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Abstract

®

CrossMark

A variety of atomic force microscopy (AFM) modes is employed in the field of surface
science. The most prominent AFM modes include the amplitude modulation (AM) and the
frequency modulation (FM) mode. Over the years, different ways for analyzing data acquired
with different AFM modes have been developed, where each analysis is usually based on
mode-specific assumptions and approximations. Checking the validity of the seemingly
different approximations employed in the various analysis methods can be a tedious task.
Moreover, a straightforward comparison of data analyzed with different methods can,
therefore, be challenging. Here, we combine the existing evaluation methods which have
been separately developed for the different AFM modes and present a unifying set of three
equations. These three AFM equations allow for a straightforward analysis of AFM data within
the harmonic approximation, regardless of the AFM mode. The three AFM equations provide
the three and only pieces of information about the tip-sample force available within the
harmonic approximation. We demonstrate the generality of our approach by quantitatively
analyzing three-dimensional AFM data obtained in both the AM and FM mode.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Three decades have passed since atomic force microscopy
(AFM) has been invented [1]. During this time a number
of experimental strategies for obtaining AFM data have
been developed, namely static AFM as well as the dynamic
AFM modes using ‘amplitude modulation’ [2] (AM), ‘phase
modulation’ [3] (PM) and ‘frequency modulation’ [4] (FM).
Numerous theoretical studies have been devoted to a quantita-
tive understanding of the recorded AFM data in the respective
modes. Each of these studies focuses on a specific operation
mode, giving the impression that different approximations and
specific theoretical treatment of AFM data is required for each
AFM mode and different pieces of information about the tip-
sample interaction are available in the different modes.
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Here, based on existing theories that have been discussed
in the view of specific modes only, we establish a compre-
hensive and generalized set of three equations that unifies
the quantitative analysis of AFM data for the various AFM
modes. We employ one approximation only, namely the
harmonic approximation, which is equivalent to the per-
turbation approach by Giessibl [5, 6] and Diirig [7-10],
the ‘Krylov—Bogoliubov averaging method’ by Sasaki and
Tsukada et al [11-14], the Fourier expansion up to the
first harmonic by Holscher et al [15-17] and Ebeling and
Holscher [18] as well as the ‘method of slowly varying
parameters’ [19] and others [20].

With AFM, the force between tip and sample is investi-
gated. Observing the movement of the AFM tip allows to
determine the tip-sample force. Within the harmonic approx-
imation, the movement of the tip is approximated using three
observables: the static deflection, the amplitude and the phase
shift for a given excitation force amplitude and excitation fre-
quency. Consequently, three pieces of information about the
tip-sample force can be obtained, namely the average even

© 2017 IOP Publishing Ltd  Printed in the UK
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Figure 1. A tip-sample force Fs and its components Feyen and Foqq plotted as functions of the tip-sample distance and the tip velocity. Red

curves indicate the static AFM case Zi = O.

contribution to the tip-sample force, the average tip-sample
force gradient and the average tip-sample damping constant.
Here, we provide the three AFM equations which allow to
obtain these three pieces of information. They are valid for
analyzing AFM data irrespective of the specific AFM mode.

In the next section, we will derive the three AFM equa-
tions: first, we will split the tip-sample force into an even
and an odd part. Second, we will introduce the path of the
tip in the harmonic approximation. Third, we will analyze the
average force acting on the tip, as well as the average kinetic
energy and power. Finally, the three AFM equations will be
obtained. They connect the quantities measured in AFM with
the three and only pieces of information about the tip-sample
force available in AFM within the harmonic approximation.
We will discuss the physical meaning of the three obtained
results in section 3. To demonstrate the applicability of the
AFM equations, we have conducted three-dimensional (3D)
AFM measurements above calcite (10.4) in pure water using
both the AM and the FM mode. In section 4, we present the
results of the quantitative analysis of both data sets.

2. Derivation of the three AFM equations

In atomic force microscopy, a sample is probed with a tip.
The obtained AFM data provide a depiction of the sample
based on the force acting on the tip caused by the sample, i.e.
the tip-sample force F. In general, the tip-sample force has a
component normal to the surface and components in the lat-
eral directions. In this paper, we will only discuss the normal
component of the tip-sample force F and the resulting effect
on the tip.

It appears plausible that the tip-sample force may in general
depend on the tip-sample displacement s = (xis, Y, Zts) and
on the tip velocity Ty If the lateral tip displacement is constant
(xs = const. and y,, = const.), it is interesting to study the
normal component of the tip-sample force F as function of
both the tip-sample distance z; and the normal component of
tip velocity Zi. A typical tip-sample force Fig(zis, Zs) 1S drawn
in figure 1(a). At zero velocity, i.e. in static AFM, a force-
distance curve is obtained as indicated by the solid red line.
This curve shows two prominent features which are typically
observed: at large tip-sample distance, the tip-sample force
approaches zero while the force increases sharply at small

distance. In dynamic AFM, the tip velocity is not zero at all
times and, therefore, both the distance and velocity depend-
ence of the tip-sample force is probed by the tip. A frictional
force decelerates the tip. Accordingly, friction decreases the
tip-sample force when the tip-sample distance is increasing,
i.e. at positive tip velocity and vice versa.

