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ABSTRACT

Interatomic-force measurements are regularly performed using frequency-modulation atomic force microscopy. This requires conversion
of the observed shift in the resonant frequency of a force-sensing cantilever to the actual force experienced by its tip. Recently, Sader et al.
[Nat. Nanotechnol. 13, 1088 (2018)] showed that this force conversion can be unreliable and proposed the inflection point test to identify
valid and robust force data. Efficient and user-friendly algorithms are required for its routine practical implementation, which currently do
not exist. Here, we (1) advance the theoretical framework of the inflection point test, (2) develop the required efficient algorithms for its
complete automation, and (3) demonstrate the utility of this automation by studying two experimental datasets, in ultrahigh vacuum and
liquid. The principal outcome of this report is the development of user-friendly software that integrates this automation with a standard force
conversion methodology. This software provides the enabling technology for practitioners to now seamlessly perform robust nanoscale and

interatomic-force measurements.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0018599

. INTRODUCTION

Frequency modulation atomic force microscopy (FM-AFM)
is used widely to image surfaces with atomic resolution and per-
form atomically resolved force measurements.' * This highly sen-
sitive technique monitors the resonant frequency of an oscillat-
ing mechanical sensor—a cantilever—as its tip is brought in prox-
imity to a surface and experiences a force. This interaction force
modifies the cantilever’s stiffness and, hence, in turn, the reso-
nant frequency of the cantilever. Today, FM-AFM allows measure-
ments on a multitude of samples with extreme resolution, includ-
ing single organic molecules’ and adatoms on atomically flat sur-
faces,” together with chemical identification of individual atoms*’
and operation in liquid.® A central requirement for all FM-AFM
force measurements is the ability to convert the observed fre-
quency shift vs distance data into the true force experienced by the
cantilever’s tip.

The frequency shift, Af(z), of the cantilever obeys’

Af(z) 1 1 u

e i 71F(z+a(1+u)) l—uzdu,

1

where F(z) is the interaction force that the tip experiences, z is
the tip-sample distance of closest approach, fres is the resonant fre-
quency of the cantilever in the absence of this force, k is the can-
tilever’s dynamic spring constant, and a is its (fixed) tip oscilla-
tion amplitude. Equation (1) must be inverted to recover the force,
F(z), from the measurement of Af as a function of z. This inver-
sion has been studied by many authors with a range of techniques
being developed. These include explicit formulas in the small' and
large amplitude'’ limits, and methods that are formulated for arbi-
trary amplitude.'’ The latter class includes the matrix method of
Giessibl'* and the Sader-Jarvis method."”

Recently, Sader et al."* found that the inversion of Eq. (1) can be
ill-posed—that is, the recovered force may differ significantly from
the true force and exhibit a strong dependence on (inevitable) mea-
surement uncertainty; see example in Fig. 1. The reason underlying
this ill-posed behavior is that the FM-AFM measurement uses a
(dynamically) oscillating tip that can blur measurement of the force,
F(z). That is, the tip acts as a low pass spatial filter, albeit with some
subtleties.'* If the true spatial dependence of the force varies too
rapidly over the tip oscillation, details of F(z) can be lost, resulting in
an ill-posed inverse problem. This rapid change (jump in the force)
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FIG. 1. Artifacts produced by an FM-AFM force measurement. The illustration
shows a sample (true) interatomic-force law experienced by the cantilever’s tip
and the measured force, which contains artifacts. The presence and nature of
these artifacts depends on the shape of the (true) interatomic-force law and the tip
oscillation amplitude.'*

occurs at an inflection point, where the curvature of F(z) with respect
to distance, z, changes its sign. The recovered force can then deviate
from the true force.

The inflection point test formulated in Ref. 14 identifies when
this ill-posedness occurs, guiding users to valid and robust force
measurements. Ill-posedness produces a zone of forbidden oscilla-
tion amplitudes, defined in Eq. (3) of Ref. 14, that practitioners must
avoid. This “forbidden zone” depends on the shape of the force law.
The inflection point test was initially demonstrated in Ref. 14 and
more recently in Ref. 15.

While the foundations of the inflection point test have been
described previously, its routine implementation in laboratories has
been restricted. This is due to the absence of user-friendly and effi-
cient algorithms to (i) handle multiple inflection points and (ii)
numerically evaluate higher derivatives of the recovered (discrete)
force data; see the S-factor in Eq. (2).

