spectroscopy measurements (obtained

from the distance variation of the corresponding signal)

with large-scale ab initio density functional theory (DFT)

calculations (involving more than 300 atoms in the unit

cell), it was possible to identify the detailed geometry and

composition of the tip-apex and its influence on the energy

dissipation [31]. This dissipation channel is characterized

by two different solutions in the short-range force upon the

tip-apex approach and retraction with a notable hysteresis

between them. At atomic level, this mainly manifests in the

breaking and remaking of a single bond between the pro-

bed adatom and the surface atom induced by a stronger

adhesion with the tip-apex upon the retraction. This dissi-

pation mechanism is common to other semiconductor

surfaces and interfaces (see the supplementary information

in reference [32]).

Motivated by the successful combination of theory and

FM-AFM experiments for the understanding of adhesion

hysteresis at the atomic scale described above, in this

contribution, we have combined phase-imaging experi-

mental measurements of the energy transferred by a silicon

dioxide tip into a region of sexithiophene (T6) molecules,
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with continuum modelling and first-principles calculations

for the tip–molecular layer interaction in order to identify

the molecular processes responsible for energy dissipation.

T6, a widely studied organic material, is a linear molecule

formed by six thienyl rings (see Fig. 1) that forms densely

packed molecular layers with an herringbone arrangement

[33, 34]. T6 is both interesting for technological applica-

tions—it is considered one of the best performing semi-

conductors in field-effect transistors based on organic thin

films—and from a basic perspective, as it offers the

opportunity to investigate the interplay between intra-

molecular, intermolecular and lattice dissipation channels.

The experimental details and a brief description of the

theoretical aspects of this combined study has been already

presented in reference [35]. Here, we focus on the theo-

retical challenge posed by the first-principles simulations

of T6. In order to describe properly the mechanical

response of this organic material at room temperature (RT),

it is necessary to include collective deformation modes

(folding modes, see Sect. 4.2) that are not active in the

usual T = 0 K calculations for the tip–sample interaction.

We achieve this goal performing a set of large-scale first-

principles molecular dynamics simulations at T = 300 K,

involving almost 400 atoms, one for each tip height and

position over the surface considered. In this way, we can

determine realistic tip–sample force curves for the

approach and retraction parts of the oscillation cycle and

discuss the molecular processes responsible for energy

dissipation associated with adhesion during the tip–

molecular layer mechanical contact.

The rest of the article is organized as follows. In Sect. 2,

we summarize how the experimental short-range contribu-

tion to the energy dissipation (1.4 eV/cycle) during the

mechanical contact can be extracted from dissipated energy

versus oscillation amplitude curves taken in both the

attractive and repulsive regimes with the aid of contact

mechanics modelling. Section 3 discusses the details of the

first-principles simulations, the atomistic models for the tip

and the sample, as well as the mechanical characterization of

both the T6 molecule and the monolayer. The core of the

paper is presented in Sect. 4, where we discuss the limita-

tions of first-principles calculations at T = 0 K for a silicon

oxide nanoasperity interacting with a T6 monolayer, and

how we overcome this problem with a set of molecular

dynamics simulations. These reliable approach/retraction

force curves match the sample mechanical response and the

energy dissipated per molecular chain in the experiments

(*0.15 eV/cycle) for the same indentation depth and con-

tact size determined with the continuum modelling. Then, we

show how these simulations identify adhesion hysteresis as

the dominant source of dissipation and shed light on the

molecular mechanisms involved (Sect. 5). Our study shows

that the hysteresis in the short-range force is related to the

rich configuration space of the sample: the system is trapped,

due to the presence of energy barriers, in different bonding

configurations corresponding to local energy minima during

the approach and retraction of the tip. Section 6 summarizes

our main results and discusses the possible use of dynamic

AFM to understand friction at the atomic scale.

2 Extracting the Short-Range Contribution

to Dissipation: Phase-Imaging Measurements

and Contact Mechanics Modelling

The energy dissipated per cycle (Edis) due to the tip–sample

interaction can be extracted from experimental measure-

ments of the oscillation amplitude, A, and the phase-shift /
between the external excitation and the tip response

through the equation [36]:

(a)

(b)

Fig. 1 Schematic illustration of

the T6 molecule indicating the

main structural parameters

extracted from the optimization

of the molecular geometry with

first-principles simulations

based on a FIREBALL and

b VASP codes. Color code for

the atoms: hydrogen (white),

sulphur (yellow), and carbon

(grey). (Color figure online)
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Edis ¼
pkA

Q
A0 sin /� Ax

x0

� �
; ð1Þ

where Q and k are the quality factor and force constant of

the cantilever; A0 is the amplitude very far from the sur-

face; x0 and x are, respectively, the first resonance and

excitation frequencies. As the possible dissipation mecha-

nisms—including surface adhesion, long-range interfacial

interactions and viscoelasticity—have a significantly dif-

ferent variation with distance, the variation of the energy

dissipated as a function of the operating conditions can

help to single out its contribution. This goal can be

achieved through the dynamic-dissipation curves [36]: a

representation of the average energy transferred by tip to

the sample surface as a function of oscillation amplitude

while the tip approaches the surface.