It is always possible to split the tip-sample force into two
terms Foven and Fogq: [10, 17, 21]

Fis(zis, Zis) = Feven(Zts, Zis) + Fodd(Ziss Zis)- @))

The term Feyen describes the contribution to the tip-sample
force that is even with respect to the tip velocity

Feven(Ziss Zus) = Feven(Zus» —Zis) 2)

and the term F,qq describes the contribution to the tip-sample
force that is odd with respect to the tip velocity

7F(’)dd(ZtS’ *Zts)- (3)

It is necessary to consider the even and odd components sepa-
rately, since AFM can only extract these components of the
tip-sample force [10, 17, 21], as already claimed in the intro-
duction. We will later see that this is correct when we discuss
the three AFM equations.

The even and odd contributions to the tip-sample force
shown in figure 1(a) are depicted in figure 1(b) and (c), respec-
tively. Since Fy, Feven and Foqq can depend on the tip velocity,
none of these quantities is in general a unique function of
the tip-sample distance: At a given tip-sample distance, Fi,
FE.ven and Foqq can have different values depending on the tip
velocity, as can be seen in figure 1.

For conducting an AFM experiment, the tip is mounted
on the free end of a mechanical resonator which can be, e.g.
a cantilever, a tuning fork or a length-extension sensor. This
resonator is treated as a harmonic oscillator (see appendix B
for the mathematical treatment), characterized by three prop-
erties: effective mass m, spring constant k and damping con-
stant 7. Alternatively, the resonator can be characterized by

Fodd(zts’ Zts) =

its spring constant k, eigenfrequency 1, = (27)~'Wk/m and
quality factor [22] Q = vkm/v. The other end of the reso-
nator is fixed and the position of this fixed end with respect
to the sample can be adjusted by a positioning system. Lateral
positioning allows for obtaining AFM images and normal
positioning allows for distance-dependent measurements.
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The tip-sample distance is derived from measuring the deflec-
tion g of the free end of the resonator (see appendix A).

In a dynamic AFM experiment, the mechanical resonator
is externally excited, e.g. by using a shake piezo or an exci-
tation laser with an external excitation force according to
Foxe = Focos(2muexct). The two excitation parameters exci-
tation force amplitude Fy and excitation frequency vey. are
free to be picked by the experimentalist. Feedback loops can
be optionally employed to adjust the excitation parameters
during the experiment.

As a consequence of the excitation, the tip is moving.
Observing the movement of the tip allows to determine
the tip-sample force (see appendix C). Typically, how-
ever, the deflection g and the tip-sample distance z; are
approximated by

q = g+ AcosQmiext + ¢)
Zts = Zc —+ A COS(Zﬂ'l/exct —+ QD) (4)

In this case, the three observables static deflection g, ampl-
itude A and phase shift ¢ are sufficient to describe the tip
movement. Equation (4) is the harmonic approximation—the
only approximation needed to derive the AFM equations. Its
validity can be checked at any time during the experiment by
analyzing the deflection, e.g. with an oscilloscope or a spec-
trum analyzer. The harmonic approximation (equation (4))
implies that the resonator is in steady state, i.e. F, Vexe, g5, A,
o and the center position z. are constant and the tip velocity
is Zis = ¢.

Several modes of conducting AFM experiments have been
established. They differ in the number of employed feedback
loops and their respective tasks. Figure 2 provides an over-
view starting in (a) with a static AFM experiment, in which
no external excitation is applied and only the static deflec-
tion is observed. In dynamic AFM experiments both excita-
tion parameters can be chosen to be constant (figure 2(b)).
Alternatively, a feedback loop can be used to keep the ampl-
itude constant by adjusting the excitation force amplitude
(figure 2(c) and (e)). Another feedback loop can be used to
keep the phase shift constant (usually at —7/2) by adjusting
the excitation frequency (figure 2(d) and (e)). In all cases,
another additional feedback loop can be employed to adjust
the normal position of the fixed end of the resonator in order
to keep one of the varying quantities at a predefined value. In
all dynamic AFM experiments, the two excitation parameters
Fy and v as well as the three observables g5, A and ¢ are
necessary for a quantitative analysis. The three observables
allow to extract in total three pieces of information about
the tip-sample force. The connection between these three
aspects of the tip-sample force and the three observables are
stated in the three AFM equations as will be introduced in the
following.

As a physically insightful way to derive the three AFM
equations, we analyze the time-averaged force acting on the
tip (F), as well as the average kinetic energy (7T'), of the reso-
nator and the average power (P),. The force F = m{ acting
on the tip consists of four contributions: (1) the tip-sample

Excitation parameter Observables

Vexc Fo qs A @
0 0 0 0 - 0
a) «>
b) “AM” o . <« <> «—>
c) . <« <« . >
d) <« . <« > .
e) “FM” <> <> <«> . .

