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Abstract
Many advances in polymers and layered materials rely on a precise understanding of the local
interactions between adjacent molecular or atomic layers. Quantifying dispersion forces at the
nanoscale is particularly challenging with existing methods often time consuming, destructive,
relying on surface averaging or requiring bespoke equipment. Here, we present a non-invasive
method able to quantify the local mechanical and dispersion properties of a given sample with
nanometer lateral precision. The method, based on atomic force microscopy (AFM), uses the
frequency shift of a vibrating AFM cantilever in combination with established contact mechanics
models to simultaneously derive the Hamaker constant and the effective Young’s modulus at a
given sample location. The derived Hamaker constant and Young’s modulus represent an
average over a small (typically <100) number of molecules or atoms. The oscillation amplitude
of the vibrating AFM probe is used to select the length-scale of the features to analyse, with
small vibrations able to resolve the contribution of sub-nanometric defects and large ones
exploring effectively homogeneous areas. The accuracy of the method is validated on a range of
2D materials in air and water as well as on polymer thin films. We also provide the first
experimental measurements of the Hamaker constant of HBN, MoT2, WSe2 and polymer films,
verifying theoretical predictions and computer simulations. The simplicity and robustness of the
method, implemented with a commercial AFM, may support a broad range of technological
applications in the growing field of polymers and nanostructured materials where a fine control
of the van der Waals interactions is crucial to tune their properties.

Supplementary material for this article is available online
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Introduction

Quantification of the physical and chemical properties of
interfaces at the nanoscale is of crucial importance in the
development of new materials with tailored features [1–5].
This is, for example, the case for two-dimensional (2D)
materials and van der Waals (vdW) heterogenous structures
where a molecular-level understanding of the interactions at
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play is key to achieve the desired physical, chemical and
electronic properties [4–8]. With building units as thin as a
single atomic layer, 2D materials tend to exhibit properties
dissimilar from their bulk counterpart and can be dramatically
influenced by any interactions with a contacting material
[1, 9]. These unique features open a wealth of opportunities
for the new generation of electronic devices, combining direct
access to high mobility charge carriers and high thermal
conductivity [1]. A plethora of exciting properties further
arises when combining 2D materials in a single stack or when
depositing them on different substrates [1, 10, 11]. Examples
range from extending the plasmonic response of devices in
the visible range [12] to developing ferromagnetic semi-
conductors [10, 12] and superlubricity in tribology and
lubrication [13].

Fabricating these new 2D materials by design is however
challenging [1, 14, 15]. Undesired structural defects can
detrimentally alter the electronic and nanomechanical prop-
erties of 2D materials: wrinkles and ripples in mechanically
exfoliated MoS2, or graphene nanobubbles can modify the
carrier concentration [16]. Alongside chemical and physical
singularities, the other limiting factor in the effective design
of 2D materials is the difficulty to fine control the interfacial
interactions between each layer, and with the substrate [17].
The structure and properties of a given 2D device typically
depend on a balance between vdW adhesion forces and the
material’s bending energy. In MoS2, for example, interfacial
defects lead to an increase in tensile strain with an associated
transition from direct to indirect bandgap [16]. Practically, the
most relevant parameters to measure are arguably the
Hamaker constant, H, which quantifies the magnitude of vdW
interactions between the two materials, and the Young’s
modulus, E, which describes the linear elastic response of the
sample under strain [18]. The problem goes beyond the
characterisation of 2D materials: the engineering of new
polymeric materials and thin films, for example, also requires
quantification of spatial variations in the H and E to correlate
molecular changes in morphology with the resulting appli-
cation performance [19, 20]. This is perhaps best illustrated
by a technological example: polymeric multilayer thin films
for coatings where their lifetime and toxicity depends on
crystallisation processes due to dispersive forces [21]. Below
a critical thickness of around 10 nm, vdW forces between the
two adjacent polymeric layers become dominant over the
stabilizing mechanical and capillary forces and they may thus
amplify any interfacial instability eventually leading to the
layer breakup [22]. The ability to quantify the cohesive dis-
persion forces and the material’s mechanical properties in situ
and with nanometric spatial resolution is therefore of para-
mount importance.

The simultaneous determination of both H and E while
considering local defects is however challenging. Theoretical
approaches such as DFT calculations tend to assume idealised
defects or simply defect-free interfaces [16, 23]. Experimental
approaches present also some limitations, in particular when
determining H. E can be indeed studied by nanoindentation
[24, 25] or atomic force microscopy (AFM) methods [25–27]
with nanoscale spatial resolution. AFM, in particular, is an

