Volume 19
Number 31

21 August 2023

Pages 5849-6058

-
s

(O
2
vt

O
U)

‘©
c
~
>
O

o
0]
et
-+
©
&

e

g—
2

~
J
(%]
p -

oS
; .'0.0‘\\

5&2

ol

%2

-

—
552
323

o

s sy,
ol

ISSN 1744-6848

(%]
C
o
o
©
S
~
o
L
9]
o
o]
C
©
%]
@
O
~
o)
L
o
9]
L
a
o
9]
g
C
o
8
%]
@
C
9]
]
=)
e
o
C
@©
(%]
b
<
[S)
%]
C

at the nanoscale by using a tapping mode AFM simulator:

dForce 2.0
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Insights and guidelines to interpret forces
and deformations at the nanoscale by using a
tapping mode AFM simulator: dForce 2.0
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Amplitude modulation (tapping mode) AFM is the most versatile AFM mode for imaging surfaces at the
nanoscale in air and liquid environments. However, it remains challenging to estimate the forces and
deformations exerted by the tip. We introduce a new simulator environment to predict the values of the
observables in tapping mode AFM experiments. The relevant feature of dForce 2.0 is the incorporation

Received 15th March 2023, of contact mechanics models aimed to describe the properties of ultrathin samples. These models were

Accepted 19th May 2023 essential to determine the forces applied on samples such as proteins, self-assembled monolayers, lipid
DOI: 10.1039/d3sm00334e bilayers, and few-layered materials. The simulator incorporates two types of long-range magnetic

forces. The simulator is written in an open-source code (Python) and it can be run from a personal
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1. Introduction

Amplitude modulation AFM (AM-AFM), usually referred to as
tapping mode AFM, is the most popular nanoscale micro-
scopy method for imaging materials’ surfaces at high-spatial
resolution in air and liquid environments.'® Among other
features, AM~AFM supports the operation of high-speed*™*
and bimodal'®*" AFM modes, enables AFM phase imaging,
facilitates the identification of energy dissipation processes®® and
provides quantitative values of the energy dissipated on the sample
at the nanoscale.”*?

The theory of tapping mode AFM is rather complex." It is
usually presented in two versions. One version is devoted to
describing experiments performed in air."***?* The other
version is aimed to describe experiments performed in liquid
environments or, equivalently, with low quality factor micro-
cantilever (Q < 5)."°%3®

The nonlinear dependence of the force with the tip-surface
distance gave rise to a rich variety of nonlinear dynamic
properties,®**™® specifically, the coexistence of two or more
steady-state solutions for the same set-point amplitude (bi-
stability). This feature was commonly observed in tapping
mode AFM operation.***> Sometimes, it was explained in terms
of a competition between attractive and repulsive interaction
regimes.>"® The presence of higher harmonics in the tip’s
oscillation is another manifestation of nonlinearity.*****’
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The main observables in AM-AFM, the amplitude and the
phase shift, are averaged over an oscillation cycle. This feature
added another layer of complexity because it prevented the
direct (instantaneous) determination of the tip-sample force.
To address this issue amplitude and phase shift-distance curves
were obtained. These curves were converted into force-distance
curves by solving an integral equation.*’”' Recently, several
theoretical and experimental contributions have illustrated the
evolution trends followed in AM-AFM.?>>"%*

The dynamics of the tip motion in AM-AFM was far from
intuitive. High spatial resolution images were obtained by
either following a time-consuming trial and an error approach
or by following a set of strict protocols. It was argued that the
use of simulator environments might speed up AM-AFM data
interpretation.®®™®” In particular, dForce®” was developed as an
open-source code to simulate the behaviour of tapping mode
and bimodal observables.

