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Rupture of molecular thin films observed in atomic force microscopy. |I. Theory
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In atomic force microscope studies of molecular thin films, a defined jump of the tip through the film is often
observed once a certain threshold force has been exceeded. Here, we present a theory to describe this film
rupture and to relate microscopic parameters to measurable quantities. We assume that the tip has to overcome
an activation energy before the film ruptures. A universal relation between the force dependence of the
activation energy and the approaching velocity of the tip is derived. Two complementary models for calculating
the activation energy are presented: a continuum nucleation model and a discrete molecular model. Both
models predict a narrow distribution of yield forces in agreement with experimental results.

DOI: 10.1103/PhysReVvE.66.031601 PACS nuni)er68.37—~d, 68.15:+e, 68.47.Pe, 64.60.Qb

[. INTRODUCTION ecules in the film are often insoluble and not in equilibrium
with a reservoir, the position of film rupture is localized by
Molecular thin films on solid substrates have extensivelythe tip, or high pressure gradients are present.
been studied with the atomic force microscagd-M). By In this paper we present a theory of film rupture induced
imaging, for instance, lipid bilayers in aqueous medium,by an AFM tip. Some ideas were presented in an earlier
their molecular structure as well as their defects have beepublication[21]. Formally, the first part is partially similar to
analyzed1-7]. Besides imaging, force measurements can b¢he theory of Heymann and Grubiter [32], Evang 49], and
done to obtain additional information. In an AFM force mea- Tees, Waugh, and Hammfg3]. They analyze the rupture of
surement, the tip attached to a cantilever spring is movedingle molecular bonds under the influence of an increasing
towards the sample. Position of the tip and deflection of thdoad. The aim is to relate microscopic parameters of the film
cantilever are recorded and converted to force-versuswith macroscopic quantities as determined in a force mea-
distance curves, briefly called “force curves.” Different surement. In most experiments, only the threshold force for
types of interactions, such as Derjaguin-Landau-Verweyfilm rupture, the yield force, is reported. We show that addi-
Overbeek (DLVO) forces, the hydration force, or steric tional information can be obtained by measuring the depen-
forces have been studied with the AHIg-10]. dence of the yield force on the loading rateThe loading
When measuring force curves on molecular thin films, arate is the approaching velocity of the base of the cantilever.
jump of the tip is often observed once a certain threshold=rom such a measurement the activation energy of the rup-
force has been exceeded. Such jumps occur not only on solidre process can be characterized.
supported lipid bilayer$4,11-13, but also in other systems The paper is divided into five sections. After the introduc-
such as surfactant layers on various substifdtés-17. This  tion, we describe the general formalism. In this part, basic
jump is interpreted as a penetration of the AFM tip throughequations are derived that describe the rupture kinetics in
the film. In addition, when studying confined liquids with the general. Besides the fact that an activation energy exists, no
AFM, several jumps are often observed, which correspondsther assumptions are made. In the following two sections
to density fluctuations. Layer after layer is squeezed out ofve propose two specific models for the activation process.
the gap between tip and substrate. This effect was detect&@ne is a continuum nucleation theory and the other is a
with fluids such as octamethyl-cyclotetrasiloxdrié], dif- model that explicitly takes the molecular nature of the film
ferent alcohol§18-21], and liquid crystalg§22]. into account. Both are based on the elastic foundation model
Rupture of thin films has been analyzed extensively be{p. 104 of Ref.[34]) to calculate the pressure distribution
cause of its importance for industrial and natural processesinderneath the tip. The full molecular model leads to awk-
Several mathematical models have been proposed and sugard mathematical expressions in which dependencies are
cessfully applied to describe the destabilization of foams an@ot obvious. Therefore, in the last section we derive a sim-
emulsiong 23,24, the dewetting of thin liquid film§25], the  plified molecular model, which still contains the main fea-
rupture of lubricant filmg$26], and the poration of biological tures but leads to much simpler expressions. We show that it
membrane$27—31. For the rupture of solid supported thin is a good approximation of the full molecular model.
films under the influence of an AFM tip, such a model is, Throughout the paper we use the term “film,” though for
however, still missing. The models that are usually used t@ome applications “layer” might have been more appropri-
describe rupture of thin films are not directly applicable toate. The films considered are one or few molecules thick and
the situation in an AFM. Reasons for this are that the mol-are supposed to show a distinct structure in normal direction.
Laterally, the film can be fluid with a high mobility of the
molecules. Two-dimensional fluid films are characterized by
*Author to whom correspondence should be addressed. FAXan attractive interaction between the molecules. This is, for
+49-271-740 3198; email address: butt@chemie.uni-siegen.de instance, the case for lipid bilayers in aqueous electrolyte.
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film (drawn as a lipid bilaygrunderneath an AFM tip vs the dis-