ideal candidate to directly compare topographical features
with specific properties such as nanomechanical variations
[28–31]. AFM enables mapping the topography of interfaces
with sub-nanometer precision while simultaneously quanti-
fying certain physical or chemical properties of the sample,
thanks to its reliance on a nanoscale physical probe [32–36].
AFM operational modes are generally divided into static and
dynamic, depending on whether the AFM cantilever is kept
static at its base, or whether a periodic motion is imposed to it
[37]. In most modern studies, the AFM is operated dynami-
cally, with the probe externally vibrated to enhance sensing
accuracy while better preserving the tip and the sample
[28, 29, 33, 34, 37–39]. By tracking changes in the tip
vibration frequency, amplitude and phase as it operates in
close vicinity to a given sample, it is possible to reconstruct
the local interaction force experienced by the tip near the
sample’s surface. For instance, dynamic AFM methods have
been recently applied to soft and hard materials with their
mechanical modulus and viscoelastic properties identified
with great accuracy [27, 40]. In both static and dynamic
modes, the contact between the tip and the sample can be
described using the classical Hertz model for the case of a
sphere in contact with an elastic half space [18, 27, 41]. The
Hertz model is based on the assumptions of a frictionless and
non-adhesive contact with the contact area significantly
smaller than the radius of the sphere and with the deformation
of both surfaces being perfectly reversible [18, 27]. Notably,
the model assumptions may fall short in the plastic regime, or
in the presence of non-negligible adhesive interactions
between the AFM probe and the sample. In these cases, the
Johnson–Kendall–Roberts (JKR) and the Derjaguin–Muller–
Toporov (DMT) models offer a robust description of the
interactions between the probe and a compliant or stiff sub-
strate, respectively [18, 27].

Considering the determination of H, a wide range of
experimental techniques have been applied from surface force
apparatus [42] and immersion calorimetry [43] to optical
techniques, such as dynamic light scattering [44] and ellip-
sometry [45]. These techniques however tend to be invasive
[43] or average either over multiple locations or large areas
[42–44, 46]. Also here, AFM has emerged as an ideal tool.
For instance, using AFM static modes, the probe is moved
laterally along the sample with vdW interactions recon-
structed from friction-velocity curves and the activation
energy necessary for the tip to start its motion over the sub-
strate [47]. Static AFM modes offer the opportunity to
reconstruct vdW interactions also studying the so-called
jump-into-contact, that is, an instability in the cantilever
motion due to the attractive force gradient being markedly
greater than the cantilever spring constant [46]. Existing
dynamic AFM however appear superior in comparison to
static modes: they are minimally invasive and offer an
excellent degree of control when studying single molecules
adsorbed on a substrate [8, 9]. Still, existing AFM dynamic
modes for the study of vdW interactions require specifically
functionalised probes [8, 9, 48] and/or specialist equipment
operating at ultrahigh vacuum and in some cases also at low

2

Nanotechnology 34 (2023) 505714 C Cafolla et al



temperatures (5 K). This makes deriving local, nanoscale
information often challenging.

To overcome these difficulties, we have developed a
novel approach based on AFM where measurements can be
conducted using standard commercial equipment operated in
air or liquid. Here, we also address the problem of force
reconstruction from AFM observables. Force reconstruction
is challenging [39, 49, 50] because it usually relies on mul-
tiple deconvolution integrals to capture the multi-harmonic
response of the vibrating cantilever to varying tip-sample
interactions [51]. Several numerical methods have been
developed [51] using slow time varying theory [49], iterative
calculations [52] inversions of matrices [53], infinite sum-
mations of higher order derivatives [54], and Chebyshev
polynomial expansions [55]. These approachestypically
require heavy calculations and are often only valid for can-
tilever oscillation amplitudes significantly differing from the
length scale of the interaction being probed [51]. The most
popular method -the Sader and Jarvis method- provides a
good approximation of the interaction forces while still using
relatively simple integrals [39, 50, 51], but still requires the
tip oscillation amplitude to be much smaller than the decay
length of the interaction at play [51]. While not a problem in
itself, this renders any direct quantification of H and E chal-
lenging, with most existing studies focusing on solvation
effects (see e.g. reviews [56, 57]).

Here, using a development based on the viral equation,
we derive an analytical expression that relates H and E to
quantities directly observable in AFM measurements. This is
rendered possible by combining the virial theorem with the
DMT model (see e.g. [58] for a detailed review). The method
can be easily implemented without the need of any specia-
lized equipment and yields correct values using the standard
dynamic operation conditions of commercial AFMs. The
method is robust and can be used in both air and liquid, and
with a wide range of oscillation amplitudes thus allowing for
quantification across any desired length scale. For example,
we use it to investigate the impact of nanoscale singularities
and roughness on the derived quantities. We compare the
results of the proposed method against literature values over a
range of samples including some 2D and polymeric materials.
We also run simulations verifying the experimental mea-
surements. The proposed method offers a robust and non-
invasive approach to accurately study mechanical properties
and, above all, vdW interactions with high accuracy and
spatial precision paving the way for efficiently designing of
2D heterostructures and new polymeric materials.