The evolution experienced by the applications of amplitude
modulation AFM in materials science, nanotechnology and
molecular biology since 2015 has motivated a complete revision
and upgrade of the capabilities of tapping mode AFM simula-
tors. For example, nanomechanical mapping has become very
common in materials science.’*®*7? In some cases, these
measurements involved the characterization of ultrathin layers
(<10 nm) deposited on a rigid substrate. High-speed AFM
provides a high-spatial resolution and real-time images of
self-assembly processes.’*”*7* An understanding of the forces
and the deformations in high-speed AFM requires the applica-
tion of bottom-effect corrections.”* In addition, the discovery
of room-temperature magnetic skyrmions’> has renewed the
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interest in applying magnetic force microscopy to characterize
magnetic materials at the nanoscale.”®™®"

In this paper, we introduce the capabilities of dForce 2.0 to
predict and simulate the force, the deformation and the spatial
resolution at the nanoscale on a variety of nanoscale materials
including ultrathin soft materials and magnetic samples. The
code is suitable to simulate experiments performed in liquid or
air environments. The code incorporates twenty-six force
models (Fig. 1a). In particular, it includes some models aimed
to describe the mechanical properties of ultrathin layers. The
validity of these models was previously demonstrated theoreti-
cally and via numerical and finite element simulations.?*®°
In short, the dForce 2.0 platform is designed to simulate the
time and spatial dependencies of the observables and quanti-
ties measured using tapping and bimodal AFM methods.

View Article Online
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The simulations might be interpreted as predictions of experi-
mental outcomes. In this way, dForce 2.0 will facilitate the
selection of the optimum imaging parameters to maximize the
spatial resolution while minimizing tip-sample deformations,
distortions or damage.

2. General features and graphical
user interfaces

Fig. 1a shows the capabilities of dForce 2.0 to simulate twenty-
six interaction force models. In contact mechanics, the code
includes Sneddon’s models for a flat cylinder and a conical
probe;*” Hertz’s model®® and the nanowire model.** More
importantly, the code includes extensions of the above models

¥ dForce 2.0

Cantilever dynamics Tip and excitation Forces Numerical integration values

Long range Short range (elastic) Short range (viscoelastic)
[J vdW (Sphere) [] Sphere Kelvin-Voigt
[C] DLVO (Sphere) [[] Cone [ ] Sphere
Dipole-dipole magnetic interaction [J Flat cylinder [ ] Cone
Transfer function magnetic interaction [[] Nanowire [ ] Flat cylinder
[] Adhesion hysteresis [ kR [ ] Nanowire
Short Range - Long range [ Tatara Bottom Effect Correction
[C] DMT (Sphere) [] Two layered material [ ] Sphere
[] Lennard-Jones Potential I Bottom Effect Correction (bec) [ ] Cone
[] Sphere [ ] Flat cylinder
[ Cone [] Nanowire
[J Flat cylinder
[J Nanowire

= dForce 2.0

Cantilever dynamics Tip and excitation Forces Numerical integration values

Long range Short range (elastic) Short range (viscoelastic)
[] vdW (Sphere) Sphere Kelvin-Voigt
[C] DLVO (Sphere) Cone Sphere
[[] Dipole-dipole magnetic interaction Flat cylinder Cone
[[] Transfer function magnetic interaction Nanowir Flat cylinder
[[] Adhesion hysteresis JKR Nanowire
Short Range - Long range Bottom Effect Correction
DMT (Sphere Two layered material Sphere
Lennard-Jones Potential Bottom Effect Correction (bec) Cone
Flat cylinder
Cone Nanowire

Flat cylinder

Nanowire

Fig. 1

(a) Graphical user interfaces of the force selection menu. The menu shows the interaction forces available in dForce 2.0. Enclosed in red boxes are

the new interaction forces incorporated into the simulator. (b). Force menu that shows that the selection of the bottom-effect correction model for a
sphere was compatible with three other interactions, such as van der Waals interactions, dipole—dipole interactions and transfer function magnetic
forces. This feature was included to prevent unphysical combination force models.
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to describe the forces and the deformations on experiments
performed on ultrathin layers. In the AFM context, these
extensions were called bottom effect corrections.”® The capabi-
lities to simulate viscoelastic materials were significantly
expanded by including the 3D Kelvin-Voigt model and its
extension to describe the properties of soft matter layers and,
in general, finite-thickness materials attached or deposited on a
rigid substrate. The new version also includes two long-range
magnetic forces and the Lennar-Jones force. To facilitate the
speed of the simulations in laptops and personal computers,
dForce 2.0 considers interaction force models which are
expressed by analytical equations.