Figure 2a shows the experimental dynamic-dissipation

curves measured on top of T6 islands for both the attractive

and the repulsive regime. Details concerning the sample

preparation, the AFM operation conditions and the indi-

vidual experimental steps to measures those curves can be

found in reference [35]. The shape of these curves singles

out the contribution of the different dissipation processes

(see reference [21] and the discussion below). The sym-

metric shape of the lower curve (red) corresponds to the

presence of long-range interfacial interactions, while the

almost-flat upper curve (green) reveals the mechanical

contact between tip and sample and the opening of another

channel, associated to surface adhesion, that can be

described in terms of surface energy hysteresis [21]. One

may naively think that the short-range contribution to

dissipation can be determined just substracting the two

curves in Fig. 2a. The complex dynamics of the cantilever,

that explores a different distance range in the attractive and

repulsive branches [3], prevents this simple procedure. The

basis for extracting the short-range contribution to dissi-

pation from the experimental data using continuum

mechanics modelling is described below.

The dynamic response of the cantilever–tip ensemble

driven by an external and sinusoidal signal in the proximity

of a surface is usually simulated using the following sec-

ond-order differential equation:

m
d2z

dt2
¼ �kz� mx0

Q

dz

dt
þ F0 cosðxtÞ þ Fts: ð2Þ

In this approach, we assume a point-mass model for the

cantilever–tip ensemble that has been shown to reproduce

AM-AFM experiments where the contribution of higher

cantilever eigenmodes can be neglected [37, 38]. The

dominant contributions considered in this equation of

motion are the cantilever elastic response, the hydrodynamic

damping with the medium, the excitation force, and the tip–

sample interaction. The Q factor used here is independent of

tip–sample separation, neglecting changes in the

hydrodynamic damping of the cantilever during its motion.

The critical issue is the description of the tip–sample

interaction. The tip–sample geometry is simulated by a

sphere (tip) and a flat (sample). The tip–sample interaction

contains both attractive and repulsive forces. Long-range

attractive forces are derived from the nonretarded van der

Waals (vdW) interaction. For a sphere–flat geometry, the

vdW force depends quadratically on the tip–sample

distance:

FvdW ¼ �
HR

6d2
¼ � a

d2
; ð3Þ

(a) (b)

Fig. 2 a Energy dissipation dependence on the normalized oscilla-

tion amplitude for the attractive (red) and repulsive (green) regimes.

The experimental curves (circles) are faithfully reproduced by a

point-mass simulation (solid lines) that uses DMT contact mechanics

and van der Waals forces. b Force–distance curve that reproduces the

experiments is shown in a. The thick green line shows the force

during approach (upper part) and retraction (lower part) in the

repulsive regime. The blue region remains experimentally unexplored

in the attractive regime because the minimum tip–sample distance is

about 3 Å, while the tip indents up to -1.4 Å in the repulsive regime

(see inset) (adapted from reference [35]). (Color figure online)
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where H is the Hamaker constant and R the tip radius.

The sample deformation and its associated stress is

calculated by the Derjaguin–Muller–Toporov (DMT)

model [17]:

FDMT ¼ Y�R1=2d3=2 � 4pRc; ð4Þ

where d is the deformation (indentation), Y* is the effective

elastic modulus of the interface, R is the tip radius, and c is

the surface energy, that introduces adhesion effects into the

model.

In order to reproduce the dynamic-dissipation curves

measured in the experiment, we generalize the conserva-

tive forces described above in order to include non-con-

servative interactions into the model [21]. Long-range

dissipative interfacial forces, i.e., interactions that do not

imply the mechanical contact between probe and surface

(noncontact) are calculated by using a time-dependent

interaction with the same distance dependence of the vdW

force but where the strength depends on whether the probe

approaches (aa) or retracts away (ar) from the surface. The

energy dissipated by adhesion hysteresis is simulated

assuming in the DMT force different values for the surface

energy during approach (ca) and retraction (cr). Within this

model, the energy dissipated per cycle is given by the sum

of the following contributions:

Eadhesion
dis ¼

I
FDMTdz ¼ 4pRdðcr � caÞ; ð5Þ

and

EvdW
dis ¼

I
aðtÞ
d2

dz ¼ ðaa � arÞ
1

d1

� 1

d2

� �
; ð6Þ

where d1 and d2 are, respectively, the closest and the far-

thest tip–surface separation during a cycle.

The experimental dynamic-dissipation curves for T6 for

both the attractive and repulsive regime (red and green

circles in Fig. 2a, respectively) can be faithfully repro-

duced by dynamical simulations (red and green solid lines)

in considering both long-range dissipative interactions and

surface energy hysteresis in the tip–surface interaction

defined by the following set of parameters: R = 7 nm,

Y* = 60 GPa, aa = 7 9 10-28 Jm and ca = 50 mJ/m2;

ar = 3aa and cr = 57 mJ/m2. Notice for reference that

similar curves on the silicon substrate require an effective

bulk modulus Y* = 170 GPa. These simulations were

performed by solving numerically the equation of motion

(Eq. 2) with a fourth order Runge–Kutta algorithm.

Figure 2b shows the theoretical (continuum model) force

versus distance curve that describe the experimental dis-

sipation curves. The hysteresis observed between the force

during loading and uploading of the tip gives rise to dis-

sipation. The dissipated energy grows in the repulsive

regime due to the large contribution associated to adhesion,

that is modelled through the differences in surface energy.

This analysis shows that dissipation at the nanoscale can

be described in terms of force hysteresis provided that we

include both contributions coming from long-range inter-

actions and from short-range atomic and molecular inter-

actions [17, 21]. Compositional contrast in phase-imaging

AFM could be obtained in both regimes, although the

contrast achieved in the repulsive regime is usually sharper.