tance of the tip. In general, this profile changes with the applied
FIG. 1. Atypica| approach part of a force curve measured on a"OfCG. With increasing force the pressure applled to the film in-

lipid bilayer of dioleoyloxypropyl-trimethylammonium chloride creases. During this pressure increase, the activation energy is re-

(DOTAP) on mica with a standard silicon nitride tip in aqueous duced fromAU, to AU, although the tip is still positioned on top

buffer (150 mM NaCl, 5 mM KHPO,, pH 7.4 taken at 2um/s  Of the film.

loading rate. The lipid bilayer was formed by spontaneous vesicle

fusion. For Qetails see Rdi21]. Thg insertgd histogram shows the The tip on top of the thin film has a certain probability to

number of yield forces observed in a series of experiments. break through the film. This probability per unit time in-

There, the film even heals out after being penetrated by aﬁ;eases with increasing force and applied pressure. Thus,
: ere is a distribution of yield forces and not one definite

AFM tip. For the nucleation model the fluidity of the film is talue

a prerequisite. The molecular model is more general: Neithef , . , ,
the two-dimensional fluidity nor the lateral interaction be-  1hird, we describe the rupture of the film and the yield as

tween molecules is assumed. Only an attractive force be2n activated process. An energy barrier has to be overcome
tween the solid substrate and the film molecules is required the processFig. 2). This is the activation energy for the
(otherwise the film would not remain on the substrate formation of a hole in the film, which is large enough to
Therefore, even layers of adsorbed immobile molecules catfitiate tip penetration. In detail, this process can be divided
be treated with the molecular approach. into several steps. Before the tip approaches the film both are
Before starting, it is instructive to consider a typical force well separated and no force is acting on the tip. The energy
curve measured on a thin film to justify certain assumption®f this initial state of the lipid film underneath the tip Uk .
(Fig. 1). The force curve was recorded on a lipid bilayer of We neglect short- and long-range forces and assume that the
~4 nm thickness. No interaction is observed at distancesip at a distance=h gets into contact with the surface of the
much larger than the film thickness. At closer distances théim. Here,z is the distance between tip and sample, hrisl
tip experiences a short-range repulsive force and the film ighe film thickness. At this point, the energy of the film is still
elastically compressed. Here, “elastic” refers to the fact thaty, . when the base of the cantilever moves further down, the
when retracting the tip before the film ruptures, the retractingantilever is deflected and the tip exerts a force on the film.
part of the force curve is identical to the approaching partat this point, we do not need to specify the nature, height,
Finally the film ruptures, and the tip jumps onto the solid 34 shape of the energy barrier. It is only important to note

Distance [nm]

support. that the applied force reduces the energy barrier. The film
becomes unstable under the pressure and a rupture becomes
Il. GENERAL FORMALISM more likely. After the tip has penetrated the film, it gets into
A. Assumptions direct contact with the solid support. At this positia¥ 0,

the energy of the lipid film idJ; .