The dForce 2.0 platform offers the possibility of combining
several interaction force models. To avoid meaningless calcula-
tions, dForce 2.0 restricts the combination of these models that
were mutually compatible. This is achieved, once a force model
is selected, by keeping active the models compatible with the
first selection.

Fig. 1b illustrates the models compatible with the selection
of short-range bottom-effect correction forces for a paraboloid.
These models are van der Waals, DVLO, and magnetic force
models and adhesion hysteresis. The compatibility issues
were usually associated with the boundary conditions used to
deduce the expressions.

In AM-AFM, the tip’s oscillation contains two terms. One
that decays with time (transient) and the other is a sinusoidal
oscillation.! In AM-AFM, the observables are determined from
the sinusoidal solution. This assumption implies that the
transient term had vanished. The code offers the possibility
to estimate that time automatically by clicking the ‘optimum
parameter’ option in the ‘numerical integration values’ menu.

The dForce 2.0 code can be downloaded from the link
given in ref. 89. Running the program will create a folder,
dForceproject-date-time. This folder will initially contain four
files, such as a text file with the inputs of the simulation, and
three excel files with spatial (zcdom1), time (tdom1) and
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frequency (wdom1) domain values. These files will be used to
generate the graphical representations. These plots will be
saved in the same folder. All the simulations performed in
the same session will be saved in the same folder. The files,
text, excel and graphs will be named sequentially (1, 2, etc.).

3. Bottom-effect corrections

To determine the forces applied on a thin sample either
deposited (frictionless) or bonded to a rigid substrate required
to apply the so-called bottom effect corrections.”*>"%® These
corrections are essential to measure with accuracy the nano-
mechanical properties of different samples such as proteins,”
polymer-based thin films,> lipid bilayers,”**° and self-
assembled monolayers.®" In fact, these corrections should also
be applied to any method intended to measure the mechanical
properties of a thin layer using a finite-size probe. However,
most nanomechanical measurements were performed without
including these corrections. The insights offered by dForce 2.0
simulations on ultrathin samples might contribute to under-
stand the quantitative relevance of bottom-effect corrections. In
the process, the code might facilitate the incorporation bottom-
effect features into the nanomechanics toolbox.

In dForce 2.0, the bottom-effect corrections are implemen-
ted for the axisymmetric probe-sample interfaces schematized
in Fig. 2. The code considers semi-infinite (Fig. 2a) and finite-
thickness samples (Fig. 2b). Irrespective of the elastic or
viscoelastic nature of the finite-thickness sample, the force
might be decomposed into two terms:%*%*

F=Fgemit Fbec(a/h) (1)

The first term Fgem; expresses the reaction of the material as if it
was semi-infinite. The second term Fy,.. accounts for the thick-
ness of the sample, a is the contact radius and # is the sample
thickness. For the same indentation, the force exerted by a

Fig. 2 Scheme of several probe—material interfaces simulated by dForce 2.0. (a) Interfaces for a semi-infinite material. Left-to-right, flat cylinder (radius
R), cone (half-angle 0), sphere (radius R) and nanowire (radius R); h is the thickness of the layer and a is the radius of the projected contact area.
(b) Interfaces for finite-thickness samples. The layers might be either bonded or deposited (frictionless) to the rigid substrate. Left-to-right, flat cylinder,

cone, sphere and nanowire probes.

This journal is © The Royal Society of Chemistry 2023
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probe on a thin sample deposited on a rigid substrate increased
by increasing the a/h ratio.”®® " This equation leads to a
counter-intuitive result. For the same sample thickness, the
force increases by increasing the radius of the projected contact
area. In other words, the force increases using larger probes.
For an elastic material, Fg,; is determined by using the
expressions deduced by Sneddon®” for a cone and a flat
cylinder. For a probe ended in a hemisphere, the force is
determined by using Hertz’s model.*® For a nanowire, we use
the expression deduced in ref. 83. For a viscoelastic material,
Fiemi is determined by using the 3D Kelvin-Voigt expressions.®*

3.1 Elastic materials

The force exerted on the elastic material was determined
analytically for four axisymmetric probe geometries, such as
the flat cylinder, cone, sphere and nanowire.®* In these expres-
sions, the effective Young’s modulus of the interface is given by

1 =22 1-—u2

= 2
Eeir E E, @

where E and E,, are, respectively, the Young’s modulus of the
sample and the tip; v and v are, respectively, the Poisson’s ratio
of the sample and the tip.