Furthermore, the contrast in the attractive regime could

have a residual contribution from capillary forces [39].

Those contributions are not directly related to material

properties of the sample surface. For this reason, we focus

on the contact regime to perform a quantitative comparison

between experiments and first-principle calculations.

The theoretical curves show that the measurements

performed in the repulsive regime contain contributions

from both short and long-range dissipation effects. One can

naively consider that just a direct substration of the energy

dissipated in the repulsive and attractive regimes is enough

to obtain the short-range contribution. However, this is not

the case because a certain range of tip–sample distances is

not accessible to the system due to mechanical stability

considerations in AM-AFM [3]. As the minimum tip–sur-

face distance in the attractive regime is about 3 Å (see the

inset in Fig. 2b), the attractive regime gives only a partial

information about the long-range dissipative processes

included in the measurements in the repulsive regime

(forces for approach and retraction correspond to the thick

green lines in Fig. 2b). The blue region in Fig. 2 remains

unexplored in the attractive regime. However, the excellent

agreement obtained between point-mass simulations and

experiments (see Fig. 2a) allows us to determine the energy

dissipated in the blue area. Thus, to determine the energy

dissipated exclusively through short-range interaction for-

ces (the green region), we subtract from the energy mea-

sured in the repulsive regime the energy dissipated through

long-range forces (red part) and the energy dissipated

corresponding to the blue region (see Fig. 2b). This anal-

ysis provides a short-range contribution for T6 of 1.4 eV.

Apart from the long-range and adhesion contributions

discussed above, in some cases it is necessary to include

viscoelastic effects taken place during mechanical contact

in order to account for the dissipation measured in the

experiments. Dynamic-dissipation curves associated with

these kind of dissipative processes have a distinctive shape

[21], so, considering experimental results, described in

[35], we can rule out that viscoelastic processes have a

significant contribution in the T6 case. Under these con-

ditions, the time scales for the short-range dissipation

processes (associated with atomic movements that take

place in the picosecond scale) and the tip dynamics (the

oscillation frequencies are in the 10–100 kHz range) can be
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clearly decoupled. This justifies the quasi-static approach

considered in the following sections in order to determine

the force versus distance curves using first-principles

methods.

3 First-Principles Simulations: Modelling of the System

and Computational Details

The basic limitation of the theoretical modelling described

so far is the continuum description of the molecular contact

in terms of elastic moduli and surface energies. First-

principles calculations, based on DFT, can provide signif-

icant physical insight into the real deformation mechanisms

in the sample and the microscopic origin of the force

hysteresis associated with adhesion, that has been intro-

duced so far assuming different surface energies for

approach and retraction in order to reproduce the

experiments.

From this perspective, we have performed an extensive

set of first-principles molecular dynamics simulations for

the interaction between a silicon oxide tip and a T6

monolayer in order to investigate the individual molecular

processes responsible for the energy dissipation. Our goal

is to characterize the complex configuration space of the

combined tip–sample system as a function of the distance,

in order to identify the atomistic mechanisms that are

responsible for the system to be trapped in local energy

minima during its evolution, leading to the hysteresis in the

force. Given the very different time scales for the tip

dynamics and the atomic response, we can actually

decouple them, and determine the tip–sample force as a

function of the distance using a quasi-static approach, as

described below. Notice that we do not attempt to simulate

how the mechanical energy associated with this hysteretic

behaviour,
H

Fdz; is actually dissipated into phonons and,

finally, into heat. This study would require a very complex

simulation of the actual dynamics of the cantilever–tip–

sample ensemble, modelled with a very large unit cell, that

is a challenge even for simulations based on classical

potentials, and definitely well beyond our current capabil-

ities with ab initio methods.

Our single-asperity simulations are still far from the

complex experimental multi-asperity contact. In order to

bridge this gap, we are going to combine our first-princi-

ples calculations with the continuum modelling. Repro-

ducing the experimental mechanical response for a given

indentation depth, we can compare then the dissipated

energies (see the end of Sect. 4.3) and thus provide a

fundamental understanding of the microscopic mechanisms

involved in energy dissipation.

3.1 Modelling the Tip and the Sample

The calculations we have to perform are very computa-

tionally demanding and some simplifications on the

description of the tip and sample are needed in order to

keep them feasible.

Regarding the sample, we need to describe the adsorp-

tion of the T6 molecules on the silicon oxide-covered

substrate. The modelling of the free oxide surface is still

the subject of an intense experimental and theoretical

effort. Thus, we have modelled the sample assuming a T6

free-standing monolayer with some of the bottom atoms

fixed but no substrate for the adsorption. This simplified

approach to the problem captures the key ingredients

revealed by the experiments for the adsorption on the

oxide: T6 molecules are standing up normal to the surface

and their bottom part is almost fixed due to the substrate

interaction. The elimination of the substrate also makes

possible the consideration of larger surface periodicities. In

these simulations, we have taken the important parameter,

the molecular packing (characterized by the surface unit

cell, that differs from that of molecular planes in the crystal

due to the interplay between molecule–molecule and sub-

strate–molecule interactions) with lattice vectors deter-

mined from detailed X-ray diffraction experiments [40].