First, one important general observation is that the jump In our model we do not specify the distance dependency
f the tip th h the film is fast. The ti ired for th
Ol e Fp Tirougn Me 1im IS 1as © me requiired for e_U(z) except that(z=h)=U; andU(z=0)=U;. Once the

jump is only limited by the resonance frequency of the can-; 4 i .
tilever (typically 550 kHz. The hydrodynamic flow of the tip got into contact with the film at= 0, the pressure on the

film material or surrounding liquid out of the closing gap film increases and thus; increases. An increase ld; re-
between the tip and solid support is not limiting the break-duces the activation energy, which increases the probability

through. Thus, we assume that the rupture process itself &f @ film rupture. If the activation barrier is of the order of
infinitely fast. kgT, the reaction quickly occurs once it has become thermo-

Second, we assume that the rupture is a statistical proceglynamically favorable ¢;<U;). Here, kg and T are Boltz-
and we have to describe the process in terms of probabilitynann’s constant and temperature.
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B. Kinetics of rupture tive width of the distribution of yield forceésee insert Fig.
1) is small: AF/Fy<1 (AF is the half width of the yield

In order to describe the rupture mathematically we con Jedt- At . . YRR
force distribution. In this case, the mean yield force is simi-

sider an ensemble dfly identical AFM force experiments. k RS
Every AFM tip exerts a growing force on a film. After a time 12" t0 the force at which the probability is one ha(F)
t has elapsedN films remain intact(no rupture. For U,  — 0-5- With In0.5=—0.693, we can write

>U;, the tip cannot jump through the film. We have to wait A
until the pressure has increased so that the final energy be- v
comes lower than the initial energy¢<U;). The “start-

ing” time, that is, the time when the force applied by the tip ] ] )
has increaset); so that the conditiot;<U; is fulfilled, is ~ Since the integral increases monotonically with, Eq. (5)

denoted b){s If at the first contact the Conditiddfsui is direCﬂy ShOWS that/ iS a monotonica”y increasing fUnCtion
already fulfilled, we haveg=0. of Fo and vice versa: the mean yield force increases with the

Within the time intervaldt the number of tips on top of loading rate. The reason is intuitively understandable: The
the film is reduced byiN since|dN| tips penetrate through loading rate determines how fast the force on the film in-
the film. |dN| is proportiona| to the number of intact |ayeﬁ$ creases. If the force increases SIOWIy, then in any interval
a rate constark, and the time intervafit: dN=—kNdt In  F...F+AF there are many chances for the film to rupture.
generalk is time dependent. Dividing bi¥,, we change to At @ high loading rate, there is only a little time for film

Fo

_ AU(F)/kgT
069K Fse B! dF. (5)

probabilities rupture in a given force interveff---F+AF, and the film
has a higher chance to remain intact.
dP=—k(t)P dt, (1) Differentiation and rearranging E¢p) leads to
whereP=N/Ng is the probability of finding a tip on top of 0.69K dv
the intact film. Fort<tg, we haveP = 1. Differential Eq.(1) AU(Fg)=—kgTIn A dF. - (6)
0

can be integrated,

t Equation(6) shows that from a measurement of the velocity
InP(t)= —J k(t")dt" for t>tg. (2 dependence of the mean yield foreéF,), one can obtain
ts dv/dFg and calculate how the activation energy depends on

Now we assume that the rate constiig associated with an f[he force. Slnce_y and F, are easy o measure, this is an
important equation. We would like to point out that EG)

activated process and follows an Arrhenius law. The prob-

ability for film rupture by thermal fluctuations is proportional gggjnf,]:taffteﬁirt,o gbsftictﬂg nmaotgil (I)? tﬁzrgzl:il\?;’tevée ?CI)?: ensost
to the Boltzmann factor ything p :

k(t)=Ae AV U/keT, (3 l1l. CONTINUUM NUCLEATION THEORY

Here, AU is the activation energy necessary for the forma- In the following sections we present two specific models
tion of a hole in the film that is large enough to initiate t0 describe the activation process. The first one is a con-
rupture and let the tip break through.is the frequency at tinuum nucleation model.
which the tip “attempts” to penetrate the film.