For a flat cylinder,®

200 a

1—
T h

F(cylinder) = Fym

(3)

33 h *\h

SR ) @) (2

where a is the radius R of the cylinder and # is the sample

thickness. The expression & (a/h)" is a polynomial which

includes the correction terms with an exponent n > 4. The

contribution of these terms to the total force can be neglected.
The force is applied by the flat cylinder on the semi-infinite

(half-space) sample of Young’s modulus E is given by

. 2R
Fsemi(cyllnder) = mEI (4)

where I is the sample deformation.
For a conical probe of half angle 6,%?

F(cone) = aFE {(412(_1 a_ns;))tO) -

— amn co o4 2 a
+(412(1 lz)ze) (275_0) (Z)z

(=161 (30® + 7 By) + an (120 + 57* By ) cot)
* 3 (1= 17)

0RO

(41 — ancotl) 209 a
20— =m h

()
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For a sphere (I < R)

2E(a3 — 3aIR) 2E(a3 - 3aIR) 2000 a

F(sphere) =

3R( —1) 3R —1) = h
2E(a® - 3a a2 ra
+H(270) (z)z

2
SE [Ea3 (1500° 4+ T2 By) — 2alR(3ug® + 7*

3R (1?2 — 1)
el e
(6)

The force exerted using a nanoneedle tip as a function of the
indentation is determined by®**

Fsphere (I) if 1 < Ic
F(nw) = . 7
Fsphere(l = [c) + Fcylinder((l - ]c)) if I > ]C

where I, defines the value where the contact radius coincided
with the radius R of the spherical cap of the nanowire.

The contact area between a probe and a finite-thickness
sample depends also on the sample thickness for conical,
parabolic and nanowire probes.®

For a cone, the contact radius

2tan01 4oy tan07] n"
= - - >2
¢ T hm3 + f(h) "= (8)
For a spherical probe (referred as sphere, I < R),
200 RI "
=Rl - 222 - >2
¢ 3hm 5(;:) "= ©)

The coefficients o, and f, depend on the boundary conditions.
The deduction is given in ref. 82. For a layer bonded to a rigid
substrate,

1.2876 — 1.4678v + 1.3442,2

oy = =, (10)

_0.6387 — 1.0277v + 1.516402

1—v

Bo (11)

For a frictionless contact between the layer and the rigid
substrate,

_2
o = 70.34731 v

(12)

5—-2v

Bo = 0.0567

(13)

The validity of the above expressions was verified by numerical
and finite element simulations.®"®
3.2 Two-layered uncompressible elastic materials

Ros and co-workers addressed the problem of determining the
force exerted using a spherical probe on a system formed by
the finite-thickness layer deposited on top of a deformable

This journal is © The Royal Society of Chemistry 2023
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semi-infinite layer.®® For this system, the force is calculated by

0.85(a/h) + 3.36(a/h)*+1

(0.85(a/h) + 3.36(a/h)2) (?)A(ﬁ)ﬂ

2

£

F(sphere) ~ 16 R

(14)

where the exponent 4 is given by

A (%) —0.72 - 0.34 (%) +0.51 (3)2

. (15)

In eqn (14) E; and E, stand, respectively, for the Young’s
modulus of the top and bottom layers. The above equation
provides a good description of the force exerted on a two-
layered system as long as E;/E, < 100 and v; = v, = 0.5.