For the ultra thin films considered in our work, the

(a) (b)Fig. 3 a Top view of the

herringbone structure of

sexithiophene monolayer and

single Si oxide tip stands on top

of the molecules. The 4 9 2

(solid black line) and 4 9 3

(dotted red line) unit cells are

marked. b Side view of tip–

sample interface with a distance

reference scale. Color code for

the atoms: oxygen (red), sulphur

(yellow), carbon (grey),

hydrogen (white) and silicon

(light salmon). (Color figure

online)
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molecules retain the herring-bone arrangement as in the

crystal with a slightly contracted in-plane unit cell

(a = 7.70 Å and c = 5.52 Å) with respect to the bulk unit

cell (a = 7.85 Å and c = 6.03 Å [34]). The T6 sample is

described by a monolayer of T6 molecules in a 4 9 2 unit

cell, that contains eight molecules in the characteristic

herring bone pattern (see Fig. 3a). Test calculations have

been performed in a 4 9 3 unit cell (12 molecules) as

discussed below.

Experimental tips are produced by microfabrication

techniques on Si wafers and, under the conditions of the

experiment, are covered with the Si native oxide. As we are

only interested in the short-range interactions, we just need

to model the microscopic tip termination. Here, we have

resorted to the literature on the structure and energetics of

Si oxide clusters. As the tip-apex, we have considered an

oxide nanoasperity constructed from a very stable Si oxide

cluster [41, 42] (see Fig. 3). This model fulfils all the

necessary requirements, while keeping the tip size within

the limits of affordable simulations: it provides the high-

mechanical stability of the Si oxide and displays at the

apex the protruding doubly coordinated oxygen atoms that

are expected on the outer layer of the oxide.

In our calculations, we have used a supercell approach

(including 391 atoms), where the T6 surface is represented

by a 4 9 2 unit cell (352 atoms), and the AFM tip is

modelled with a Si oxide nanoasperity containing

39 atoms. Only the C point has been included in the

sampling of the Brillouin zone.

3.2 Simulation Method: FIREBALL

Our calculations, performed using the FIREBALL code [43–

46], are based on DFT with a local-orbital basis. This code

is designed to deal with large-scale simulations and offers a

very favorable accuracy-to-efficiency balance provided

when the basis set is carefully chosen. The calculations

presented in this paper are performed within the local

density approximation (LDA) for the exchange-correlation

functional [47].

Our work focuses on the understanding of phase-imaging

contrast at the molecular level and the identification of the

energy dissipation mechanisms that are responsible for this

nanometer-scale resolution. The vdW interactions, due to

their long-range character, are dominated by the interaction

of the macroscopic parts of tip and sample, not by the

interaction of the closest atoms. Thus, they do not contribute

significantly to the contrast addressed by the experiments

discussed in Sect. 2. Our DFT–LDA calculations provide the

theoretical framework to determine this short-range chemi-

cal force in the relevant near-contact regime and we do not

include explicitly the macroscopic vdW. The contribution of

the vdW interaction associated with the closest atoms can be

certainly neglected in the presence of strong chemical

bonding (e.g. covalent, metallic). However, in cases like the

interaction between closed-shell molecules in a molecular

crystal and the adsorption of closed-shell molecules on

metallic surfaces, where we expect a weak chemical inter-

action, these effects could provide a significant contribution

to the total bonding energy. Recent publications addressing

this problem show that LDA provides a surprisingly realistic

description of the structure (in terms of bonding distances)

and energetics of molecular-substrate [48, 49] and molecular

crystals [50], when compared with GGA ? vdW calcula-

tions [48, 51] (vdW effects are added using a semi-empirical

scheme [52, 53] to gradient-corrected functionals), and a

sophisticated treatment of the correlation energy with the

adiabatic connection fluctuation-dissipation theorem (AC-

FDT) [49, 50]. LDA certainly has the wrong asymptotic

behavior but its well-known tendency to overbind mimics

reasonably well the addition of the vdW effects in the rele-

vant distance regime.

In FIREBALL, the valence wave functions are expanded in

the FIREBALL orbitals [43, 46], a set of strictly localized

pseudoatomic orbitals—they are exactly zero for distances

larger than the cutoff radius RC. We used an optimized

basis (see [54] for details) that includes s and p orbitals for

C, O, Si and S. The chosen cutoff radii (3.1 and 3.9 a.u. for

the s and p S-orbitals, 4.5 a.u. for the s and p C-orbitals,

and 4.1 a.u. for the s H-orbital) yield a very good

description of the structural and electronic properties of the

T6 molecule. The results are in excellent match with fully

converged plane-wave DFT calculations (VASP [55–

57])—the maximum difference is only 0.02 Å in the bond

lengths and 0.5� in the angles—see a detailed comparison

in Fig. 1. For the Si oxide cluster that models the apex of

our tip, we have used cutoff radius of 3.2 and 3.5 a.u. for

the s and p O-orbitals, and 4.8 and 5.4 a.u. for the s and

p Si-orbitals.

3.3 Mechanical Characterization of the T6 Molecule

and the Monolayer

As a first step, we have carefully characterized the

mechanical properties of an isolated T6 molecule and a T6

monolayer in order to understand the deformation patterns

observed in our large scale simulations for the tip–sample

interaction.

We have explored the mechanical response of both

systems under uniform compressing and stretching strains.

Starting with the single T6 molecule, and focussing in

compression, we can identify three different strength-

building mechanisms: changes in the relative orientation of

the adjacent thienyl groups (with rotations of these pen-

tagonal rings around the C–C bonds linking these units),

bond contraction and folding of the entire molecule. Sub-
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unit rotation is by far the cheapest mechanism, as our

simulations for the T6 molecule show that the torsional

energy around one bond is relatively small—less then

0.1 eV up to 60�.