Figure 2. Overview of the static AFM mode (a) and the dynamic
AFM modes (b)—(e). Points mark excitation parameters (F, Vexc)
and observables (gs, A, () that are held constant, double arrows
indicate quantities that can change. The mode in (b) is usually
referred to as amplitude-modulation AFM (AM-AFM) while

(e) is known as frequency-modulation AFM (FM-AFM).

force, (2) the external excitation force, (3) the restoring
force —kg caused by the mechanical support keeping one end
of the resonator in a fixed position and (4) the decelerating
force —v¢ caused by both internal friction in the moving reso-
nator and friction of the resonator and tip moving through the
surrounding medium:

F =m§ = F(2s, Zs) + Fo cosQmiexct) — kg — g. 5)

The time average of the force acting on the tip is

= m(y, 2o ©)

when the deflection is given by equation (4), as is indicated
by the number above the equal sign. Inserting the tip-sample
force (equation (1)) and the deflection (equation (4)) into
equation (5) and averaging over time yields

<F>z = <Feven(zt57 Zts)), - kqs (7)

since (Foqa(zis, Zis)), = 0. Combining the two equations (6) and
(7) yields

<Féven(Zts, Zts)); = qu (8)

Knowing the spring constant of the resonator and measuring
the static deflection allows to obtain the time average of the
even contribution to the tip-sample force [23]. The time-
averaged kinetic energy of the resonator is given by:

<T>l = %<Zt28>t (i) %(2771/6)(6)2142' ©))

Another way to calculate the time-average of the kinetic
energy is given by the virial theorem (VT):

<T>t (V:T) _1<F ZtS>z (i) _1<F (zis — Zc))t
2 2
5 1 2

. KA kA
_§<F;:ven(le, Zts) . (Z[s - Zc)>[ - OT COSs ¢ + T

(10)
From equations (9) and (10) it follows that:
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<Féven(zls, Zts) : (Zts - ZC)>[

kA2 m K
= T — E(Zﬂ'yexc)zAz — % COoS . (11)

The time-averaged power [24-26] is:

Py, = (F-29, P o (12)

when the deflection is given by equation (4). Using
equation (5), the tip-sample force (equation (1)) and averaging
over time yields

<P>t = <F . Zts); (i) <E)dd(ZtSs Zis) - Zts>;

F . g 242
_ ?(27TVEXC)A s @—E(Zﬂ'Vexc) A”. (13)

Inserting equation (12) in equation (13) results in

<E)dd(ZtSa Zts) - Zts>t = %(ZWVG:XC)A sin ¢ + %(277Vexc)2A2-
(14)

The time-averaged force (equation (6)) and power
(equation (12)) are both zero, which is in agreement with
equation (4) describing the steady state. Only the even part
of the tip-sample force contributes to the average kinetic
energy (equation (10)), while only the odd part contributes
to the average power (equation (13)) [10, 17, 21]. It will be
discussed in section 3 that conservative tip-sample forces
contribute to the even part, but non-conservative forces
can, in general, contribute to both the even and the odd
part.

In static AFM, a single piece of information about F is
gained from the measured static deflection according to the
special case of equation (8): Feyen(Zis = Zc» Zis = 0) = kq,.
Since the velocity of the tip is zero, nothing can be learned
about F,qq with static AFM.

In dynamic AFM the tip oscillates. In this case, the static
deflection allows to asses the time-average of the even part
of the tip-sample force according to equation (8). Moreover,
dynamic AFM provides two more pieces of information about
F, namely the distance dependence of F., and the velocity
dependence of Fyqq. To see that, we rearrange equations (11)
and (14) in two steps. In the first step, the derivative of Feyep 1S
introduced as the tip-sample force gradient

OFyven (Zts» Zts)
8Zts

and Fyqq is rewritten as the product of an even and an odd
function [10, 19]

ks(Zis, Zts) = (15)

Fodd(2ts, Zts) = —(Ztss Zis) * Zase (16)

The obvious choice for the odd function is the tip velocity,
the even function 7,((zis, Zs) 1S introduced as the tip-sample
damping constant [17, 21]. In the second step, the time-
averages in equation (8), (11) and (14) are expressed as
weighted averages over the tip-sample distance (see appendix
D for details):

(Feven(zts» Zts)>; = (Feven(zsss Zts))u a7
2
F(Ezven(zt& Zis) - (2 — Zc))z = <kls(ZtSs Zts)>m (18)
2
_mu%dd(zts, Zts) + Zis)y = (Mis(@tss Zes) )y (19)

Here, we use the weighted averages ‘cup’ (U) and ‘cap’ (N)
according to
1
T A2 _ ZZ
(20)

A
(o= [ defCetaw. wie =

A
D= [ st am@, W@ = 5V =2
21)

with the positive and normalized weight functions wy
and wn which average in the tip-sample distance interval
[zc — A, z. + A] around the center position of the tip z. (see
figure D1 in appendix D).

Finally, the three AFM equations are obtained from com-
bining equations (8), (11) and (14) with equations (17)—(19)

<Féven(ZlS7 Zts))u = kqs (22)

(S

. Vexc : I
(kis(ztss Zs))y = k[l — ( ) ] vy cos (23)

__k R
21,0 2Ty A

(Vs(2tss le»ﬁ = sin ¢ (24)
using the eigenfrequency 1, and the quality factor Q of the
resonator. These are the three AFM equations, which allow
to obtain the three pieces of information about the tip-sample
force that are available within the harmonic approximation.
The right-hand sides of the three AFM equations (22)—(24) are
fully determined by the resonator properties k, v, and Q, the
excitation parameters Fy and .., and the observables g5, A and
. The three obtained quantities on the left-hand side are the
average even part of the tip-sample force (Feyen) , the average
tip-sample force gradient (ki) and the average tip-sample
damping constant (7). Thus, in contrast to static AFM,
where only the even tip-sample force contribution Fge, can be
obtained, dynamic AFM allows to additionally probe the dis-
tance dependence of Fyen using (kis)~ as well as the velocity
dependence of Foyq using (7). The three averages (Feven),»
(ki) and (), are discussed in more detail in section 3.