View Article Online

Paper

For the cylinder of radius R, the force was given by

|20 R (200)* (R
n h T h

3 3 2 3 n
RO

2R(EI + n,I)

F(cylinder) = Ty
— U

where a = R.
For a conical probe of half angle 0,

21 tanO(EI +2n.0)  81%a tan? 0(EI + 3n.1)

F(cone) =

n(l —1?) (1 —v2)h
3.3 Viscoelastic materials )
403af tan® 0(EI + 4n1
In dForce 2.0, we have implemented the expressions deduced 0 5 (2 hj nel)
within the framework of the 3D Kelvin-Voigt model.** w1 =)
Foemi(I(t),) = ad(t)’ " [EI(t) + Pnd(t)] (16) 32 tan* 0(To’ + pom®) 14 (ET + Snl)
T(1 — 23
where « is the coefficient that depends on the probe geometry w1 =)k
and sample properties; f is the coefficient that depends on .
ple properties; . — 64 tan’ 0(19aq* + Tooor?) 1° (EI + 61,1)
the probe geometry; 1. is the elongation or compression 5 s
viscosity coefficient. For many materials, there is a simple (1 —v2)h
relationship between the elongation velocity and the shear N
viscosity 1, 1. = 31.%% + §<z) n>4
F(I(),£) = Fsemi + Foec(alh) (17) (19)
a C e
——semi-infinite —— semi-infinite
104 e T 2] —10nm ——10 nm
o ffﬂ* ——5nm 21 —som
go| £ = ;
SQ /:/ o 8 £ t‘l
< /‘ —e—semi-infinite = 1 <3 b
8 ¢ 10nm & ¥
7 4 ——5nm i
7] // i
0 0 i
2 4 6 8 10 12 14 3.0 35 40 30 35 40
z, (nm) (tm) Time (UT)
b d f
/‘ o 5 .\.\'\ 5
Yl 4 ~ 4
V5 . - —
~ ./;/ ‘ze 3 \\\‘\ g 3 .——l——H.:“_:.‘\\\
=7 % ] \\ -é k‘“'"-\\\.
/// % 21 . semiinfinite \ T 21 . semiinfinite *
60 /,' i infinit —«—10nm —«—10nm
S e ::ngm ol 1{ —5nmm 1{ —-5nm
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Fig. 3 Effect of the sample thickness on AM—AFM observables for an elastic material (E = 100 MPa; v = 0.3). (a) Amplitude dependence of the average
tip-surface distance. (b) Phase shift dependence of the average tip-surface distance. (c) Force as a function of time during an oscillation cycle
(zc = 7.5 nm). (d) Maximum force for different Ay, values. (e) Indentation as a function of time during an oscillation cycle (z. = 7.5 nm). (f) Indentation as a

function of Ag,. Parameters: R = 5 nm, fo = 350 kHz, k = 0.3 N m*Q=2

This journal is © The Royal Society of Chemistry 2023

and A, = 10 nm.
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For a sphere (I < R)
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The expression &(a/h)" is a polynomial which includes the terms
with an exponent n > 4. The contribution of these terms to the
total force might be negligible.

1 3 .
2 — .
F(sphere) HIR) (EI+211€I> 81Rag (EI + 21,1) 3.4 Lateral resolution
sphere 5 - 5
3(1-v?) 3n(l —v2)h A phenomenological definition of lateral resolution L, is
EN 5 . proposed by identifying the diameter of the region deformed
448(1R)2ay (EI + el ) by the tip as the lateral resolution.’*°* The above definition is
+ on2(1 — 12)I2 valid for any AFM mode that involves the mechanical contact
between the tip and the sample. Then,
12800°  128B,n2\ (IR)*(EI + 3n.1) B
AT 45 o1 — 123 Le=2a (21)
s 7 The force models discussed in the previous sections provide
30320 25600, (IR)2 (EI + E"ej ) values of a as a function of the material properties, the
+ < 3] 0 105 0 ) (1= indentation, and the tip radius (half angle for a conical tip).
a\n 3.5 Long-range magnetic interactions
+< (—) n=4 ~ i i
h Hartman deduced an expression to determine the force acting
(20) between two magnetic dipoles.”® In this model, the dipoles
Step 1 Step 3
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Fig. 4 Steps followed to generate the data shown in Fig. 3.
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were oriented perpendicular to the sample surface (Fig. 1b)
and then the force acting on the magnetized tip was approxi-
mated by®*

8lgz _ iﬂomtipms(x7y7z)