These three mechanisms are also present in the mono-

layer case, but the energetics is influenced by the inter-

molecular interactions associated with the dense packing in

the molecular layer. While for the first stages of the

deformation process, sub-unit rotation is still an option, the

linear (elastic) repulsive response found in the experiments

seems to correlate with the competition between folding

modes and bond contraction. Given the strength of the

carbon–carbon bonds, a deformation based only on bond

contraction would lead to large Young’s modulus

(*100 GPa), typically associated with solid, crystalline

materials. Folding modes reduce that number to tens of

GPa, in better agreement with the continuum modelling

discussed above.

4 Tip–Sample Force Versus Distance Curves

4.1 Force Calculations with a Quasi-Static Approach

at T = 0 K

In order to gain insight into the sample deformation

mechanisms upon contact with the tip, we have studied the

approach and retraction of the Si oxide nanoasperity on five

different positions of the unit cell—ranging from top sites

on the last atoms to a hollow site between the molecules—

and different tip orientations.

The tip–surface interaction has been determined in a

stepwise, quasi-static manner by approaching/retracting the

tip along the normal to the surface by 0.25 Å. At each

approach/retraction step the atoms in both the slab (T6

monolayer) and the tip were allowed to relax to their

ground-state configuration using both a conjugate gradient

minimization and a dynamical quenching methods. The

convergence criteria for the relaxation process are the

following: changes in the total energy per atom less than

10-5 eV and forces on the free atoms less than 0.1 eV/Å.

The bottom carbon atom of each T6 molecule, and

the topmost layer of the tip model are kept fixed during the

structural minimization process in order to mimic the

appropriate boundary conditions. The total short-range tip–

sample force was calculated as a sum of the final forces

acting on the tip atoms which were kept fixed during the

relaxation process at each tip–sample distance.

These forces are shown in Fig. 4. The contact (the zero

of the indentation) is defined at the onset of the tip–sample

interaction in our first-principles calculations, and corre-

sponds to an approximate distance of 3 Å above the top

carbon atoms in the T6 monolayer (see Fig. 3b). Although

the detailed evolution of force–distance curves varies

among the different positions (see Fig. 4a) and the size of

the indentations (up to -1, -2, -3 and -4 Å), all of them

share two significant features: very small forces on the

attractive regime (as expected from this non-reactive tip),

(a) (b)

Fig. 4 a Force versus distance curves from quasi-static simulations at

T = 0 K for five different positions of the tip in the 4 9 2 unit cell.

The curves show both the approach (full lines with full circles) and

retraction components (dashed lines with open circles). The results

for a bigger 4 9 3 unit cell are shown in the inset. The zero on the

indentation axis is set at the onset of significant tip–sample

interaction, and corresponds approximately to a distance of 3 Å

between the outermost layer of carbon atoms in the sample and the

apex of the tip. b Molecular deformation of the T6 monolayer under

the tip interaction for an indentations of -4 Å on the S position (some

of the molecules in the unit cell have been removed so the

deformation in the area directly below the tip can be clearly observed)
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and a large hardness in the well defined repulsive ‘elastic’

regime (forces vary linearly with distance). Figure 4a

shows the force versus distance curves for five different

positions of the tip (S, S-rotated, hollow, C and H) and

the largest indentation considered (-4 Å). The analysis of

the stable structures under the nanoasperity shows that the

deformation mechanisms are very local, involving signifi-

cant distortions only in the very few molecules closer to the

tip, even for the closest distance (see Fig. 4b). The sample

accommodates the load mainly through compression of the

bonds along the molecules and rotation of the thiophene

subunits closer to the surface.

4.2 Deformation Mechanisms: Competition Between

Folding and Stretching Modes

The forces obtained within the previous approach upon

indentation of our single nanoasperity are very large

compared with both the experiment and the continuum

modelling described in the previous sections. This hardness

can be an spurious effect associated with two of the limi-

tations of our approach: (1) the size of our simulation cell,

and (2) the T = 0 K quasi-static approach used in our

simulations, where the system can be trapped in some of

high-stress local minima.

We have ruled out the influence of our unit cell per-

forming simulations on a larger 4 9 3 unit cell (including

now up to 12 T6 molecules and the tip, with 567 atoms in

total). Our results for this larger unit cell (see inset in

Fig. 4a) confirm the very local character of the induced

deformation and the intrinsic mechanical strength on the

T6 monolayer. Interestingly, these simulations show a

significantly larger contrast in the strong repulsive regime

(with differences in the forces between sites up to 3 nN—

see the inset in Fig. 4a), that suggest that sub-nanometer

resolution could be achieved in the imaging of this system.

The system has a very complicated energy landscape.

This is clearly shown by the approach/retraction curves for

the larger indentations, where energy barriers which cannot

be overcome during the tip retraction cause irreversible

deformation of the sample. Although the forces are zero the

system is not in a ground state configuration at the end of

the approach/retraction cycle as shown by the total energy

and confirmed by a direct inspection of the structure of the

T6 monolayer. Our study of the mechanical response of

both the individual T6 molecule and the T6 monolayer

under uniform compression suggests that, in our T = 0 K

quasi-static approach, the folding modes—where the whole

molecule folds in order to accommodate the load (see

Fig. 5a)—are frozen and the system is trapped in some

high-stress local minima where the mechanical response is

dominated by bond compression.