The major advantage of the three AFM equations is that
they hold true without restrictions to the experimental mode,
as long as the harmonic approximation is valid. They can be
applied, independent on how many feedback loops are used
and irrespective of which of the five quantities discussed in
figure 2 are held constant. Even in the case of poorly adjusted
feedback loops, i.e. when all five quantities are varying to
some extent, both excitation parameters (Fy and v,x.) and all
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Figure 3. In (a) the tip-sample force as introduced in figure 1 is shown. The harmonic approximation (equation (4)) corresponds to a tip
trajectory as indicated by the solid line (red—approach, blue—retract). In dynamic AFM, the tip-sample force is probed by the oscillating
tip along this path. In static AFM, the tip-sample force at z;; = z. and z;s = 0 is measured. The even and odd contribution to F along the
path of the tip are shown in (b) and (c). In (d) and (e), k¢ and ~y,, along the path of the tip are shown. The black horizontal lines in

(b), (d) and (e) indicate the averages that can be obtained with the three AFM equations.

three observables (g5, A and ¢) are always experimentally
accessible. Therefore, in all of these cases, AFM data can be
analyzed quantitatively using the AFM equations, if all three
observables and the excitation parameters are recorded. In the
next section, we will discuss the three pieces of information
that can be obtained with the three AFM equations (22)—(24).

3. The three pieces of information about the tip
sample force

In this section, we discuss the physical meaning of the three
quantities that can be obtained using the three AFM equations:
the average even contribution of the tip sample force, the
average tip-sample force gradient and the average tip-sample
damping constant. Within the harmonic approximation, the
tip probes the tip-sample force along the path described by
equation (4) and indicated by the solid line in figure 3(a). The
red line depicts the path of the approaching tip (negative tip
velocity), the blue line the path of the retracting tip (positive
tip velocity). Within one oscillation cycle, the tip probes the
tip-sample force twice at each tip-sample distance—with a
velocity that differs in its sign, but not in its absolute value.

In figure 3(b), Fyen is plotted as a function of z; for the
approaching (red) and retracting (blue) tip. According to
equation (2), Feyen 18 equal for the approaching and retracting
tip along this path [16]. Consequently, the blue and red curve
overlap. Within the harmonic approximation, Fe, is a unique
function of z, along a given path.

The other contribution to the tip-sample force is F,qq, Which
has an opposite sign for the approaching and retracting tip. This
follows from equation (3) and can be recognized in figure 3(c),
which shows Fyqq as a function of the tip velocity. Even within
the harmonic approximation, Foqq is not a unique function of z.

The tip-sample force gradient ki and the tip-sample
damping constant v, are plotted in figure 3(d) and (e) as func-
tion of the tip-sample distance. Since both functions are even
with respect to the tip velocity, they are unique functions of z
along a given path within the harmonic approximation.

The three AFM equations allow to obtain the average values
of Feyen, kis and v, from the experimentally obtained observa-
bles g5, A and ¢ and the excitation parameters Fy and vq.. The
first AFM equation (22) allows to determine the cup-average
of the even force (Feven) , Which is indicated by the horizontal
black line in figure 3(b). The time-average of the odd force
is always zero as can be seen in figure 3(c). The weighted
average of the tip-sample force gradient (k) is the second
piece of information about the tip-sample force that is avail-
able in dynamic AFM. It is obtained with the second AFM
equation (23) and it is indicated by the horizontal black line in
figure 3(d). The weighted average of the tip-sample damping
constant (7). is the third piece of information about the tip-
sample force that can be obtained from dynamic AFM data.
The quantity is obtained with the third AFM equation (24) and
is shown as a horizontal black line in figure 3(e).

It is straightforward to quantify the tip-sample inter-
action in terms of (Fien) , (ki) and (), using the AFM
equations. Importantly, these three pieces of information about
Fis(zis, Z1s) represent a complete description of the tip-sample
force within the harmonic approximation (see appendix C).
However, the average values might be a poor local descrip-
tion of Feyen, kis and vy, especially when large amplitudes are
used in the experiment, i.e. when the average is performed
over a large tip-sample distance range. In those cases it might
be interesting to deconvolve (Fuyen), » (kis) and (Y, €.2. as
suggested by Diirig [9], Giessibl [27] as well as Sader et al
[28, 29] (see appendix D for a detailed description).