Fz(x,y,Z) :mtipE*Z 7

- - (22)

where B,, m,, and ms are, respectively, the component of the
magnetic field in the direction perpendicular to the sample, the
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Hug and colleagues have developed the tip-sample transfer
function model to characterize the magnetic properties at the
nanoscale.”>°® This model is widely used in magnetic and
bimodal force microscopy applications. In this model, the force
is expressed by

2 23
magnetic moment of the tip and the sample, y, is the permit- (23)
o . . . . J— . —Kz _ Kz
tivity of the vacuum, and z. is the average tip-sample distance. M(k) = —miprBoe™ = Foe
Step 1 Step 2 Step 3
Distance domain Time domain Cross-mode curves Frequency dq | Distance domain Time domain Cross-mode curvel
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dForce 2.0

Phase shift (z.) 2nd Phase shift (z.) Toolbar
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[] Phase space (zvs v)
[ Maximum force (z.) E’\j'FI Al
[ Contact time (z) [ Bies graph (D Quit

Fig. 5 Steps followed to generate the plots shown in Fig. 3. These steps were performed once the simulations described in Fig. 4 were accomplished.
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This journal is © The Royal Society of Chemistry 2023

Soft Matter, 2023,19, 5857-5868 | 5863


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sm00334e

Open Access Article. Published on 12 June 2023. Downloaded on 11/8/2025 3:42:18 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

where M(k) is the Fourier transform of the sample magnetiza-
tion M,(r). The vectors k and r satisfy

k] = k = /k? + k2 and |r] = /X% + )?

(24)

4. Results and discussion

4.1 Material system made of an elastic layer bonded to a rigid
sample

Fig. 3 shows the amplitude and the phase shift-distance curves
obtained on the soft elastic material (£ = 100 MPa) using a
spherical probe (R = 5 nm). Specifically, the data compared the
amplitude, the phase shift, the indentation and the maximum
force obtained for the finite-thickness samples (5 and 10 nm)
with those obtained on the semi-infinite sample. The ampli-
tude and the phase shift decreases with z.. The simulations
were performed in the repulsive regime. The variations are
larger on the thinnest sample (5 nm) (Fig. 3a and b). This effect
is related to the values of the instantaneous force exerted on
the sample. For the same z, the force is always higher in the
thinnest sample (Fig. 3c). Similarly, the maximum force is
always higher on the thinnest sample with the independence
of the set-point amplitude (Fig. 3d). Paradoxically, the larger
values of the indentation (instantaneous and maximum) are
obtained on the semi-infinite sample (Fig. 3e and f). These
findings contradict the predictions derived by Sneddon and
Hertz’s models where for the material characterized by E and v,
the force should increase with the indentation. Ultimately, the
behavior measured on finite-thickness samples reflects the
bottom-effect induced by the rigid substrate. The stress applied
on the top surface of the layer propagates through the layer
until it reached the rigid substrate. Then, it is reflected back to
reach the probe. This effect increased the force. In eqn (3), (5)
and (6), it is shown that for the same indentation and contact
radius, the force would increase by decreasing &.

Fig. 4 shows the graphical user interfaces (GUIs) with the
corresponding selections needed to perform the simulations
discussed above. In step 4, by clicking the tab called optimized
values, the program selected the number of periods needed to
get rid of the transient term. Fig. 5 illustrates the procedure to
obtain the graphs shown in Fig. 3.

4.2 Material system made of a viscoelastic layer attached to a
rigid sample

Fig. 6 shows the amplitude and the phase shift-distance curves
obtained on the soft viscoelastic material (E =100 MPa and 1 =2
Pa s) with a paraboloid (R = 5 nm). The amplitude, the phase
shift, the indentation and the forces obtained on a 5 nm and
10 nm thick layers were compared with those obtained on the
semi-infinite sample. For smaller z. values, the phase shifts
calculated on the thinnest samples are very close or even larger
than the one calculated on the semi-infinite sample. This result
is a direct consequence of the viscous response (see below). In
general, the comparison followed the trends observed by their
elastic counterparts. The largest force is measured on the
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Fig. 7 (a) Force-indentation curves obtained on a viscoelastic material at
z. = 7.5 nm. The amount of energy dissipated per cycle in the viscoelastic
sample (h = 5 nm) was the area shaded in light green. (b) Energy dissipation
as a function of A, for the above system. Parameters: £ = 100 MPa, g =
2Pas, v=03 R=5nm, fyg =350kHz k=03, Q =2, and A, = 10 nm.

thinnest sample (Fig. 6¢ and d) while the opposite occurs for
the indentation (Fig. 6e and f). The largest variations are
observed in the thinner sample. The presence of the viscous
force enhances the decrease of the amplitude and the phase
shift with respect to the elastic case (Fig. 3). In addition, the
viscosity attenuates the differences observed in the phase shift
values due to the sample thickness.