Results and discussion

The AFM is firstly operated in amplitude modulation (AM) to
image the sample surface and highlight any nanoscale topo-
graphical defects or singularities (figure 1(a)). In this mode,
the cantilever is driven with a constant oscillation amplitude
and frequency with the changes in the former being used to
re-construct the sample topography [33, 36, 37].

The nano-positioning system of the AFM allows select-
ing the nanoscale region of interest to probe by AFM force
spectroscopy. Force spectroscopy is conducted in frequency
modulation (FM) to allow straightforward separation of the
dissipative and conservative forces experienced by the tip
(figure 1(a)) [37]. In FM mode, the driving frequency is
adjusted to always match the resonance frequency of the
cantilever using a feedback loop that also ensures a 90° phase
shift between the driving and tip oscillations. An additional
feedback keeps the tip oscillation amplitude constant [37, 59].

Force spectroscopy measurements quantify the frequency
shift, Δf, in the tip oscillation as it approaches the surface of
the sample, yielding the characteristic frequency-distance
(FD) curves whereΔf is shown as a function of the tip-sample
distance, d (figure 1). From FD curves, it is possible to extract
the position a0 of the transition from the attractive to repulsive
region of the force experienced by the tip as it moves towards
the surface.

The values of H and E are respectively deduced from the
attractive (d > a0) and repulsive (d < a0) regions of the FD
curve (figures 1(b)–(c)). The first step of the method is to
derive an analytical expression for H and E based on the
experimental parameters in conjunction with the DMT model.
This is done using the virial theorem: for a full oscillation of
the AFM cantilever vibrating at its first eigenfrequency, the
virial of the tip-sample system, V ,tsc is equivalent to the time
averaged kinetic energy of the tip [60]:
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It is worth noting that this approach implicitly models
dynamic sensing by means of a static indentation method
(DMT). The conservative part of the interaction force when the
cantilever taps the surface is effectively a form of contact
resonance method (see figure 1(b)). The hard deformation of the
tip/sample convoluted systems is however not taken into con-
sideration, with the sample assumed to be significantly softer
(smaller E) than the tip. Static indentation models have been
widely used when reconstructing tip-sample interactions in
dynamic AFM nanomechanical spectroscopy [25, 31, 40, 62].
The DMT model considers vdW forces and thus can effectively
approximate both the attractive and repulsive regimes of
nanoscale dynamic sensing [18, 63]. For the case of soft poly-
meric samples or where the attractive regime presents a shorter
range in comparison to the deformation, the JKR model may be
suggested as an option alternative to the DMT. Using the JKR,
however, renders the method significantly more complex as the
work of adhesion of the probe and the sample, and hence their
surface free energies, should be also taken into account [18, 64].
Also, using the JKR model would require the reconstruction of
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the tip-sample interaction forces [39, 50, 51]— a step the pro-
posed method does not require as detailed below. Significantly,
considering the caveats associated with modelling the indenta-
tion part of the curves and the large number of existing AFM-
based approaches focusing precisely on determining the local
Young’s modulus [25, 31, 40, 62], the present study places the
emphasis on the non-contact region of the oscillation and the
quantification of dispersive forces.

In FM-AFM, the instantaneous displacement z(t) of the
cantilever oscillating with amplitude, A, is given by

z t A tcos
2

3( ) ( )w
p

= +⎛
⎝

⎞
⎠

Thus, the interaction potential in equation (1) can be
approximated as [37, 60]

V A k
f

f
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2

0

( )= -
D

where k is the cantilever flexural spring constant and f0 the
resonance frequency of the cantilever far from the sample.

Combining equations (1), (2) and (4) leads to the fol-
lowing analytical expressions for H and E, the effective
Hamaker constant and Young’s modulus of the combined tip-
sample system, (see supplementary material section 1 for a
detailed derivation of the expressions):
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We note that while H is defined for a specific pair of inter-
acting materials, E describes an intrinsic property of a given
material. Here, E comprises information from both the sample
and the indenter through the well-known relationship

[18, 65]:
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where νm(νt) and Em (Et) are the Poisson’s ratio and Young’s
modulus of the material (the indenting tip).

As shown in figure 1(b), (E) is reconstructed for the FD
regime where the cantilever tip is indenting into the material,
thus ensuring full contact between the two. The oscillation
amplitude being constant provides a key advantage for FM-
AFM spectroscopy allowing directly measuring the indenta-
tion length as the cantilever moves towards the surface
[31, 66, 67].

Practically, at least, 100 FD curves are acquired per
location and subsequently averaged; then, using the average
FD curve, the experimentally determined values of H and E
for the location considered are taken as the average values
over the attractive, and repulsive regime, respectively, and
their uncertainty taken as the standard error. This averaging
procedure accounts for the uncertainty related to the imposed
DMT force profile and measurement noise.