Obviously, it is possible to distinguish between even
and odd contributions to the tip-sample force. Is it also pos-
sible to distinguish between the conservative and the
non-conservative part of the tip-sample force? Any conserva-
tive force is necessarily independent of the tip velocity and,
therefore, contributes solely to Feyen. Any odd force has to
be velocity-dependent and is, therefore, not conservative. In
general, however, the even contribution is not necessarily purely
conservative and the odd contribution does not necessarily con-
tain all non-conservative contributions [21]. A simple example
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Figure 4. The three pieces of information about the tip-sample
force, obtained with the three AFM equations (22)—(24). The 3D
AFM data was obtained using the AM ((a), (c) and (e)) and the
FM ((b), (d) and (f)) mode, respectively. The first row shows the
average even force (Feven)u, the second row shows the average tip-
sample force gradient (k) and the third row shows the average
tip-sample damping constant (Vg Each frame is plotted in a way

that the vertical axis corresponds to the center position of the tip
oscillation z. and the horizontal axis corresponds to a lateral tip-
sample displacement along the [481] direction on the calcite (10.4)
surface. The color scales apply to both data within a row.

is a force contribution that we used in our plots of F in figure 1
and 3: a force contribution that is proportional to (Z)? is not
conservative, yet it contributes only to Feyen and not to Foqq.

How can the experimentalist find out whether Fe, is
purely conservative? To answer this important question, it is
certainly not enough to measure only the normal component
of the tip-sample force. One feasible strategy might be to first
exclude that F., depends on the tip velocity. This can be
done, for example by comparing the even force measured with
static and dynamic AFM [30]. If F.y., is independent of Z it
is possible that it is purely conservative. Second, the lateral
components of the tip-sample force need to be calculated from
analyzing the lateral movement of the tip. Only if the even part
of the resulting tip-sample force field Fi(ris) can be written
as the negative gradient of a potential energy, the measured
even force is purely conservative. In all other cases, it is dan-
gerous to interpret the even part of F as purely conservative,
as pointed out in detail by Sader et al [21].

In the next section, we will demonstrate the applicability
of the three AFM equations (22)—(24) by quantitatively
analyzing AM-AFM and FM-AFM data.

4. Experimental demonstration

For demonstrating the applicability of the three AFM equa-
tions, we performed 3D AFM measurements at the calcite
(10.4)-water interface [31-35]. We employed a setup [36-38]
that allows to switch between the AM and FM mode (see
figure 2) during the experiment to minimize changes at the tip
and the sample (see appendix F for experimental details). In
both modes, we simultaneously recorded all five channels of
data: the two excitation parameters Fj and v, as well as the
three observables g5, A and . Using the three AFM equations,
we computed the three quantities available from dynamic
AFM data: the averaged even contribution to the tip-sample
force (Fiven)» the averaged tip-sample force gradient (ki)
and the averaged tip-sample damping constant (7).

Figure 4 shows these three pieces of information about the
tip-sample force in a vertical slice through the 3D volume along
the [481] direction. The left and right column of figure 4 show
the result of the quantitative analysis of AFM data obtained
in AM- and FM-AFM measurements, respectively. Both sets
of slices show the same features. For an interpretation of the
observed patterns we refer the reader to [34] and [35]. The meas-
ured values for even force, force gradient and damping constant
obtained from the AM and FM data sets are very similar. Of
course they are not exactly the same, since the paths along which
the averaging was done (equation (4)) were not exactly the same,
as discussed in the previous sections. In appendix D we describe
which further assumptions are necessary to deconvolve the aver-
ages using the approach by Sader et al [28, 29]. The description
of their deconvolution method as well as the deconvolution of
the data shown in figure 4(c) and (d) can be found in appendix D.

5. Conclusion

In this article we derived three AFM equations that can be
universally applied to analyze AFM data. These three equa-
tions fully describe the tip-sample force regardless of the spe-
cific measurement mode (e.g. AM or FM-AFM) and even at
poor feedback-loop performance—as long as the harmonic
approximation is valid. As a result, raw data from any dynamic
AFM experiment can always be related to three pieces of infor-
mation about the tip-sample force: the average even force, the
average tip-sample force gradient and the average tip-sample
damping constant. We demonstrate the generality of the three
AFM equations by analyzing 3D AFM data measured at the
calcite (10.4)-water interface with AM- and FM-AFM.
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Appendix A. Tip-sample distance and coordinate
system

In general, the tip-sample force has a component normal to
the surface and components in the lateral directions. As a
consequence, the deflection of the resonator is affected in
normal and lateral directions by the tip-sample force. We
employ a coordinate system where the z-direction is ori-
ented normal to the sample surface, pointing away from the
sample. In this paper, we discuss only the normal component
of the force acting on the tip and the resulting normal comp-
onent of the deflection. The three-dimensional case reduces
to a one-dimensional case with the normal components of
the tip-sample force Fis = Fi- e, the deflection ¢ =q- e,
and the tip-sample distance zx = ry5 - €,, where e is the unit
vector in z.