Viscoelastic systems dissipate energy. This is illustrated in
Fig. 7 by showing the hysteresis loop in the force-distance
curves. The dissipated energy per cycle is the area enclosed by
the force-distance curve. Higher forces and higher energy
dissipation values were measured on the thinnest layer. The
energy dissipated in the sample by the viscous force introduced
an additional phase shift (Fig. 6b). The phase shift associated
with energy dissipation was larger on the 5 nm sample because
the energy dissipation was also larger (Fig. 7).>>2%73°

4.3 Magnetic interactions

Fig. 8a shows the scheme of a magnetic force microscopy
measurement performed in the lift mode. The dForce 2.0
platform offers two models to determine magnetic forces. The
dipole-dipole model is more appropriate to describe magnetic

This journal is © The Royal Society of Chemistry 2023
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(a) Scheme of a magnetic force microscopy measurement. (b) Force—distance curves for different magnetic forces. The forces (up and down)

are symmetric with respect to the horizontal axis. (c) Amplitude-distance curves for the forces shown in (a). Note that for weak magnetic forces, the
changes in the amplitude at relatively large tip-sample distances (>40 nm) are almost negligible. (d) Phase shift-distance curves for the forces shown
in (a). Parameters: R = 50 nm, fo = 79 kHz, k = 3.4 N m~t Q = 160, and Ao = 41 nm. Transfer function model B (sample) = £10 mT; mg, = 5 emu,

ms = 0.0003 emu.

systems characterized by domains with a uniformed magneti-
zation while the transfer function model function is proposed
to describe magnetic systems where the magnetization shows
some variations across the magnetic domain.

Fig. 8b shows the dependence of the force with respect to
the tip-sample separation for dipole-dipole and delocalized
magnetic interactions. The sign of the force depends on the
alignment of the tip’s and sample magnetic fields, parallel or
anti-parallel. The forces are symmetric with respect to the
horizontal axis (zero force). In the case of the transfer function
model, the magnetic field on the sample was 10 mT (up)
and - 10 mT (down). For the dipole-dipole interaction mode,
mg = 0.0003 emu and m, = 5 emu.

Irrespective of the attractive or the repulsive character of the
magnetic interactions, an increase (absolute value) of the force
causes a decrease of the amplitude (Fig. 8c). We note that for
weak magnetic forces, here simulated by the transfer function
model, the changes in the amplitude at relatively large tip-
sample distances (>40 nm) are almost negligible. On the other
hand, the phase shift is very sensitive to both the strength of
the force and its sign. Attractive forces decrease the phase shift
while repulsive forces produce an increase. The numerical
results were consistent with the theory linking the phase shifts

This journal is © The Royal Society of Chemistry 2023

to the force gradients.®” This feature is commonly exploited in
MFM to determine the alignment of the sample’s magnetic
domains.

Long-range van der Waals interactions might be unavoid-
able in a magnetic force microscopy measurement. For this
reason, we include simulations with van der Waals forces
(R = 50 nm and H = 0.6 eV). The presence of van der Waals
forces breaks the symmetry of the magnetic interaction (Fig. 9a).
This is clearly seen in the simulations performed using the
transfer function model. Fig. 9b and (c) show, respectively, the
amplitude and phase shift-distance curves for the forces depicted
in (a). Whenever magnetic and van der Waals forces are compar-
able, the phase shift associated with the magnetic interaction (the
transfer function model) might be hard to distinguish the phase
shift associated with van der Waals interactions (Fig. 9c).