One key point to highlight is that the derived Hamaker
constant does not represent single atomistic interactions but
rather an average over a small (typically <100) number of
molecules or atoms. Existing theoretical and experimental
methods based on an atomistic description allow investigating
vdW dispersion coefficients [8] and non-additive screening
[4] between single atoms, as well as molecular adsorption
distances [9], but measurements typically need to be con-
ducted with specialist equipment in ultra-high vacuum [8, 9].
Here, H is reconstructed using a simple continuum, nanoscale
model thus inherently assuming average properties over the
surface area probed by the AFM tip apex. The use of a
continuum assumption is also responsible for the variation of
H with distance observed in figure 1(c). This is mitigated by
averaging over short distances and we hence refer to H as an

Figure 1. Effective Hamaker constant and Young’s modulus derived from FM-AFM spectroscopy conducted at specific locations of a
polymeric blend sample. The derivation procedure is illustrated for curves acquired over polymethylmethacrylate (PMMA) and polystyrene
(PS) regions (a). As the tip approaches the sample surface, the oscillation frequency shifts due to tip-sample interactions (b). The minimum a0
in the frequency shift marks the transition between regions dominated by attractive dispersion forces, H, (red rectangle in (b)) and repulsive
elastic compression, E (yellow rectangle in (b)), respectively. Combining the associated frequency shift with the DMT model allows
determination of the effective H (c) and E (d) from the relevant regions of the curve (see text for details). The average values of H and E over
the relevant curve regions are shown as dashed lines in (c)–(d) and taken as the experimental values for the measured location. The colour
and scale bars in the high-resolution amplitude modulation AFM image in (a) are 120 nm and 1 μm, respectively. Here, the measurements
were conducted with silicon cantilevers coated with Ti/Ir (Asyelec.02, Oxford Instruments, London, UK); see below for the rationale behind
the choice of these probes.

4

Nanotechnology 34 (2023) 505714 C Cafolla et al



effective Hamaker constant. Further improvements to the
model could include quantum many-body treatment for the
non-additive nature of vdW interactions [15], but such a
treatment goes beyond the scope of this paper. Here, the focus
is instead placed on developing an approach which can be
rapidly and simply implemented with commercial AFMs, and
applied both in air and liquid. A further advantage of the
proposed method over existing approaches is the fact that it
bypasses the need for any fitting procedures [68, 69] inherent
to force reconstruction strategies, significantly reducing the
error on the analysis. Additionally, the direct relationship
between Δf, H and E makes the analysis considerably simpler
and faster. Figure 1 further highlights the potential of the
proposed method in investigating local differences in H and E
forces over a polymer blend sample. As expected, distinct
polymethylmethacrylate (PMMA) and polystyrene (PS)
domains are visible. In both cases, the effective Young’s
modulus decreases as the tip further indents into the material
due to an increase in adhesion between the cantilever and the
sample, a phenomenon well documented [18]. The behaviour
of H, however, shows significant differences between PMMA
and PS likely due to their different hydrophilicity and the
measurements being conducted in ambient conditions
(T = 25 °C, relative humidity, RH = 40 ± 5%). PMMA and
PS exhibit water contact angles of 67° [70] and 86° [71],
respectively, creating a thin water film on PMMA that
changes the dielectric constant of the intervening medium. H
values derived over the attractive region can vary also due to
the imposed DMT force profile and measurement noise. This
is mitigated by taking the average value over the entire
region. To validate the technique, we used a numerical
approach with computer simulations based on a fourth-order
Runge–Kutta algorithm [72, 73], and exploring materials with
H ranging from ∼10−21 up to 10−19 J and E from ∼0.1 GPa
to >4 GPa. The interest of this approach is the ability to test a
wider range of materials properties without changing other

parameters such as surface chemistry. The simulation results
show the robustness of the method in quantifying H and E for
all the samples (figures S1–2 and supplementary material
section 2).

Before conducting a similar experimental validation on
different samples, it is necessary to ascertain the robustness of
the method in terms of experimental parameters. Since H and
E are only observable over specific regions of the FD curves,
it is likely that the choice of tip oscillation amplitude will
impact the measurements. This is practically important when
conducting AFM measurement because the choice of ampl-
itude affects the size of the features that can be resolved, but
also the signal-to-noise of the measurement. We investigate
this issue systematically on a highly orientated pyrolytic
graphite (HOPG) sample immersed in pure water. The water-
HOPG interface is crucial to a wide range of technological
systems from vdW-based interfacial self-assembly [74] and
catalysis [75] to surfactants and lubrication [28], and is hence
used here as a test system. HOPG surfaces present a range of
structural features from step edges to asperities [28], offering
an ideal platform to test the ability of our method with dif-
ferent operating amplitudes. We first image the water-HOPG
interface (figure 2(a)), revealing various surface features such
as step edges, terraces, point-like defects and other singula-
rities. Choosing 6 different locations with increasing local
roughness (labelled as L1–6, figure 2(a)) we conduct spec-
troscopic measurements with a range of oscillation amplitudes
and derive H and E in each case. Roughness is arguably the
simplest metric to characterise the local topography of a
nanoscale region or surface sites [18, 28]. The reconstructed
average values for H and E are presented as functions of
roughness (figures 2(b)–(c)). At small amplitudes
(0.3–0.5 nm), a clear evolution is visible with regions exhi-
biting smaller roughness showing, overall, smaller H and
greater E (figures 2(b)–(c)). This trend vanishes at larger
amplitudes where H and E appear to converge to average