We eliminate this restriction by expanding the inflection point
test’s framework, which is combined with new and efficient algo-
rithms for its rapid and complete automation. In doing so, we detail
how to acquire valid and robust force-distance datasets in prac-
tice and demonstrate this approach using two discrete experimen-
tal measurements: one of interatomic forces in ultrahigh vacuum'’
and another of molecular ordering in liquid.” Such force-distance
datasets will henceforth be referred to as force-distance “curves.”
Software, in the form of a Mathematica notebook, implementing
this automation is provided in the supplementary material (along
with a user guide in Sec. 1). This automation enables users to eas-
ily and rapidly choose an oscillation amplitude that is outside of
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the above-mentioned forbidden zone, thereby, ensuring a valid force
measurement. The coincidence of several valid measurements using
different oscillation amplitudes indicates a robust force measure-
ment. The respective terms, “valid” and “robust,” therefore, denote
measurements that are (i) insensitive to measurement uncertainty,
i.e., well-posed, and (ii) independent of the oscillation amplitude
chosen outside of the forbidden zone.

Il. THEORY AND AUTOMATION

In an FM-AFM force measurement, the measured Af(z) curve
is first converted into force using a method formulated for arbitrary
amplitude, e.g., Sader-Jarvis or matrix methods, discussed above.
This gives a force-distance curve whose validity is yet to be estab-
lished."* This force-distance curve is valid if it contains no inflection
points. For a force-distance curve with at least one inflection point,
the inflection point test provides a means for (i) assessing validity of
the recovered force-distance curve, and (ii) determining the forbid-
den zone, and, hence, the required oscillation amplitude to achieve
a valid and robust force-distance curve. The inflection point test
assumes that the tip-sample distance of the closest approach is z =
0; this reference can always be set. We now summarize the inflection
point test and provide a new advance that is required for its general
implementation.

A. Inflection point test

The test states that the presence of an inflection point, z = zj,y,
in the true force, F(z), does not produce a spurious recovered force,
provided the S-factor satisfies'*

S(F) = Zig " (o) > 1, @)
4 F’(Zinf)
where the prime symbol denotes the spatial derivative with respect
to z. Violation of Eq. (2) can manifest in recovered-force artifacts
only in the distance range, z < Zinf — 2a.1°

If there is just one inflection point in F(z), and Eq. (2) holds,
there is no forbidden zone and force recovery is valid for all ampli-
tudes. If the inequality in Eq. (2) is violated, the recovered force-
distance curve is valid when the oscillation amplitude lies outside of
the forbidden zone, i.e., it satisfies

z
aS$Ly or az %f, (3)

where Ling = \/—F/(2ing) [F""" (2inr) is the length scale for the jump

in F(z) at the inflection point, ziy. This provides a means for adjust-
ing the oscillation amplitude, if required, to enable the recovery of a
valid force-distance curve.

Importantly, valid force recovery under S(F) < —1 occurs for
all amplitudes if the force jump through the inflection point is
insignificant, i.e.,

Linf|F' (zinf) | < max{|F(z)|}, (4)

because ill-posedness induced at z;,¢ exerts a negligible effect overall
in this case. The necessary and sufficient condition in Eq. (4) has not
been reported previously. "

When the amplitude cannot be adjusted according to Eq. (3),

the recovered force is guaranteed to be valid for z > z{* — 2a
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only, where z7* is the position of the inflection point at great-

est distance that does not satisty Eq. (4); derived from the artifact
distance range specified immediately after Eq. (2). This property
enables derivatives of F(z) to be computed from the recovered force
and implementation of the inflection point test.

When the recovered force-distance curve contains more than
one inflection point, the inflection point test must be applied to each
inflection point from which their forbidden zones are determined.
In principle, this is to be implemented sequentially as in Ref. 15, by
(i) first applying the inflection point test at z = zjp; ", (ii) adjusting the
amplitude according to Eq. (3) and performing a new measurement,
if needed, and (iii) repeating this procedure systematically for all
other inflection points (one-by-one in descending order). This can
represent a significant undertaking, which we now address through
the formulation of a new algorithm.

B. Efficient algorithm for inflection point test

A more efficient algorithm is to (i) apply the inflection point

test simultaneously to all inflection points of a recovered force-

distance curve, i.e., at z = zi(n"f), where n =1, ..., N, and N is the

total number of inflection points, (ii) determine their individual S-
factors, i.e., Sx(F), and, thus, (iii) compute their individual forbidden
zones,

atm <as a,(,fa)x, (5)

min

Inflection point test algorithm

recover force
from Af vs z

a®) S asal,

(2) (2)
min ~ Amin Sarsamax

mil

T~

min{a(”] } <a<s max{agl’;x}

min

(3) (3)
in S/ a S/ Amax |

maximal forbidden zone ¢

amplitude outside | no
this range?