It is desirable to obtain F as a function of tip-sample dis-
tance zi;. However, the tip-sample distance is experimentally
not accessible. Instead, the deflection ¢ is detected, and the
relative displacement of the fixed end of the resonator with
respect to the sample r, = (xp, yp,zp) can be adjusted with a
positioning system, usually consisting of piezo elements.
Obtaining the absolute tip-sample distance zs requires to
know the distance z, between tip and sample when resonator
and positioning system are in their respective rest positions
(¢ = 0 and z, = 0). The tip-sample distance is then given as
Zts = Zo + Zp + g and the center position of the tip is given as
Zc =20t Zpt+ gy

Appendix B. Transfer function of the harmonic
oscillator

The aim of this section is to relate the resonator’s deflection ¢
to any excitation force. Any external excitation Fey. employed
to drive the resonator and any tip-sample force Fi(Zis, Zts)
excite the resonator and are, therefore, considered as excita-
tion force. Applying the Fourier transform (F) to equation (5)
and using

Flql = Qmvi) Flq] (B.1)

Flg] = @mvi)* Flq] (B.2)

leads to a linear relationship between the spectrum of the
deflection F[¢g] and the spectrum of the excitation force

-7'_[6]] = Gpo(v) - f[Es(Zts’ Zts) + Fexcl (B3)
with the transfer function of the harmonic oscillator
1
Go(v) = (B.4)

k— Qmv)’m + 2mviy

B 1/k
= |Gho(¥)|exp(i ¢po (1)) (B.6)

The magnitude |Gpo(v)| of the transfer function relates the
magnitude of a spectral component of the excitation force
with the magnitude of a spectral component of the deflection.
Therefore, the function

1/k

14 2 2 v 2
\/(1 -(2) ) +(22)
is called gain function. The argument ¢, (v) of the transfer
function of the harmonic oscillator relates the argument of a
spectral component of the excitation force with the argument
of a spectral component of the deflection. Therefore, the func-
tion ¢y, (v) is called phase shift function. As the imaginary part
of Go(v) is equal to or less than zero, the phase shift function
has values in the range of —7 < ¢, ,(¥) <0. The inversion of

‘Gho(l/)|:
B.7)

2
tan g, () = —— /(1 (1) ] (B.8)
Ove e
is therefore given by
( 14 14 2
arctan| — /(1—(—)] osv<u,
Qre Ve
OhoV) =3 —7/2 V=1,

14 14 2
—T+ arctan{— /(1 — (—) ]] U> 1,
Ore Ve
(B.9)
or, alternatively, by using the atan2 function, which takes the
imaginary and real part of Gpo(v) as two separate arguments:

2
Opo(V) = atanz[QL, 1— (1) ] (B.10)

Ve Ve

Since Gpo(v =0) = 1/k, any static excitation force Fj
leads to a static deflection g, = F/k. For Fiy, = 0 and Fy. =
Fycos(27rix t), the deflection of the resonator is derived using
equation (B.3) as

q = A cosQmexct + ©) (B.11)
with A :‘Gho(l/exc)| - Fy (B.12)
and ¢ = @ho(l/exc)- (B.13)

Note that |Gpo(v = 1e)| = Q/k = Q |Gpo(v = 0)|.

Appendix C. Fourier series

In the manuscript, we rely on the harmonic approximation
to derive the three AFM equations. In this section, we show
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the connection between the harmonic approximation and the
expansion of the tip-sample force and the deflection as Fourier
series. The tip-sample force Fg can be any function of the tip-
sample distance z and of the tip velocity Z as illustrated in
figure 3(a). The tip is moving and, therefore, senses the tip-
sample force along a certain path through the tip-sample force
landscape. Consequently, Fis becomes a function of time. The
tip-sample force which is sensed by the tip changes the way
the tip is moving. The path and the force which is sensed along
that path are connected according to equation (B.3).

Assuming Fi(¢) and ¢g() are periodic functions in time with
a period of 1/v, they can be expressed using the following
Fourier series:

F(t) = Fé‘?en

+ Z(F gyen COS(2TNViexct + )

+ F® odd SIN2TNVexet + ©)) (C.1)
q(t) = g, + A cosQRrvexct + )
1+ D0 A® oSNt + M), (C.2)

n=2

The Fourier coefficients of K are obtained according to

FO. = (R, = (Fyen), (C.3)

Fltn = 2(FscosQmmniixct + ©)), = 2(Fiven COSQrnlxcl + ©)),
(C.4)
gﬁfd = 2(FssinQmnvexet + ©)), = 2(Foda SInQ2mnviexct + ©)),.

(C.5)
Employing equation (5), the Fourier coefficients describing
the constant force and the first harmonic (n = 1) are

FO, = (Foyen), = ka, (C.6)
2 Vere ¥
Fln = = (Fen (21 — 20)), = kA(l - ( exc) ] — Fycos ¢
A "
(C.7)
2(Foad - Zis) v, .
Fly = 220 20 Al 222 | Fysing. Cs8
U oA o) Y €9
The higher harmonics (n > 1) are described by
Nexe |
Fly = kA™ (1 — (ﬁ) ]cos(so — ™)
Ve
+ (ﬂ) sin( — ™) (C.9)
Qv

2
n n Ny, . "
FU) = kA >[[1 - (—e C) ]sm(w — ™)
Ve
nVCXC
— | =25 [cos(p — ™) |.
( Qe )

In case the amplitude A and the phase shift ™ of a har-
monic of the deflection are available from the experiment,
the corresponding Fourier coefficient of F can be obtained
using equations (C.6)—(C.10). However, it is not particularly
interesting to calculate these Fourier coefficients, since the
most straightforward way to obtain Fy is to measure directly
q(t) or its spectrum and employ equation (B.3). No further
approximations are necessary in this case and Fg can be fully
reconstructed along the sampled path.