To investigate this issue, we have used a simulated

annealing approach, where a short molecular dynamics

(MD) simulation (350 fs) at 300 K is used to explore the

configurational phase-space is followed by a dynamical

quenching method, that brings the system to the ground

state. These simulated annealing calculations, starting from

some of these high-stress structures have shown that,

indeed, there were states with significantly lower repulsive

forces (Fig. 5b) that are accessible once the folding modes

become active (the barriers between them and the

stretching/compressing modes where the system was trap-

ped can be overcome in the presence of temperature).

(a) (b)

Fig. 5 a The structure before (left) and after (right) the simulated

annealing calculation for an indentation of -3.5 Å at the S position.

The system relaxes to the true ground state by propagating a

deformation along the molecular chain, once the energy barriers that

separate the folding modes from the local ground state (characterized

by a significant bond compression) can be overcome by the available

thermal energy. b Forces before and after the simulated annealing for

three selected configurations (red circles). There is a significant

reduction in the repulsive force between tip and sample, compared to

the T = 0 quasi-static approach (green lines), once the folding modes

can be accessed. (Color figure online)
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4.3 Final Force Calculations Based on Molecular

Dynamics Simulations for Each Tip Position

A proper description of the competition between com-

pressing and folding modes is thus crucial for the accurate

determination of tip–sample forces under room RT opera-

tion. We have faced this problem calculating approach/

retraction force curves that include temperature effects,

through a collection of MD simulations, on top of different

positions in the surface unit cell. For each tip height, we

have performed a MD simulation in the canonical ensem-

ble at 300 K. We take the average atomic positions from

the previous tip height and displace them vertically by

0.25 Å (approaching/retracting from the sample with the

same stepwise procedure considered in the quasi-static

simulations), to define the initial configuration for the next

MD run. The energy imparted to/taken from the system by

moving the tip was removed/added, during some time steps

at the beginning of simulation, via the re-scaling of the

velocities to keep a constant temperature equal to 300 K.

Forces are then calculated for each tip–sample distance

during the approach and retraction as a thermal average

over all the instantaneous atomic configurations accessed

during the corresponding MD simulations. Notice that our

MD simulations are not designed to describe how the

energy is dissipated along a whole oscillation cycle: they

provide an efficient way to include the activated folding

modes, that are crucial to describe the mechanical response

at RT.

This procedure is very computationally demanding as

MD simulations at the ab initio level are extremely time-

consuming, even with the fast local-orbital code that we are

using (see Sect. 3). Ab initio MD simulations found in the

literature are usually limited to 1–2 ps, and here we have to

perform an extensive set of MD runs, one for each tip

height during approach and retraction on different positions

on the the unit cell. In order to show the main qualitative

effects brought by temperature, we have applied the

methodology described above using short (150 fs) MD

simulations with time step of 0.5 fs. Figure 6 shows the

force versus distance curves at the S position of the tip

obtained from this set of MD simulations for three different

indentations: -2, -3 and -4 Å.

These results show how our approach, even with very

short MD-simulations, fixes the most important discrep-

ancies between theory and experiment. There is a signifi-

cant reduction in the forces during the tip approach, due to

the activation of the folding modes, and the corresponding

dissipated energy per cycle in comparison with our previ-

ous T = 0 K quasi-static calculations (see the comparison

in Fig. 6a). Additionally, the approach/retraction process is

now structurally reversible: there is no deformation in the

T6 monolayer at the end of the cycle, even for relatively

large indentations.

These simulations confirm that the folding modes (see

Fig. 5a) are very efficient in reducing the repulsive inter-

action in the first stages of the indentation process,

avoiding the high-stress states where the system was trap in

our T = 0 K calculations, while the strong repulsive

regime (proved by indentations up to -4 Å) was actually

well described by the computationally much faster quasi-

static approach (see Fig. 6a). These calculations provide a

mechanical strength in the first stages of the indentation

process in good agreement with the results obtained from
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Fig. 6 Force versus distance curves at the S position (tip initially on

top of a sulphur atom on the T6 molecule) for three different

indentations: a -4 Å, b -3 Å and c -2 Å. The red curves show the

normal force during approach (full lines with full circles) and

retraction (dashed lines with open circles) calculated from individual

short (150 fs) MD runs at T = 300 K for each tip height. The energy

dissipated per cycle (equal to the area enclosed by the hysteresis

curve) is indicated. Results for quasi-static calculations at T = 0 K

(green curves) are shown for comparison. (Color figure online)
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the continuum modelling of the experimental force curves.

They also bring the energy dissipation values within the

order of magnitude of the experimental results and illus-

trate their dependence with the indentation depth.

However, those simulations are still not long enough to

provide accurate values for the force hysteresis and thus for

the dissipated energy. We have then applied the same

methodology to long (2 ps) MD simulations with time step

of 0.5 fs. Given the computational demands, we have

restricted ourselves to two positions on the surface unit

cell—position S (tip initially on top of a sulphur atom) and

the hollow position (between the molecules)—and to

the soft indentation regime (up to -2 Å) proved in the

experiments shown in Fig. 2. Figure 7a shows the

approach/retraction force curves calculated in this way.

Besides those force curves, we also show the instantaneous

values (insets in Fig. 7a) and the average for each force

component (b and c panels in Fig. 7) for the first 1.5 ps for

two of these simulations. They correspond to approach and

retraction for position S and zero indentation (the blue

circles in Fig. 7a). The average at a given time is calculated

with all the previous configurations, discarding the ones

corresponding to the first 0.5 ps of evolution. Notice that

the average force values are already converged after 1.5 ps.