Figure 2. Impact of nanoscale features on the effective Hamaker constant and Young’s modulus at the HOPG-water interface. Imaging of the
water-HOPG interface shows a wide variety of features such as step edges, terraces, point-like defects (a). Representative features with
increasing local roughness (L1 → L6) are probed using FM spectroscopy. Each location is investigated with five different oscillation
amplitudes (0.3, 0.5, 1.2, 2.5 and 4.5 nm). At small oscillation amplitudes (<1 nm), H and E vary with the sample roughness (b)–(c). This is
no longer the case for larger amplitude where H and E appear roughness independent due to the local features being averaged in the
measurements. The surface roughness is the root mean square value (Sq)

18 averaged over an area of ∼ 50 nm2 to account for possible
experimental drift [26]. The nonlinear evolution of H and E as functions of Sq has been fitted with an exponential which converges to an
average value for oscillations >0.5 nm. The colour and scale bars in the high-resolution amplitude modulation AFM image in (a) are 2 nm
and 400 nm, respectively. Here, the measurements were performed with Arrow UHF silicon cantilevers (Nanoworld, Switzerland); see the
main text for the rationale.
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values independently of the roughness. The fact that smaller
oscillations amplitudes are more sensitive to local variations
in nanoscale features is expected [28, 33]. The present mea-
surements show that, for measurements of H and E, this effect
tends to occur when the oscillation amplitude is comparable
or smaller than the size of the local features. In such cases, H
increases due to the larger effective surface areas interacting
with the measuring tip, when compared to a perfectly flat
region [18]. In contrast, the apparent E decreases due to
sample become more deformable locally at asperities and
defects [18]. Using oscillation amplitudes larger than the
features length scale results in averaging out any singularities
and probing an effectively homogeneous sample surface. H
and E then tend to converge to average values which are in
relatively good agreement with theoretical expectations and
experimental results from the literature (2–30 zJ and
18–24 GPa, respectively). This is an important results because
it demonstrates that the method is capable of distinguishing
the contributions of local nanoscale features, something
usually neglected by existing measurement techniques and
models [76–88]. Previous dynamic and contact mode AFM
studies have highlighted the fact that H values tend to be
affected by roughness and nanoscale features [89, 90]. This
was achieved by implementing an AFM system within a
transmission electron microscope (TEM), with the measure-
ments performed in vacuum. While highly accurate, the need
for a combined AFM-TEM system significantly limits its
broad applicability [89]. Here, the proposed method can be
easily implemented into standard commercial AFMs for
measurements at ambient conditions and on any materials.

It is furthermore worth mentioning that the choice of
oscillation amplitude has a crucial importance when using
numerical methods in force reconstruction. The numerical
deconvolution of the force can be ill-posed resulting in
erroneous forces values, extremely sensitive to arbitrarily
small errors in the oscillation amplitude. A solution to this ill-
posed problem is to adjust the oscillation amplitude by means
of an inflection point test [91]. The inflection point test is
based on evaluating the first and third derivatives of the force
at each inflection point to verify whether the curvature of the
reconstructed force may change too rapidly with a consequent
loss in information. Experimentally, the determination of
inflection points and the calculation of the first and third
derivatives are far from trivial due to the discrete nature of the
data and noise with the need of data filtering based on an
arbitrary choice of parameters. Experimental studies further-
more suggest that the test may yield results for the oscillation
amplitude which do not maximize the signal-to-noise ratio
[92]. Our proposed method offers an analytical equation that
avoids the ill-posed problem in force deconvolution, allowing
for a wide range of oscillation amplitudes to be used.

Using roughness independent (>3 nm) amplitudes, we then
comparatively test the proposed method over 8 different samples
representative of 2D materials and polymers in air at ambient
conditions (see Methods section below): muscovite mica,
HOPG, molybdenum disulfide (MoS2), grown monolayers of
WSe2, MoTe2 and hexagonal boron nitride (h-BN) and unmo-
dified unstained microphase separated polystyrene-b-