Film rupture and breakthrough of the tip are usually rep- A. Description of the model
resented in terms of force rather than in terms of time. Ne-
glecting long- and short-range interactions, the force is zerg
until the tip comes into contact with the film. Then, since the
base of the cantilever is moved at a constant velogitg-
wards the sample, the load increases according=d vt.
Here,K is the spring constant of the cantilever dnds the
force applied at a timé Substitution leads to

We consider a molecular thin, homogeneous film confined
tween the solid substrate and the solid surface of the tip.
The tip shape is taken to be parabolic at its end with a radius
of curvatureR. The film is supposed to be, laterally, in a
liquid state, but vertically its structure is well defined. As-
sume that due to thermal fluctuations a small circular hole of
radiusry, is formed in the two-dimensional fluid layer under
the tip. The energy of such a hole is

A (F ,
InP(F)=— 1~ Fe*AWF eTdF’  for F>Fg. (4)
S

S

Y

U=27Tth+7-rrﬁ —m)

Fs=Kutg is the “starting” force applied by the tip at

=ls- The first term, 2rr,I', represents the free energy associated

with the unsaturated bonds of the molecules at the periphery
of the hole.T" is the line tension. The second term: S, is

In this subsection we discuss the question: Is it possible tthe change in interfacial free energy. It is proportional to the
measure how the activation enerdy) depends on the ap- area of the hole. We call the paramegf'spreading pres-
plied loadF? To address this question we first introduce thesure” because it can be used to quantify the tendency of the
mean yield force~,. All experiments showed that the rela- film to spread into the gap between the tip and subst&ite.

C. Mean yield force and approaching velocity

031601-3
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FIG. 3. Schematic drawing of a film resting on a rigid solid

support which is compressed by a rigid tip. FIG. 4. Energy of a holaU of radiusr, calculated with Eq(7)

with T=10"1!' N, S=0.01 N/m, andR=40 nm.
determined by several interfaces. Assuming that the experi-
ment is done in liquid, we denote byrr the energy of the for rsa=\25,R. Here,a is the peripheral radius of the
tip-film interface, byyr_ the energy of the tip-liquid inter- contact area. The maximal indentation in the cedigand
face, byysethe energy of the substrate-film interface, and bythe applied force= are related by
vs., the energy of the substrate-liquid interface. Upon hole
formation, tip-film and substrate-film interfaces are replaced hF
by the corresponding interfaces with the liquid and we have 6o= 7ER
S=vy1.+ vs.— Y1e— Yse- FOr an experiment in gaseous en-
vironment, the index L” has to be replaced by G.” The  \yg can calculate the elastic energy stored in a small section
f!r§t two terms are often_used to descrllbe hole_ formation iny¢ the film of radiusr,,. If the considered area is much
lipid bilayer membranes in electroporatipd0,31] in the os-
motically induced permeation of vesicles or cells
[27,29,35,38 or, in general, in black film§37]. E 52
. . . 0

Until now, our treatment is almost similar to the theory of wrﬁ— — = mﬁ—, (10)
Persson and TosalftB8]. As a third term, Persson and Tor- h 2
satti inserted the elastic relaxation energy of the two solid . , . )
surfaces upon hole formation. Instead, we consider the elas/Pon formation of a hole of radius;, this energy is re-
tic energy of the confined film. The reason for this is that for©@Sed, hence the minus sign in E@).
a typical AFM experiment the elastic constants of tip and !t IS reasonable to assume that the line tendicand the
substrate are much higher than the elasticity of the filmSPreading pressurg are positive. Ifl” was negative, large
Therefore, upon compression more elastic energy is stored /€S should form spontaneously. For negat/ethe film
the film than in the confining solids. would probably not adsorb to the substrate. Applying a force