This is also the case for simulations close to the maximum

indentation—see Fig. 8. Tests performed with 5 ps simu-

lations on certain tip positions and the study of the time

evolution of the force components show that the average

force values are converged to an accuracy of 0.02 nN.

The average normal force in Fig. 8 reveals the force

hysteresis between the tip approach and retraction—those

positions correspond to the blue squares in Fig. 7a. The

importance of the temperature and the proper sampling of

the configurational phase-space in determining those val-

ues is revealed by the clear difference between the insets in

Fig. 7a and the lower panels in Fig. 8. In the strong

interaction regime, the large, circular shape of the Fx versus

Fy plot for the whole MD simulation confirms that the

system is indeed able to visit the whole configurational

phase-space accessible at 300 K.

Our first principles simulations provide a quantitative

determination of the energy dissipation associated with the

short-range force hysteresis. The observable force versus

distance values do depend on history (loading vs. unload-

ing). While the details of the force curves on top of the two

different sites are clearly different—in the hollow position,

most of the energy is dissipated during the first half of the

indentation, while on an S position the hysteresis occurs at

the end of the indentation—the total dissipated energy is

very similar (0.14 vs. 0.16 eV).

In Sect. 2, we have shown that the energy dissipated in

the experiments exclusively through short-range forces for

the same indentation of -2 Å is 1.4 eV/cycle. This short-

range contribution to the total energy dissipation—taken

place during the mechanical contact—was determined

from dynamic dissipation curves taken in both attractive

and repulsive regimes with the aid of contact mechanics

modelling. To make a quantitative comparison between the

experiment and first-principles calculations for a single

nanoasperity, we notice that the experimental contact

area (*3.1 nm2) estimated for a -2.0 Å indentation, is

large compared with an individual molecular contact
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Fig. 7 a Force–distance curves at a hollow position between

molecules (green, squares) and over a sulphur atom (red, circles)

calculated from individual 2 ps long MD runs at T = 300 K for each

tip height. The normal forces during approach (continuous lines with
full symbols) and retraction (dashed lines with open symbols) are

calculated as an average over all the instantaneous configurations,

discarding the ones corresponding to the first 0.5 ps. b and c displayed

the average of the x, y, z-force components as a function of the

simulation time for two of those MD simulations, corresponding to

the same tip position (over the sulphur atom) and height (zero

indentation) for approach b and retraction c. The insets in a show Fx

versus Fy for each time step for the same two MD simulations. (Color

figure online)
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(*0.4 nm2) used for a single nano-asperity. As we have

shown that deformation mechanisms are very local and that

the dissipated energy is very similar for the different tip

positions, we can simply scale up the nano-asperity area

*0.4 nm2 to the experimental contact area *3.1 nm2.

Then, the experimental value *1.4 eV is in good agree-

ment with the one deduced from first-principles simula-

tions (1.2 = 8 9 0.15 eV) by involving eight individual

molecular contacts.

5 Adhesion Hysteresis as the Relevant Dissipation

Mechanism

Several mechanisms have been proposed to explain the lost

of mechanical energy in dynamical AFM including viscous

damping associated to the displacement of charge carriers

[24], stochastic [58, 59] and vdW [60] friction, capillary

forces [39], and adhesion hysteresis [29, 31, 32, 35, 61].

Their strength can be significantly affected by the relative

velocity [13, 24], temperature [35], tip and sample

mechanical properties [21], and tip–sample distance regime

(e.g. non-contact vs. indentation [61]). Some of them, like

those mediated by electrical or magnetic interactions, are

responsible for the long-range contribution to dissipation.

Here, we focus on the two mechanisms, stochastic friction

[58, 59] and adhesion hysteresis [29, 31, 32, 35, 61] that are

widely suggested to be responsible for the observed dissi-

pation in dynamic AFM in the near-contact regime. In the

stochastic friction force mechanism, the energy dissipation

is attributed to the coupling of the fluctuations around the

equilibrium atomic positions in the tip and sample through

their mutual interaction. This nonequilibrium phenomenon

results in the friction force proportional to the tip velocity

with the coefficient given by the time integral of the time

correlation function of the fluctuating tip–surface force. As

dissipation images have nanometer- or, even atomic-scale

resolution (in the case of the FM-AFM), the interaction

responsible for the coupling must be essentially short-range

and decay rapidly with the distance. Due to this short-range

character, numerical estimates of the energy dissipation

associated to this mechanism lead to severely underesti-

mated results.

According to the adhesion hysteresis mechanism, forces

during approach and retraction are different due to non-

adiabatic relaxation of the surface atoms when the tip

comes very close to the surface, leading to the lost of the

characteristic energy associated with these atomistic pro-

cesses in every oscillation cycle. Our first-principles sim-

ulations support this mechanism, provide a quantitative

Time (×0.5 fs)

Fz(t)

Fy(t)

Fx(t)

1000 1500 2000 2500 30001000 1500 2000 2500 30001000 1500 2000 2500 3000

Time (×0.5 fs)

Fz(t)

Fy(t)

Fx(t)

Fx (nN) Fx (nN)
-1 0 1 -1 0 1-1 0 1

Fx (nN)

0

1

-1

F y
 (

nN
)

500

Time (×0.5 fs)

-1

0

1

F
 (

nN
)

Fz(t)

Fy(t)

Fx(t)

(a) (b) (c)