polymethylmethacrylate (PS-PMMA). The first three samples
(HOPG, mica and MoS2) act as a reference: the Hamaker con-
stants describing their interaction with silicon (the AFM tip
material) have previously been experimentally determined.
WSe2, MoTe2 and h-BN are selected as representative 2D-
materials for which, to the best of our knowledge, only theor-
etical predictions for H are available. Finally, a microphase
separated PS-PMMA mixture is used as representative of
polymeric materials. These polymers also offer a benchmark to
assess the spatial accuracy of the method, allowing the selective
probing of PS or PMMA domains (see figure 1(a)). The repre-
sentative 2D materials are tested with commonly used silicon
cantilevers [29, 47, 93], whereas the experiments on PS-PMMA
are performed with Ti/Ir coated cantilevers. The use of different
combination of AFM probes and substrates is deliberate, to
validate the general applicability of the proposed method inde-
pendently from a specific system or operating conditions.
Additionally, the choice of tip materials used in this study is
motivated by the relevance of silicon-based substrates for the
growth of 2D materials, and the routine use of Ti nanofibers and
Ir complexes with PS and PMMA polymers in photovoltaics
[94], pH electrodes for harsh environmental conditions [95] and
medical devices [96].

The Young’s moduli of all the samples have been pre-
viously established with various experimental techniques
[76–78, 84, 85, 88, 97, 98], offering a straightforward assess-
ment of equation (5). In all cases, the sample modulus Em is
derived, using equation (7) and assuming a tip modulus of Et ~
500 GPa for Ir [99] and Et ~ 150GPa for Si [100], and Poisson
ratios of 0.26 (Ir) and 0.23 (Si) [65, 100–106]. The Poisson
ratios for the materials are taken from 65, 79, 107–112. The
results are shown in figure 3 for all the materials studied.

Comparison between the derived and literature values
indicate an excellent agreement within error, except for MoTe2
and WSe2 where larger differences are visible. Even for these
materials, the differences between measured and literature values
are ∼ 30% within error, a remarkable feat considering the broad
range of moduli being probed. The specific experimental con-
ditions and sample preparation are also likely to influence the
values measured with no means of ensuring identical conditions
between the present and literature values. The good agreement
of our measured values with the literature for the PS-PMMA
polymeric blend rules out tip convolutions effects [28, 115]:
after selecting the region of interest (figure 1), our approach
accurately investigates its nanomechanical properties without
any evident tip geometry dependent artifacts or bias due to the
cantilever inclination with respect to the sample surface [115].
Further studies are however needed to validate the impact of
probe geometry on the proposed method and to further imple-
ment it also using available models for AFM tips/surface
interactions accounting for the tip geometry [2, 66, 116].
Additionally, although the Young moduli derived for the stiffer
material appear in good agreement with the literature, the mea-
surement is ambiguous since the tip itself has comparable
stiffness. A more sophisticated model considering the tip
deformation may be needed in some cases.

Overall, figure 3 validates the approach developed in this
study to determine E, a well-characterized quantity. Determining
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H is more challenging with limited experimental benchmarking
available. For five out of the eight materials investigated here,
only theoretical predictions are available, based on the Lifshitz
theory [117–119]. The theoretical calculations assume that the
tip, the sample and the medium in-between are all perfectly
homogeneous. This is obviously a simplification, especially for
the in-between medium where condensation water molecules
and adsorbed contaminants can affect the dielectric constant
[120]. We therefore first validate the proposed method with the
three systems for which experimental H values are available:
HOPG, mica, and MoS2, each interacting with commercial
silicon or silicon nitride tips [47, 121]. Silicon tips are well-
known to form a surface oxide layer when exposed to ambient
conditions, something common for all commercial tips. It is
therefore reasonable to assume the silicon tips to behave as
silicon nitride since the latter exhibits properties in-between pure
silicon and silicon oxide (see supplementary material section 3
for the relevant data). Our experiments being conducted in
ambient conditions, water molecules tend to adsorb at the sur-
face of the sample and the tip forming complete ordered layers at
hydrophilic interfaces. On mica, ambient humidity creates ice-
like structure due to epitaxial effects with the substrate lattice
constant approximately matching that of the hexagonal ice basal
plane [33]. To some extent, ice-like layer can also be assumed to
form at the interface with HOPG and MoS2 which lie at the
boundary between hydrophilic and hydrophobic (see supple-
mentary material section 4). In principle, adsorption of airborne
hydrocarbons can also affect the measurements and is well
known to increase hydrophobicity over time [122], but the
present measurements were conducted on freshly cleaved sur-
faces. In all cases, the tip is bound to have an absorbed water

layer on its surface and we hence always derived theoretical
prediction assuming an ice-like water layer between the tip and
the different substrates [29] (see supplementary material section
3 for the details on the theoretical calculations). Figure 4 shows,
for the three materials, the comparison of measured H versus the
experimental data obtained from the literature and theoretical
predictions. For each material the measured, literature and
theoretical data agree within error, with a particularly good
agreement between the measured and the literature values. In the
case of mica, the literature values were adjusted to match our
experimental humidity (40% ± 5%) by interpolating the values
reported for a dry [117, 121] and humidity saturated environ-
ment [117]. In the case of MoS2, the theoretical prediction
appears way off, despite agreeing with the experimental values
when the large error is considered. Relaxing the assumption of a
water layer would only increase the predicted H value, sug-
gesting a fundamental problem with the prediction. Part of the
issue comes from the difficulty in obtaining a relevant refractive
index for MoS2, a key parameter in the prediction. Depending
on the publications and the range of wavelengths considered
[123–125], reported refractive index values can vary by more
than 100% rendering objective predictions challenging.