To calculate the elastic energy of the film we use the'€duces the energy. Once the force exceedsrRS the
elastic foundation model. In the elastic foundation or “mat-€nergyu(rn) shows a maximum at a certain critical radius
tress” theory, the film is modeled by many springs that dofc (Fig. 4),
not interact, i.e., shear between adjacent springs is ignored
(Fig. 3 [34]. The effective spring constant per unit area is - 2mRI
E/h, with Youngs modulug&. One may argue that a mattress €T F-2#RS
model is not adequate to describe a fluid film because in the
film the molecules might tilt or can move laterally. Experi- The maximal energy, which is the activation energy, is given
ments, however, clearly indicate that before rupture occurby
the response of the film is elastic. We cannot discriminate if
the molecules tilt or are really compressed. This, however, is 2w 2R
not relevant as long as the process is elastic. Also, a slight AU=U(r¢)= F_27RS
thinning of the film cannot be excludédhich in the model

corresponds to a reduction of springs per unit ardgain,  This maximal energy decreases with increasing force. Holes
this would only lead to a small correction, which we ignore with larger radius tham are likely to have an increase in
in this study. For these reasons, Youngs modulus should bgize, a film rupture, and a tip breakthrough.
interpreted as an effective value.

In the elastic foundation model the indentatiénat a
given radial positiorr is given by

C)

smaller than the contact ares,{€a), this elastic energy is

11

(12

B. Results and discussion

With respect to a comparison with experimental results,
the distribution of yield forces is determined. Therefore, we
) start by calculatind?(F) with Eq. (4), Fs=27RS and by

=00~ inserting expressiofil2) for AU,

2R
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A E 27TZF2R , 0.104 a
ne(F)- i [l - Fmgg o a3
§ 0.06-
The distribution of yield forces is given bjdP/dF|. The T 004
integral does not lead to a simple analytical expression and 0.0
we solved it numerically.
What are reasonable values for the parameters to be in- 0'000
serted? The “macroscopic” parameters determined by the Force [nN]
experimental setup arl, », and R. Spring constants are
typically in the range of 0.5—-0.05 N/m; we use an average 1
value ofK=0.1 N/m. Loading rates are limited by a possible 020 b Z 10
drift [39] (lower limit) and by hydrodynamic effects of the e 6
cantilever[40] (upper limit. Practically, a range betweean i, 0157 ;
=10 nm/s and 10Qum/s is accessible. The radius of curva- S ool 100 1010
ture of the tip is typically 1080 nm depending on the fab- T
rication process. We use a value RE 40 nm. Reasonable 0.051
microscopic parameterd’, S and A) are more difficult to
estimate. Line tensions for solid-liquid-vapor systems were °~°°3
calculated and experimentally verified to be in the range of
1072 and 10N [41,47. Values between 10" and 20 ¢
10 1% N are obtained when estimatidgfrom the product of z
the film-liquid (or film-gasg interfacial energy and the thick- § 151
ness of the film. Here, we use a valuelof 10 ! N. Inter- E 1o
facial energies {1, , y1e, ¥sL, ¥sp) are typically in the range g 7] SS001SN/m
of 0.01 to 0.1 N/m. SinceS is the difference between two = s l——s0010N
pairs we estimate it to be of the order of 0.01 N/m. The gs ——""5:0;05 N/m
frequency factorA is a free parameter. An upper limit is 0

probably given by the resonance frequency of the cantilever oor ol - 1 10 100
Loading rate [pny/s]

of typically 10" Hz. The frequency factoA cannot be sig-

nificantly higher than the resonance frequency because even g, 5. (3) Probability of a rupturéd P/dF| as derived with the

if holes form with a higher frequency, the tip would not be nycleation model Eq.13) using A=10* Hz, K=0.1 N/m, v

able to use them for a breakthrough. =1 um/s, T=10"N, andR=40 nm for different values of the
For an easier comparison with experimental results, Figspreading pressur@ (b) Probability of rupture for different values