4.4 Forces, deformations and spatial resolution

It is well known that the force applied by the tip on a soft
material might introduce sample distortions or damage.**°®
Commonly, an AFM user relies on empirical observations to
establish the optimum imaging parameters (free and set-point
values) to perform an experiment. To illustrate the benefits of
using dForce 2.0 to facilitate the selection of the imaging

Soft Matter, 2023,19, 5857-5868 | 5865
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model magnetic forces in the presence of a van der Waals force. The van
der Waals force breaks the symmetry of the magnetic interaction
(up versus down). (b) Amplitude-distance curves for the forces shown in (a).
(c) Phase shift-distance curves for the forces shown in (a). Parameters: R =
50 nm, fo = 79 kHz, k = 3.4 Nm™, Q = 160, and A, = 41 nm. Transfer function
model B (sample) = £10 mT; my, = 5 emu, ms = 0.0003 emu; H = 0.63 eV.

parameters, we have simulated the outputs of the tapping mode
AFM measurement as a function of imaging parameters.

Fig. 10a shows the values of the maximum force, the average
force and the deformation as a function of the set-point
amplitude. The force increases from 0 to 225 pN by reducing
the value of Ay, from A, (2 nm) to 1.4 nm. At the same time,
the deformation increases from 0 nm to 0.8 nm. The latter
value implies a significant compression (40%) of the sample.
It has been experimentally shown that deformations amount-
ing more than 30% of the nominal diameter of a protein
were associated with the existence of irreversible plastic
deformations.®® Therefore, the above simulation indicates that
the use of an Ay, value below 1.5 nm (4,p/A, < 0.85) might be
associated with an irreversible sample deformation.

The lack of an analytical expression to calculate the force has
led to use the average force to estimate the force applied on the
sample. Fig. 10a shows that this approximation should not be

5866 | Soft Matter, 2023, 19, 5857-5868

View Article Online

Soft Matter

a
250 - 25
—e—Maximum force
- o= Average Force
2004 —e— Apparent thicknel
=z 2.0
£ 150 1 _
£
S 100- <
l B
50 —
--.O---O--C%-O"o“ono--o-o
1.0

13 14 15 16 1.7 18 19 20 21
A, (nm)

Pt o 5

L

" Bl e

Lateral resolution (nm)
w

1.3 14 15 16 1.7 18 19 2.0 21
A, (nm)
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the simulation for the tip and the sample: R = 5 nm, fo = 29 kHz,
k=0084Nm=?Q=20A,=2nm,E=50MPa, and h = 2 nm.

used. The average force over an oscillation significantly under-
estimates the maximum force. For example, for an A, = 1.6, the
average force was 8-fold smaller than the maximum force.

Fig. 10b shows that the lateral resolution of the experiment
will change from ~3 nm to ~1 nm by decreasing the A, value
from 1.9 to 1.4 nm. The material was characterized by a
thickness of 2 nm and a Young’s modulus of 50 MPa. The
simulation did not include van der Waals forces. The tip was a
sphere of R = 5 nm.

5. Conclusions

We have developed new capabilities for simulating tapping
mode and bimodal AFM experiments. The dForce 2.0 platform
is suitable to predict the observables of amplitude modulation
AFM under a variety of short and long-range forces. The
simulator includes a number of contact mechanics models
suitable to provide insights into forces and deformations in
elastic and viscoelastic materials. A key feature is the incorpora-
tion of bottom-effect corrections to describe the experiments
performed on the finite thickness samples attached or deposited
on a rigid substrate. These corrections are essential to describe
with numerical accuracy the forces and the deformations exerted

This journal is © The Royal Society of Chemistry 2023
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by the AFM tip on biomolecules and thin soft matter layers.
In particular, dForce 2.0 is suitable to describe experiments are
performed by using bimodal and high-speed AFM modes.

The simulator incorporates two models to determine long-
range magnetic interactions. The results show the interplay
between van der Waals and magnetic forces to influence the
phase shift, which is the main observable in the magnetic force
microscopy experiment.

The simulator is designed to be run in personal computers
or laptops. It is written in an open-source code (python)
and can be freely downloaded from the link in ref. 89. The
predictive features of dForce 2.0 might be exploited to plan and
to interpret nanoscale measurements for a variety of inter-
actions and environments.
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