Aside from the difficulty with the theoretical prediction for
MoS2, the excellent agreement between the measured, reported

Figure 3. Comparison of the Em values derived in this study using a
combination of FM-AFM spectroscopy and equations (5) and (7)
(black) with published values from other experimental studies (red).
The measured and literature value agree within error for all the
materials except for MoTe2 and WSe2 where the values differ by
∼30% within error. The literature values are from the following refs:
HBN [77], HOPG [76, 78], mica [97], MoS2 [84, 113, 114], MoTe2
[84, 98], WSe2 [85, 88], PMMA [86] and PS [86]. Note the log scale
to aid comparison across the wide range of values.

Figure 4. Comparison of H constants measured in this study (black)
with experimental values from the literature (red) [47, 121] and
theoretical predictions (blue). The literature experimental values are
from [121] for mica, and [47] for HOPG and MoS2. In all cases, the
H values represent the interactions between the stated material and
the silicon AFM tip in air at ambient conditions; the different
intervening medium in comparison to the measurements shown in
figure 2 (water) accounts for the different values of H for HOPG. For
mica, the literature value was obtained by linear interpolation of the
reported dry and water-saturated values to match our 40%
experimental humidity. The theoretical predictions assume a
homogeneous ice-like layer of adsorbed water molecules on the
surface, and the silicon cantilever undergoing an effective surface
oxidation (see supplementary material section 3). Measurements
over mica could not be achieved in water, presumably due to its
strong hydrophilicity [18, 29, 33]. The error bars on the theoretical
predictions represent the range of refractive indices and dielectric
constants reported in the literature (see supplementary material
section 3).
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and theoretical H values validates the proposed method. We
therefore derived the first experimental H constants for the other
five materials with only theoretical calculations as a point of
comparison. All the materials probed are weakly hydrophilic
(see supplementary material section 4) and an epitaxial water
layer is expected (also assumed in the calculations). This is a
common feature for some of the most wide spread 2D materials
based on graphene and transition metal dichalcogenides [126],
as well as for a wide range of technologically relevant polymers
with applications, for example, in drug delivery [127], waste-
water treatment [128] and thermally insulating foams [129]. The
calculations were therefore conducted under the same assump-
tions as before. The results, presented in figure 5, show an
excellent agreement between our measurements and the theor-
etical predictions within error.

Taken together our experimental results validate the
proposed experimental method and show that it is possible to
derive simultaneously H and E with high spatial accuracy and
without damaging either the probe or the sample.

It is worth mentioning that the proposed method approx-
imates the probe surface interacting with the substrate as the tip
apex. While our simplified modelling is among the most popular
approaches in the AFM community [18, 31, 46, 60, 132, 133], it
may be argued that, vdW attractions being relatively long-ran-
ged, the tip shank contribution should be considered. Models
have been hence developed in this sense [68, 134]. These
approaches are however highly sensitive to the choice of fitting
parameters [134]. Furthermore, in the case ofvdW attractive
forces range being smaller than the tip radius, these methods
may overestimate the Hamaker constant. This may explain why,
incorporating the tip shank contribution in our model, the results
differ from the theoretical or literature values (figure S3 in the
supplementary material section 5). It should be also noted that
this additional contribution is only approximated (see equation

S18 in supplementary material section 5) and has not been
analytically resolved within our proposed method.

It is also worth discussing some limitations and possible
sources of error in conducting the measurements. First, as
obvious from the previous discussion, environmental factors such
as humidity and airborne contamination of the material and the
tip can dramatically influence the value derived for H. The issue
is not specific to the proposed method but common to all
experimental measurements of dispersion forces. Measurements
should therefore be conducted in an environment which best
replicates that of the desired application, and with a suitable
degree of care. Second, the methodology itself relies on the
accurate determination of the probe’s stiffness [135, 136], its
effective tip radius of curvature [137], the pull-off deflection
force and the cut-off distance [121]. These parameters being
fundamental when reconstructing physical quantities from stan-
dard AFM spectroscopy measurements, there exist, however,
well established protocols [2, 37, 138] to precisely and accurately
determine them minimising the associated uncertainty. It is
therefore possible to accurately and reliably quantify the error on
H and E resulting from measurements with the proposed method.