5(a) shows the yield probabilityd P/dF| instead ofP(F). of the frequency factoA with S=0.01 N/m. The inset shows how

As parameters we chosé=10 kHz andv=1 um/s. The the mean yield forcé& decreases_with increasing frquency factor

rupture probabilities are of the same order as those observéti () Dependence of the mean yield forg on the loading rate

experimentally and the same typical narrow peak is obtained®" A= 10* Hz and different values fof

With increasing spreading pressu& the yield force in- , ) ) o ,

creases linearly while the shape of the probability distribu-Stant, for high loading raté, increases. With increasing

tion remains the same. When varying the frequency fa&tor s_preadmg pressure the curves are shifted to higher mean

and keepings=0.01 N/m fixed[Fig. 5(b)], the shape of the Yield forces.

probability distribution changes: With decreasiaghe width

of the peak increases. In addition, the mean yield force is IV. MOLECULAR MODEL
reduced with increasing [inset of Fig. §b)]. tion of th |
One could use the width of the peak jdP/dF| as a A. Description of the mode

guantity to test the theory. Experimentally this is, however, The approach is related to the model developed by Galla
not so simple because different sources of error in the experet al.[43], which refers to an earlier idea of Cohen and Turn-
ment might lead to an increase of the width. Unless noise idall [44]. In the molecular model each molecule in the film
negligible in the experiment the only condition is that thehas certain binding sites that are energetically favorable po-
width of the theoretical peak should be smaller than or equaditions. These binding sites might be formed by the substrate
to the experimental peak. Thus, the width of the peak ir by the surrounding molecules. To jump from the initial
practically often not a useful criterion to verify a theory. A position into an adjacent free position a potential energy bar-
more useful test is a comparison of the gr&pjvs v. Using  rier has to be overcom@-ig. 6). In the absence of the tip,
Eq. (5) we can calculate how the mean yield foreg de-  adjacent binding sites are energetically equivalent. When the
pends on the loading rate[Fig. 5(c)]. The results show a tip is pressed onto the film a pressure gradient is applied,
monotonic increase. For low loading rat€s,is almost con-  which increases the energy of the molecules. The pressure is
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layers it isV=3n\?h, etc). Taking this into account, the
initial activation energy(without an applied forceAUg is
reduced by the force according to

VN [2 3/2 EF3 1/4
“als] |

(16)

The factora is a geometrical factor. It takes into account that
the reduction of the activation energy might be lower than
the change in energy between adjacent sites. For a symmetri-
cal barrier it should bex=0.5, provided that the contact
radius is much larger than the distance between adjacent
?inding sites (practically for R>N\). Inserting expression
16) into Eq. (4) leads to

FIG. 6. Schematic representation of the energy vs radial distanc
of a molecule in the film witi{continuous ling and without(dashed

line) a pressure gradient due to the tip pressure. Such an energy K E Fr\34
profile was used for the molecular model. INnP(F)=— 0 exg | — dE’ (17)
KV 0 FM '
maximal in the center of the tip and it decreases with increas- B
ing radial distancer until it becomes zero at the contact With @ rateko=A exp(~AU,/ksT) and
periphery atr =a. At the same time, this pressure gradient 413 1/3
o ) L ; 97 (kgThR hR
lowers the activation barrier. This idea—a lowering of the M= —|——— — (18)
activation energy by changing the energy level of the initial 4 | aVi E

or final state—is already applied to analyze such divers ph
nomena like an electric current in a Josephson tunnel jun
tion [45] or ion currents through biological membrand$).
What is the “compression” energy of a molecule? The
surface area occupied by one molecule in the film=is?
with \ as the lateral distance between adjacent molecules. In
the elastic foundation model each segment of the film of area
\? acts like a spring with a spring constaxtE/h. If this What is a reasonable range for the parameig? Effec-
segment is compressed by an indentatighe elastic energy tive Youngs moduli for lipid layers range from 2 MPa-10
increases ta ’E 5%/2h. Thus, the additional energy of a mol- GPa as determined from electroporation experim¢atg

“he lower integration limit was set to zer& {=0) because
She energies of adjacent binding sites are equivalent before
the tip exerts a force. Integration of Ed.7) does not lead to
a simple algebraic expression and was done numerically.