In the harmonic approximation, the deflection is approxi-
mated by equation (4) and the tip-sample force is accordingly
approximated as

(C.10)

Fy(t) = Fé‘?en + FU., cosQtexcd + )

+F odd SIN2TVexct + @) (C.11)

while equations (C.6)—(C.8) remain valid. In this case, the
physical meaning of the Fourier coefficients becomes obvious

FOu = (Faven)y (C.12)
Flen = Ak (C.13)
Fldy = Qmvex)A(y), (C.14)

since (ki) is the average tip-sample force gradient and
(V) 1s the average tip-sample damping constant. Within

the harmonic approximation, it is a feasible approach
to obtain e, from a deconvolution of (ki)~ and Fyaq

from a deconvolution of (v,), if both quantities are
velocity-independent.

Appendix D. Convolution and deconvolution

In this section we discuss the convolution of Feyen, kis and
into (Feven),» (kis) and (), as well as the inverse operation,
the deconvolution. We employ the harmonic approximation,
which means the path of the tip is given by the deflection and
velocity as expressed in equation (4).

First, we convert each time-average introduced in
equations (8), (11) and (14) into a convolution, i.e. a weighted
average over the tip-sample distance. Using equation (20), the
time-average of F.ye, can be written as
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T
, .1 .
<Ff':ven(zts’ Zts)), = hm ﬁ f—T dt E:ven(zc + A COS(ZWVexct + (,D), Zts)

T—o0

L7 40 Foentec + A cos, 20
T 0

A
dz , 2
[A 2 Feven(ze 2 Zts)ﬂ- 7o

= (Feven(z1s» le)>u~ (D.1)

From the time-average of Fuyen- (zts — 2c) We obtain the
following convolution of the tip-sample force gradient k:

T
. 1
(Feven(ziss Z1s) * (zs — 2e)); = A TILHOIO ﬁ f—Tdt

*Fven(ze + A coSQlexct + @), Zis)
- COSMYexct + )

A ™
= — f dO Fiyen(zc + Acos 8, Z)cos b
7 Jo

1 A
= j;A dz Feven(ze + 2, Zts)
™

__t
AZ _ Z2
_ iz fA dZ 8Féven(zc+z’ Z.IS)
2 v 0z
2 2 2
A

2
= %(le(Z[S’ Zs))n- (D.2)

Here, we made use of equation (2), the definition of the cap-
average in equation (21) and the definition of the tip-sample
force gradient according to equation (15). From the time-
average of Fyqq - Zs we obtain the following convolution of the
tip-sample damping constant -y,

. . 3 1 !
(E)dd(zts’ Zis) - Zts>t = - Jlinolo ﬁ j:T dr

' ’Yxs(zc +A 005(2777/exct + ‘P)a Zis) - (Zts)2
_ 7(27”/6ch)2 'f(;ﬂ do

s
Ys(ze + Acos 0, ) sin?0

2lexA)? 4 ;
_ _% j:A dz Yis(Ze + 2, Zis)
2 2 2
E7A
- (27TVech)2

= - ('YtS(ZtS7 Zts))r‘,'

5 (D.3)

In the above equation, we used equations (3) and (21) as well
as the definition of the tip-sample damping constant according
to equation (16).

The weighted average in equation (D.1) is a convolution
of F.en With wy (equation (20), figure D1(a)). The weighted

a wyu(z) b wn(z)

-A 0 A -A 0 A
z z

Figure D1. Plot of the weight functions cup (a) and cap (b)

that are used to average the quantities F,en as well as ks and g,
respectively. Both weight functions are normalized, meaning that an
integral of the weight function from —A to A equals one.

averages obtained in equations (D.2) and (D.3) are convolu-
tions of k¢ and +y,, with wn (equation (21), figure D1(b)). The
inverse operation needed for extracting ki, 7, and Feyen from
the weighted averages is the deconvolution. Different numer-
ical recipes have been proposed for the deconvolution of the
cup-average and the cap-average [9, 27-29]. Here, we have
chosen to reproduce the result originally obtained by Sader
et al [28, 29], which has been described in numerous works
[19-21, 26]. The procedure is described in the following. We
first start by motivating the general idea:

When the tip is not interacting with the sample (at
distance z.), Fis is zero over the entire path probed by the tip.
Consequently, all three averages are zero as well. This is usu-
ally the case if the tip is far away from the sample. When the
tip is gradually approached to the sample, at some point it will
start to probe along a path where the tip-sample force is not
always zero. The non-zero Fi gives rise to a change in the three
averages that arises from the part of the path that has not been
sampled before. Obtaining averages for various, yet partly
overlapping paths is the basis for deconvolution. There are
several possibilities for finding sufficiently overlapping paths:
Typically, the z-piezo displacement z, is varied in the experi-
ment to change the tip-sample distance. In this approach, the
excitation parameters (F, x.) and the observables (gs, A, )
are recorded as function of z,. Using the AFM equations (22)—
(24) allows to extract the average of ki, 7, and Feyen as a func-
tion of the center position of the tip zc = zo + zp + ¢, The
dependence of the average on the center position is indicated
with the notation { £)¢ and { f)(), respectively.