¢yes

VALID FORCE CURVE

choose a outside this range
and re-measure Af vs z

A
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where al(n"iz = zi(n’? [(2/=Su(F) ) and amax = zi(n"f) /2, which exist only
if S,(F) < —1.

The required maximal amplitude range, i.e., the “maximal for-
bidden zone,” for which artifacts in the recovered force can occur is

then given by that spanned by all individual zones in Eq. (5), i.e.,

Alower S A S Qupper> (6)

with aigwer = min{a[(nr;zl} and aypper = max{a,(,;‘a)x .

If the measurement amplitude satisfies Eq. (6), it is adjusted to
lie outside of this range and the FM-AFM measurement is redone.
Then, Eq. (6) is applied to the resulting (new) recovered force, and
the entire procedure is systematically repeated until the chosen mea-
surement amplitude sits outside of Eq. (6). This ensures that a valid
force-distance curve is acquired, from which the (final) complete
forbidden zone is determined.

While the maximal forbidden zone, Eq. (6), may encompass
amplitudes that also give well-posed behavior, this algorithm can
strongly reduce the number of required measurements relative to
the alternate algorithm discussed above."” It will achieve the same
goal: a valid (i.e., well-posed) force-distance curve.

This new algorithm, which is shown schematically in Fig. 2,
together with the requirement that the recovered valid force-
distance curve is independent of the chosen amplitude, constitutes
a robust measurement method. Force measurements that use only a
single amplitude with no check of ill-posed behavior, as was accepted

FIG. 2. Schematic of the infection point test algorithm. The
inflection point test is applied to all inflection points of a
recovered force—distance curve, from which a maximal for-
bidden zone is determined. This maximal forbidden zone
is used to select a new measurement amplitude and the
FM-AFM measurement taken again to obtain a new recov-
ered force—distance curve. The procedure is repeated until
the chosen amplitude lies outside of the maximal forbid-
den zone. This produces a valid force curve from which
the final forbidden zone is determined. The coincidence of
several valid force curves using different amplitudes identi-
fies a robust force curve. Dashed box: Inflection point test
algorithm—software is provided in the supplementary mate-
rial, incorporating force recovery using the Sader—Jarvis
method.®
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practice previously, should no longer be used and can yield incorrect
force measurements."

C. Numerical derivatives of F(z)

A central requirement of the inflection point test is the numer-
ical evaluation of F'(ziyr) and F'"’(zin). Since F(z) arises from exper-
iment, and is inherently discrete/noisy in nature, care must be taken
to properly evaluate these derivatives (and estimate their uncertain-
ties). This was performed in Ref. 15 using splines that require user
input/judgment and no error estimate was provided.

Here, we use the property that these derivatives occur at the
inflection points, z = ziyf, and employ a local Taylor series represen-
tation for F(z),

F(z)zF0+F1(z—zo)+%(z—zo)3, (7)

where Fy, F1, F3, and zo are variables to be determined; each variable
specifies a unique feature of the force-distance curve [see Eq. (8)],
facilitating fits to the discrete data. Importantly, Eq. (7) is chosen
to imbed the inflection point property, F” (ziy) = 0. Equation (7) is
fit directly to the discrete (and noisy) force-distance curve in the
neighborhood of each individual inflection point, using a nonlinear
least squares procedure. This regularizes the derivative calculation
and yields the following estimates:

zine~ 20, F (zif) 8 P, F (zing) » Fs. ®)
This fit procedure is most readily implemented in standard software
packages, which automatically provide associated uncertainties for
the estimates in Eq. (8); see Sec. 2 of the supplementary material for
examples.

D. Software

A Mathematica notebook that completely automates imple-
mentation of the above-described inflection point test algorithms,
together with the Sader-Jarvis method for force recovery, is pro-
vided in the supplementary material. Users simply input their
measured frequency-distance data, cantilever tip amplitude, stiff-
ness, and resonant frequency, from which a recovered force and
its validity are reported (figure and CSV file) along with guid-
ance on the appropriate choice of amplitude for any additional
measurement.