B. Results and discussion

ecule due to the pressure of the tip is and by acoustic Brillouin scattering of Langmuir-Blodgett
) )02 multilayers[47], respectively. For individual layers of alco-
BN T hols, effective Youngs moduli are betweer! 200 Pa[48].
u= o (14 o . .
2h 2R An upper limit of Fy, can be estimated by assuming that the

. . activation volume is only a single molecule of volurive
Molecules are most likely to jumfand form a holewhere  _p)\2 Then, withh=4 nm, \=0.5 nm (resulting in V
the difference in energy between adjacent binding sites is-1 nnd) ¢=0.5, andE=2 MPa, the upper limit isF,,
maximal. In that case the energy release is the highest. Thisy 1 ,N. For the lower limit we insert a hundred times

is at the maximum of the energy gradiedu/dr at r larger volume,h=1 nm, andE=10 GPa and obtaifF,,
=\26,R/3. Differentiating Eq(14) and inserting Eq(9) we <50 pN.

get a maximal energy gradient for a molecule to be A series of results for the yield probabilitgl P/dF| is
du N2 (2|32 EE3 |\ V4 shown in Fig. 7a). The parameters WerIQ,=O_.1 Hz andv
| === (3_) (15) =1 um/s. In agreement with typical experimental results
dr| .. R\3/ |7°hR (see Fig. 1, the model predicts a distribution of yield forces

centered in a peak. Increasifg, leads to an increase in the
To obtain the effective activation energy we take the energx,iekj force. Changing the ratq) also Changes the probabi“ty
gain of a molecule jumping from= y25,R/3 to an adjacent of a yield: An increase ik, decreases the mean yield force,
site atr =25,R/3+\ asAu=\du/dr| . a decrease leads to a higher yield fofEey. 7(b)].

In general, for the formation of a hole large enough to The second criterion to verify a model is the dependence
initiate tip breakthrough, a certain critical number of mol- of the yield force on the loading rate. Inserting E46) into
eculesn is required. Once these molecules have left the conEg. (5), we get
tact area the force applied by the tip is distributed among
fewer molecules. This increases the pressure gradient and ko Fo P\
thus the chance of the remaining molecules to jump to larger Y= 0.69K fo ex F_T
r and also escape from under the tip. The “activation vol-
ume” of thesen molecules isV=n\?h, assuming the film is The result is plotted as a graph B§ vs v in Fig. 7(c). Fy is
a monolayer(for a double layer it isv=2n\2h, for three  roughly proportional to I, which agrees with experimental

dF. (19
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FIG. 7. (a) Probability of a ruptur¢d P/dF| as derived with the FIG. 8. (a) Probability of a rupturéd P/dF| as derived with the

molecular model Eq.(17) using ko=0.1 Hz, v=1 um/s, K gimple molecular model E¢21) usingk,=0.1 Hz, K=0.1 N/m,
=0.1 N/m,R=40 nm for different values df . (b) Probability of ;-1 ,m/s, andR=40 nm for different values of the thermal force
rupture for different values of the rate, keepingFy=0.2nN £ () Probability of a rupture for different values of the ratgat

fixed. The inset shows how the mean yield foFeedepends on the  fixed F=0.5 nN. All other parameters were as before. The inset

ratek, for v=1 um/s. (c) Dependence of the mean yield force on gpgws how the mean yield forde, depends on the rate, for v
the loading rate calculated with E(L9) for different combinations =1 umis. (c) Dependence of the mean yield force of the loading
of kg andFy . rate calculated with Eq23) for three different combinations d,

andF+.
results on lipid bilayerg21]. IncreasingF,, leads to a !