Conclusions

In this study, we present a fully analytical method to derive
the Hamaker constant and Young’s modulus of a sample
material from experimental observables acquired in AFM
spectroscopic measurements. The derived Hamaker constant
and Young’s modulus represent an average over a small
(typically <100) number of molecules or atoms. The method
offers a spatial resolution comparable to the size of the AFM
tip (typically <10 nm) and can be easily implemented on
most commercial AFMs. We validate our approach on a range
of materials, from relatively stiff 2D materials to compliant
polymers films, paving the way for its adoption in the
nanoscale design of 2D materials and polymer-based devices.
It could, for example, help disentangle the effect of doping on
functional coatings [139, 140] and energy storage materials
[141]. The ease of use and the high spatial resolution would
also help provide new insights into the role of vdW forces in
the function and assembly of 2D heterostructures on different
substrates [6, 142].

Methods

Materials

Experiments are conducted using a commercial Cypher ES AFM
(Oxford Instruments, CA, USA) equipped with temperature
control. We use two types of commercial cantilevers with their
flexural calibration being performed using their thermal spec-
trum [143]:

1. Arrow UHF silicon cantilevers (Nanoworld, Switzer-
land). Arrow cantilevers were found to have a stiffness kf
in the range 1.6–5.0 Nm−1, a Q-factor of 360 ± 10 and a

Figure 5. Comparison of the values for H derived experimentally
with the proposed method and calculated from theory. As for the
previous materials, the theoretical calculations assume an adsorbed
layer of water molecules on the surfaces (ambient conditions)
thereby affecting the dielectric response of the intervening medium
[130, 131] (see also supplementary material section 3).
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flexural resonance frequency of 2040 ± 50 kHz. The
mechanical properties of the cantilevers are consistent
with the literature [29, 144].

2. Asyelec.02 silicon cantilevers coated with Ti/Ir (5/20)
(Oxford Instruments, London, UK). The probes are
found to have flexural stiffness, k, of 46.0 ±
0.3 nN nm−1, a Q-factor of 630.0 ± 0.3 and a resonance
frequency of 318 ± 1 kHz. In comparison to standard
silicon tips [29, 145], the stiffness and the Ir-coating of
tips ensures increased sensitivity through higher Q-factor
[37] and high wear resistance [146], respectively.

High-quality V1 muscovite mica discs, HOPG and MoS2
were purchased from SPI supplies, West Chester, PA, USA;
grown monolayers of WSe2, MoTe2 and h-BN, each of them
transferred to a SiO2/Si substrate, were custom made by 2D
Semiconductors, NY, USA; unmodified unstained micro-
phase separated PS-PMMA was purchased from Nanosurf
AG, Liestal, Switzerland. Thorough cleaning procedures were
implemented as detailed in the supplementary material
section 6.

Imaging

All the experiments are performed in air at 25 °C, unless
otherwise specified (e.g. HOPG fully immersed in water,
figure 2). All the experiments were performed ensuring that at
the time of the measurements the ambient RH was within the
range 40% ± 5%, thus minimizing any variations in the
potential capillary forces experienced by the probe. The RH
was monitored with a thermo-hygrometer (Fluka Corporation,
Washington, USA). Thermal equilibrium is achieved ensuring
that the cooling/heating rate of the temperature control sys-
tem within the AFM is constant for, at least, 20 min [29, 138].
The sample surfaces are imaged both before and after per-
forming force spectroscopy. This allows selecting, with sub-
nanometer precision, the locations to probe by force
spectroscopy, as well as ensuring the absence of any sig-
nificant drift after conducting the spectroscopy. Furthermore,
this also helps rule out the presence of any adsorbed con-
taminants directly visible when imaging. High-resolution
imaging is performed in amplitude modulation AFM (AM-
AFM). In this mode, the cantilever is oscillated at a frequency
close to resonance. Away from the material surface, the
cantilever oscillates with a free amplitude A0. As the tip
approaches the sample, the oscillation amplitude is reduced
due to the interactions with the sample surface. The material
surface is raster-scanned keeping a set point amplitude, As,
constant by means of a feedback loop. The ratio As/A0 is set
as high as possible so as to ensure gentle imaging. The sample
topography is reconstructed using the amplitude corrections.
The phase lag between the cantilever oscillation and the
driving oscillation can vary freely and provides information
on the tip-sample interactions [28, 29, 147].

Force spectroscopy is performed in frequency modula-
tion. The cantilever approaching the sample surface, its
oscillation amplitude and frequency are kept constant using
two feedback loops. For the measurements exploring the role

of oscillation amplitude presented in figure 2, the HOPG-
water is investigated using an Arrow UHF cantilever with 5
different amplitudes (0.3, 0.5, 1.2, 2.5, 4.5 nm). The set
amplitude is 3.00 nm for the 2D-materials and 8.00 nm for the
PS-PMMA (figures 3–5). Frequency and amplitude correc-
tions are acquired as a function of the tip-sample distance [37]
over >3 (typically 5) different locations for each substrate
resulting in >100 force-distance curves that are subsequently
averaged. Each set of experiments, including both imaging
and spectroscopy, is repeated at least three times to ensure
reproducibility.
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