I1l. DEMONSTRATION OF AUTOMATION

We now demonstrate this inflection point test algorithm and its
automation on two experimental (discrete) datasets. The first dataset
is reported in Ref. 15: Af(z) spectra over the center of (i) a carbon
monoxide (CO) molecule and (ii) a single Fe trimer on Cu(111),
measured using a metal tip. These experiments were performed in
ultrahigh vacuum using a custom-built, combined scanning tun-
neling and atomic force microscope operating at a temperature of
5.9 K. The second dataset is taken from Ref. 8: Af(z) spectra using a
carbon nanotube tip over graphite, immersed in octamethylcyclote-
trasiloxane (OMCTS) liquid at laboratory temperature and pressure.

ARTICLE scitation.orgljournal/rsi

measurements in general. Detailed datasets reported by the soft-
ware for all measurements are given in Sec. 3 of the supplementary
material.

A. Ultrahigh vacuum measurements'”
1. CO/Cu(111) dataset

First consider the measurement over the center of a CO
molecule adsorbed on Cu(111). To demonstrate the utility of the
automated inflection point test, we use the measured short-range'’
Af(z) curves in Fig. 3(a) (left) for five different oscillation ampli-
tudes. Note that the Sader-Jarvis method code in the provided soft-
ware (supplementary material) and separate in-house code for the
matrix method give commensurate recovered force curves to those
reported in Ref. 15." We use the latter in-house code here for con-
sistency, which is achieved by bypassing the Sader-Jarvis code in the
provided software. The inflection point test will give results indepen-
dent of the chosen force recovery method, if the method is formu-
lated for arbitrary amplitude and the recovered force curve is valid;'*
this is demonstrated below.

We first choose the amplitude, a = 30 pm, for which the soft-
ware shows that there is one inflection point that exhibits a signifi-
cant jump in the force: zj,r = 0.30 + 0.0063 A and zy, = 0.30 £ 0.014
A, for the Sader-Jarvis and matrix method recovered forces, respec-
tively. All error bars are 95% C.I. from the fits to Eq. (7) only. The
respective S-factors are S(F) = —0.81 + 0.095 and —0.77 + 0.21. These
values are consistent and satisfy Eq. (2), i.e., S(F) 2 -1, establish-
ing that the recovered forces are valid for all oscillation amplitudes.
The software reports the measured frequency shift data, the recov-
ered force together with an assessment of its validity; see Fig. 4(a).
It informs that the FM-AFM force measurements are valid for any
chosen oscillation amplitude.

Figure 3(a) (middle and right) shows the recovered short-range
F(z) curves for all five measurement amplitudes, a = 10, 30, 50, 75,
100 pm, obtained from the corresponding measured Af(z) curves in
Fig. 3(a) (left). All recovered (valid) force curves coincide to within
the experimental error; and uncertainty in the measurement ampli-
tudes of 5%-10% is not atypical."* Coincidence of valid recovered
force curves using different amplitudes is critical in establishing a
robust force measurement, which clearly occurs here.

This demonstrates the utility of this automation in assess-
ing valid force recovery from the measured frequency shift and
obtaining a robust force measurement.

2. Fe trimer/Cu(111) dataset

Next, we analyze complementary measurements of spectra over
the center of a single Fe trimer on Cu(111). 12 Figure 3(b) (left) shows
the short-range frequency shift curves, Af(z), measured using four
different amplitudes.

We choose the a = 50 pm frequency measurement, recover
the corresponding force curves using the Sader-Jarvis and matrix
methods, and make an assessment of their validity. In contrast to
CO/Cu(111), the Sader-Jarvis recovered force has two inflection

points,

Zing = 0.55 £ 0.0062 (A):  S(F) = —0.93 % 0.069,

These two sets of measurements, in different environments, serve : 9)
to illustrate the utility of the provided software for FM-AFM force Zint = 1.4 £ 0.0062 (A):  S(F) = -4.4+0.34.
Rev. Sci. Instrum. 91, 103702 (2020); doi: 10.1063/5.0018599 91, 103702-4

Published under license by AIP Publishing

9¥'8€:€Z €202 1290100 60


https://scitation.org/journal/rsi
https://doi.org/10.1063/5.0018599#suppl
https://doi.org/10.1063/5.0018599#suppl
https://doi.org/10.1063/5.0018599#suppl
https://doi.org/10.1063/5.0018599#suppl
https://doi.org/10.1063/5.0018599#suppl