steeper increase of the, vs v curve. Decreasingf, shifts is released when the molecule leaves the gap between tip and
the curve to higher forces almost parallel to the originalsample. Introducing the activation volume as before and us-

curve. ing Eq. (9), we obtain the activation energy
V. SIMPLIFIED MOLECULAR MODEL AU=AU,— aVF (20)
0 27hR

A. Description of the model

The advantage of the molecular model is that it seems t&1Serting this into Eq(4) and integration leads to

describe the experimental results obtained on films ad- =

equately and that it relates microscopic parameters to mea- InP=-— £(eF’FT—l), (21)
surable quantities. The disadvantage is that the results are Kv

mathematically awkward because of the integral,,; _ -

Jexpt¥dx. It would help to have a simple approximation with ko=A exp(-AUo/ksT) and

that still contains the main features and dependencies but 27hRIgT

leads to analytical solutions. Therefore, we consider the elas- Fr= v (22)
tic energy of a molecule in the center of the contact area,

which is compressed b§,. This energy islg= E)\25§/2h. It Please note thd, does not depend on Youngs modukis
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B. Results and discussion Results obtained with the simplified molecular model are

As a result, the yield probabilities vs force for different formally similar to results reported earli_er with a_flat stamp
values of the raté, are shown in Figs. @ and &b). The model[21]. In the flat stamp model the tip shape is approxi-
same dependencies as calculated with the full moleculdi@t€d by a planar surface of aréas. This leads to a con-
model are obtained: The mean yield force increases witl$t@nt pressur@=F/Ags. Using this model, a probability
increasingF; and decreasing, [inset of Fig. 8b)]. When distribution equal to the_ one given in E@Zl) is obtained.
choosingFr~1.1F,, , the curves would be almost identical. ONlY the thermal force i&r=AekgT/aV in the flat stamp

The dependence of the mean yield force on the Ioadingﬁ“c’del instead of Eq22). If both models are applied to the
rate can be calculated with E¢p) Same experimental results, slightly different valueg/@fare

obtained.

0.693K
) (23

FOZFTIH(W'}_]-

VI. CONCLUSION
The mean yield force is proportional to in
What is the significance df; and what is a reasonable
range? Therefore, we consider an activation volume und
the tip of V=n\2h. The energy required to compressnol-
ecules by a distancé, is nEA?8%/2h. If we set this energy
equal to the thermal enerdgT, we obtain

Assuming that the rupture of molecular films induced by
QN AFM tip is an activated process, we find a universal rela-
tion (6) between the loading rate and the force dependence of
the activation energy. To calculate the activation energy we
suggest two complementary models: A continuum nucleation
theory and a discrete molecular model. In the continuum

nE)\Zég thgzory the Iir}e tgnsioiﬁ and the spreading pressusaleter- '

kgT= T (29 mine the activation energy. In the molecular theory, the acti-

vation volumeV is the relevant microscopic parameter. The

full molecular model leads to complicated mathematical ex-
pressions. Therefore, a simplified molecular model is pro-

iame compressior_l. 'T‘SG”"‘% of Eq. (Zi) leads toF posed. We demonstrate that the simplified model is a good
=27hRIgT/V, which is equal toFy for a=1. A thermal 5,5 6vimation of the full molecular model.
energy would lead to the same compression of the activation

volume than the forc& ;. For this reason we used the index
“T" for “thermal force.” With h=4 nm, «=0.5, andV

According to Eq/(9) a forceF = wER&3/h would lead to the

=1 nn?, an upper limit of the thermal force is 8 nN. The ACKNOWLEDGMENT
lower limit is estimated withh=1 nm andv =100 nn? to be We thank the Deutsche Forschungsgemeinschaft for fi-
F+~20 pN. nancial suppor{Grants Nos. Bu 701/14 and Bu 701)19
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