While convolution is always possible, deconvolution
requires to impose further conditions. The convolution equa-
tions (D.1)—(D.3) represent weighted averages along the tip-
sample distance interval probed by the tip, although Fyen, kis
and +, are in general velocity dependent. The convolutions
are possible, because all three quantities are even with respect
to velocity and, therefore, unique functions of the tip-sample
distance as discussed in section 2. The latter is only true on
the specific path described by equation (4). For a deconvo-
lution along the tip-sample distance, we additionally require
the quantities Feyen, kis and 7, to be unigue functions of the
tip-sample distance in the entire z; interval probed by the tip
during the measurement. Otherwise there would be no suf-
ficient overlap of the paths. This criterion is only fulfilled if
Fiyen, kis and v, do not depend on the tip velocity.
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1nN

-1nN

no
data

Figure D2. The even contribution of the tip-sample force obtained
by deconvolution of the averaged tip-sample force gradient and
subsequent integration. Data in (a) results from AM-AFM data
(figure 4(c)), data in (b) from FM-AFM data (figure 4(d)). The
vertical axis corresponds to the tip-sample distance zi. As in

figure 4, the horizontal axis corresponds to the lateral [481] direction
of the calcite (10.4) surface. The color bar applies to both data sets.

The following two equations for the deconvolution have
been derived: [28, 29]

f(Zc —A) = <f>8C)

- IZOC 2A d(f)g _ \/ZM d
w A\ z— (@ —A)| dz T & )
(D.4)
) - 9 Zoo A (2)
fze—A) Zc ‘/ZVC*A [[1 i \/647T(Z — @ —4) ]<f>m
(2)
. JT AP ]dz
2(z—(ze—A) 0z
(D.5)

Note that the even contribution to the tip-sample force
F.ven can either be obtained by deconvolving the cup average
(Feven), according to equation (D.4) or by deconvolving the
cap-averaged tip-sample force gradient (k). according to
equation (D.5) and subsequent integration along z..

As demonstration, we obtained the even contribution Feyep
by deconvolution and subsequent integration of the averaged
tip-sample force gradient shown in figure 4(c) and (d) with the
following equation [39] that can be used for N discrete data
points with spacing Az.

A
Foyen(zk) = —<kts>gk)AZ — E <kts>gl{) [Az

A (k) — ()

2 JAZ
= [ A @
_ 1 N
iél[( * 64m(z; — zk) ]< i

_ \/T M s ] As
2zi — ) Az
(D.6)

The first three terms in the above equation (without the sum-
mation bracket) are correction terms first introduced in the by
now unavailable Mathematica notebook by Sader and Jarvis

10

[28] and reproduced in [39] (the code we used for the decon-
volution according to the above equation is available from the
first author). The resulting even contribution to the tip-sample
force Feyen 1s shown in figure D2. Both datasets show similar
features, however, F.., is not quantitatively equal. A possible
explanation for the discrepancy could be that Fy., depends on
the tip-velocity. Accordingly, the requirement for the decon-
volution of Fye, being a unique function of zi along the full
tip-sample distance interval probed by the tip would not be
fulfilled.

Appendix E. Prevalent, yet restrictive
approximations in FM-AFM

In the literature reporting FM-AFM data analysis [5, 6], the
following approximations of the AFM equations are often
found:

<Eeven(zls, Zts)); = kqs ~0 (E.1)

V, 2 F Voxe — V

(kio(ziss 206))y = k(l - ( ) ) — —Tcospr —2k =

Ve A e
(E.2)
. k Fy .
Ziss 2 = — — sin
(’Yts( ts t5)>ﬂ ZWVEQ 27T'Vech SO
_k ( R 1)

270\ Fo(Fs = 0) . (E.3)

Here, several restrictions and approximations have been
employed:

e The static deflection g is negligible.

e Both FM-AFM feedback loops are working ideally
and, thus, the amplitude is assumed to be exactly the
amplitude setpoint and the phase shift is assumed to be
exactly —m/2.

e The difference between excitation frequency and eigen-
frequency vy — 1, (referred to as ‘frequency shift’ or
‘detuning’) is small compared to v, (for equation (E.2)) or
negligible (for equation (E.3)).

These approximations are not always justified. The mag-
nitude of the static deflection g can be significant in both
ultra-high vacuum [23] as well as in liquid environment [32].
Relying on ideally working feedback loops is an unneces-
sary limitation since the AFM equations can handle any
AFM data irrespective of how well the employed feedback
loops (if any) work. The excitation frequency can differ sig-
nificantly from the eigenfrequency. In the data presented in
figure 4(a) for example, the excitation frequency reaches
values of up to 1.21,. Therefore, we recommend using the
three AFM equations (22)—(24) instead of the approximated
equations (E.1)-(E.3).
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Appendix F. Experimental method

For the experiments we used a modified commercial AFM
[36] equipped with photothermal excitation [37] in com-
bination with a customized data acquisition system [38].
Experimental details regarding the sample and cantilever
as well as the operation in the FM mode are described in
[38]. For operation in the AM mode, we set e = 0.951,
and Fy = 0.6 nN. When performing AM-AFM, the closest
approach to the sample was limited to the position where the
amplitude A decreased to 0.1 of the amplitude of the retracted
cantilever. For FM-AFM, the closest approach was limited
to the position where v.x > 1.2, The data is plotted as a
function of z., the center position of the tip oscillation. The
datasets were arbitrarily aligned at the averaged position of
closest approach.
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