Review of

Scientific Instruments

ARTICLE scitation.orgljournal/rsi

a Frequency Sader-Jarvis Matrix
— O 0r (l3 -
N
<
SN
-5 = -0.05¢ = -0.05+
qﬁ > ¢ 10 pm E 10 pm f;/ 10 pm
W5
= 'S L
S _10 30 pm . ~0.1 30 pm G -0.1 30 pm
g + 50 pm E * 50 pm g + 50 pm
o
%.—15’ « 75 pm & -0.15¢ * 75 pm & -0.15 « 75pm
1)
i » 100 ¢ 100 pm * 100 pm
S I R o 020 P 02ty TP
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Distance, z (A) Distance, z (A) Distance, z (A)
b
Frequency Sader-Jarvis Matrix
. 40" 0 0r
¥
g 20 ,\_0'2 -0.2
< b4
- Or £ -04 £ -0.4
E W 10 10
- F . . L] m
720 e g0 S P
S _40 30 pm 5 30 pm £ 30 pm
o £ -0.8 2 _0.8
= L * 50 pm * 50 pm ) + 50 pm
g -60
s _sol - 100 pm —1*‘ ‘ | | . 109 pm —17‘ ‘ | | . 190 pm |
0 1 2 3 4 5 0 1 2 3 4 0 1 2 3 4 5

Distance, z (A)

Distance, z (A)

Distance, z (A)

FIG. 3. Sample FM-AFM force measurements from Ref. 15 used to demonstrate the inflection point test automation. These figures are redrawn with the Sader—Jarvis and
matrix method data separated to highlight their differences and enable discussion in this article. (a) CO molecule, (b) Fe trimer, functionalized tips both over a Cu adatom
on a Cu(111) surface. The primary observable in the measurement is the frequency shift, which is inverted to give the force using the Sader-Jarvis and matrix methods, as

indicated.

The recovered force using the matrix method gives similar results;
see Table S1 in Sec. 3 of the supplementary material. Equation (2)
shows that the inflection point at zi,¢ ~ 1.4 A can generate ill-posed
behavior, since S(F) $—1, with the software reporting a maximal
forbidden zone of [Fig. 4(b)],

0.34+0.015S a < 0.71 £0.0031 (A). (10)

The chosen measurement amplitude, a = 50 pm, lies within this
maximal forbidden zone, indicating that ill-posed behavior may
be present. A notable difference is observed between recovered
force curves from the Sader-Jarvis and matrix methods that exceeds
known inversion errors.'”'’*'

An amplitude chosen outside of the forbidden zone in Eq. (10)
can lead to a valid force-distance curve. Indeed, the software reports
valid force curves for measurements using a = 10 pm and 100 pm
(see Table S1 in Sec. 3 of supplementary material), which is inde-
pendently true for force recovery using the Sader-Jarvis and matrix
methods. Moreover, these force curves overlap to within experimen-
tal error for all z; see Fig. 3(b) (middle and right). As noted above,

this coincidence of valid force curves using different amplitudes is
vital in establishing that a robust force curve has been achieved.
In contrast, the measurement using a = 30 pm is again within the
forbidden zone (Table S1 of supplementary material), and the recov-
ered force curves may not be valid—this measurement must be
excluded.”!

It is well known that direct discretization, such as used in the
matrix method, generally, produces spurious solutions in the ill-
posed case.”” >’ For the measurement in Fig. 3(b) (right), the matrix
method gives similar force-distance curves for all reported ampli-
tudes, even in the forbidden zone. Caution must be exercised when
interpreting this observation. Measurements in Ref. 14 and simu-
lations in Fig. S2 of the supplementary material show the opposite
behavior, with the matrix method producing stronger variations and
larger errors with amplitude than the Sader-Jarvis method in the
forbidden zone.'* Regularization is required in such cases for which
the Sader-Jarvis method provides only a partial implementation.”
Further work is needed to fully regularize force recovery in FM-
AFM; see Ref. 14 for details. Therefore, the reporting of force mea-
surements in the forbidden zone using (currently available) methods
must be avoided.
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CO molecule interacting with a Cu adatom
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FIG. 4. Software output for two interatomic-force measurements. FM-AFM interatomic-force measurements of a Cu adatom on a Cu(111) surface, with (a) CO molecule at a

tip amplitude of 30 pm and (b) Fe trimer using a tip amplitude of 50 pm. Frequency shift dataset is obtained from Fig. 3.
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OMCTS liquid between a carbon nanotube tip and graphite ata = 2.0 nm

FIG. 5. Software output for nanoscale
force measurements of OMCTS liquid
under laboratory conditions. Frequency
shift dataset is identical to Fig. 2 of
Ref. 8.
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B. Liquid measurements under laboratory
conditions®

Finally, we study the OMCTS liquid measurements reported in
Ref. 8. These force curves exhibit oscillatory behavior due to molecu-
lar confinement; mimicked by the model force law in Eq. (S2) of sup-
plementary material. The frequency shift curves,” Af(z), in Fig. 2
of Ref. 8 were obtained at three amplitudes: a = 2.0 nm, 3.9 nm,
7.2 nm. The recovered force curves using the Sader-Jarvis method
were found to overlap; see Fig. 3 of Ref. 8. We now examine the
validity of these previously reported force curves and assess their
robustness.