(d) (e) (f)

Fig. 8 Top panels: time evolution of the average of the x, y, z-force

components for three 2 ps MD simulations corresponding to the same

tip position (hollow) and different tip heights: for an indentation

of -1.25 Å in the approach a and retraction c, and for the minimum

tip–sample distance b—an indentation of -2 Å. Lower panels d–f:
Fx versus Fy for each time step in the same three MD simulations as in

top panels
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determination of the energy dissipation at the atomic scale

and give insight into the molecular mechanisms associated

with the short-range force hysteresis. The hysteretic

behaviour can be understood in terms of the complicated

energy landscape of metastable molecular configurations

that the system can adopt for a given tip position. This is

obviously complicated when temperature is present and the

system can explore the configurational phase-space. How-

ever, thermal-averaged configurations (calculated as an

average of the individual atomic coordinates along the MD

run, in the same way as the averaged forces discussed

above) can help to illustrate the fact that the system stays

close to different local energy minima during the approach

and retraction stages. Figure 9a, c shows the averaged

atomic coordinates of the system (for 2 ps MD simulations)

during approach and retraction for the same indentation of

-1.5 Å. Notice that the bonds formed during further

indentation from this tip–sample distance control the

adhesive response in the retraction stage. The system is

trapped, due to the presence of energy barriers that cannot

be overcome even with the available thermal energy, in

different bonding configurations corresponding to local

energy minima during the approach and retraction of the

tip. These energy barriers are responsible for breaking the

adiabaticity and thus lead to energy dissipation (this is

schematically illustrated in Fig. 9b).

Thus, these simulations provide a quantitative confir-

mation—on a complex, real material—of the mechanism

proposed by Sasaki and Tsukada [62], further elaborated,

by Kantorovich and Trevethan [29], and revealed by our

previous combined experimental–theoretical study with the

FM-AFM of the ultimate case of a single adhesive bond

[31]: the force hysteresis is originated by the existence of

two or more solutions in the force upon approaching and

retracting the tip over the surface, and this hysteresis leads

to the observed energy dissipation. The forces during

approach and retraction are different due to distinct states

occupied by the system at different stages in the tip tra-

jectory. The work done by the tip will be equal to the area

enclosed by the hysteresis curve and this energy will be

dissipated into local phonons as the system moves from

one state into the other.

The adhesion hysteresis shown above is compatible with

structurally reversible processes, despite the fact that those

processes are strictly statistically irreversible. It states that

for a given tip–surface distance there is a unique total

energy surface. This surface has several local minima with

respect to the atomic positions. The hysteresis appears

because the observable atomic positions do depend on the

history of the tip motion. Essentially, the mechanism is

very similar, considering a tip displacements normal to the

surface, to the Tomlinson model frequently invoked to

introduce atomic-scale friction during lateral tip motion

[22].

6 Conclusions

Our extensive ab initio theoretical study shows the nature

of molecular energy-dissipation processes at room tem-

perature in sexithiophene monolayers. Those processes

involve different equilibrium positions for the atoms

interacting with the tip during the loading and unloading

cycles, resulting in force hysteresis. The system is trapped,

due to the presence of energy barriers that cannot be

overcome even with the available thermal energy, in

(a) (b) (c)

Fig. 9 Thermal-averaged configurations (calculated as an average of

the individual atomic coordinates along the corresponding 2 ps MD

simulations performed in the canonical ensemble at 300 K) for the

same tip position (over the sulphur atom) and tip height (an

indentation of -1.5 Å) for approach a and retraction c. Notice that

the bonds formed during further indentation from this tip–sample

distance control the adhesive response in the retraction stage. The

configuration space sampled by the tip depends on whether the tip

approaches (configuration A) or withdraws (configuration R: the S–Si

bond is formed) from the surface. b A schematic illustration of how

the potential energy surface changes due to tip influence during this

structurally reversible cycle
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different bonding configurations corresponding to local

energy minima during the approach and retraction of the

tip. These energy barriers are responsible for breaking the

adiabaticity and thus lead to energy dissipation. Our study

highlights the importance of including the folding modes of

the T6 molecules, frozen at T = 0 K, in order to describe

properly the mechanical response of the system. We have

devised an approach, based on performing long (2 ps) MD

simulations at T = 300 K for each tip height, that brings

the theoretical short-range forces to a good agreement with

the experiment and allows a quantitative comparison of the

dissipated energy.

Our work shows that the phase-signal contrast arising in

AM-AFM can be explained with non-invasive, reversible

atomic and molecular reorganization processes. Further-

more, the quantitative agreement between first-principles

calculations, dynamic simulations based in continuum

modelling, and experiment supports the use of AM-AFM

as a tool to investigate dissipation processes and the role of

adhesion hysteresis as a dominant mechanism for energy

dissipation. This idea can be extended to other dynamic

operation modes for the AFM, in particular those like the

FM-AFM that can achieve atomic resolution. A combina-

tion of force spectroscopy experiments with first-principles

simulations have identified a dissipation channel associated

with the properties of a single atomic contact and provide a

detailed atomistic description of the process [31, 32].

Understanding how the energy-dissipation processes

associated with friction are quantitatively affected by the

contact geometry, adhesion forces, contaminants and

atomic-scale defects is the next challenge. Recent extensions

of the FM-AFM technique to map the three dimensional

surface force field with picometer and piconewton resolution

[63, 64] promise to open a new avenue for the character-

ization and understanding of friction at the atomic scale.
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