A distance range, 0 < z $ 6 nm, is reported in Fig. 2 of Ref. 8.
Because the upper limit of the maximal forbidden zone is always half
the largest inflection point—see Eqgs. (5) and (6)—this limit must be
less than z{p¢*/2 ~ 3nm. The amplitudes, a = 3.9 nm and 7.2 nm,
exceed this value, establishing that the recovered force curves at
these amplitudes are valid. In contrast, a = 2.0 nm is less than this
maximal upper limit and further analysis is needed.

Figure 5 gives part of the software output for the a = 2.0 nm
dataset, showing that only noise exists for z 2 3 nm. This noise level
greatly exceeds that of Figs. 3 and 4, enabling the effect of signif-
icant measurement noise on software performance to be assessed.
The software reports the maximal forbidden zone,

0.061 £ 0.0027 $ a $3.1+0.00071 (nm). (11)

The upper limit of 3.1 nm aligns with the maximum possible value
of zipi* /2 ~ 3 nm (above), i.e., the software identifies spurious inflec-
tion points in the noise floor. The software can easily suppress this
undesirable effect, which is considered next, highlighting some of
the software’s advanced functionality.

The force jump through an inflection point must exceed the
noise level for meaningful identification of that inflection point. For
any such force jump to affect validity of the recovered force, it must
also be a significant fraction of the maximum force magnitude; see
Eq. (4). These two requirements are implemented together in the
software at the 10% level. Namely, for any inflection point, zi,y, to be

Distance (A)

30 40 50 60

considered in the validity assessment of the recovered force curve, it
must satisfy

Linf|F’(Zinf)|
max{|F(z)|}

where forcejumpminimum = 0.1. See INPUT — Other operating
parameters (advanced users only) in the software, where
several data analysis features can be adjusted; including a smoothing
option for the measured frequency shift dataset.

This default 10% level evidently underestimates the noise in the
recovered force curve in Fig. 5. Consequently, the minimum force
jump is increased to the peak noise level of 15% observed for z 2
3 nm, ie., the region with noise only. The software then gives a
maximal forbidden zone of

> forcejumpminimum, (12)

0.099 + 0.0027 S a $ 1.3 +£0.00079 (nm), (13)

where the upper limit satisfies zi,f /2 < 3/2 nm, as required;
see Table S2 of the supplementary material for details. That is,
a=2.0 nm is not within its maximal forbidden zone when the correct
noise level is included; noise levels below 10% require no software
adjustment. Taken together with the above analysis of the 2 = 3.9 nm
and 7.2 nm measurements, this establishes that all recovered force
curves are valid. Because these valid force curves have previously
been shown to overlap (Fig. 3 of Ref. 8), they represent a robust force
measurement.

IV. CONCLUSIONS

In summary, the inflection point test’s framework has been
further developed and new efficient algorithms were formulated
that together enable its complete automation. Software implement-
ing this automation, combined with the Sader-Jarvis method for
force recovery, is provided in the supplementary material. This gives
all AFM users the ability to easily perform valid and robust force
measurements, which was demonstrated on two discrete experi-
mental datasets, in ultrahigh vacuum and liquid. While users typi-
cally choose a single amplitude for force measurements, the present
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study highlights the importance of selecting a range of amplitudes
and testing for consistency among valid force measurements. Only
through this procedure can a robust force measurement be estab-
lished. Our study suggests that this constitutes good practice for all
future measurements.

We conclude by noting that other dynamic AFM modes, e.g.,
amplitude modulation AFM, are expected to exhibit similar ill-posed
behavior. This is because they also blur the underlying force dur-
ing measurement—due to their inherent use of nonzero oscillation
amplitude—and their force recovery involves a deblurring process.'*
Inversion formulas identical in form to the Sader-Jarvis method'’
for FM-AFM force recovery are used.”*”’ The investigation of these
complementary AFM modes represents an interesting avenue for
future work.”

SUPPLEMENTARY MATERIAL

See the supplementary material for the software, a user guide,
and fit data for Sec. III.
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