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1. Introduction

Electric force microscopy (EFM) and magnetic force microscopy
(MFM) have gained much interest to explore the electrical and
magnetic properties of nanoparticles. Intensive research activi-
ties are going on to image surface potential variations, charge
density, and dielectric constants of nanostructures and thin films
with EFM.[1–4] The demand for magnetic nanoparticles for
biomedical applications such as drug delivery, magnetic reso-
nance imaging, cell separation, and hyperthermia motivates

the characterization of nanoparticles and
nanocarriers loaded with magnetic nano-
particles by MFM.[5–10] Both methods,
EFM and MFM, use the so-called interleave
mode, a two-pass technique, combining a
first tapping mode scan line at the sample’s
surface with a scan line at a defined height
above the surface following the topography.
Additionally, both methods deal with the
capacitive force between tip and substrate.
In EFM, the electrostatic tip/sample inter-
action is used to provide information of
nanostructured materials.[4,11,12] In MFM,
electrostatic forces can overlap the mag-
netic signals resulting in a misleading
interpretation of measured MFM data.[13,14]

Measuring nanoparticles with MFM, a mir-
roring of the topography has been reported

and discussed by capacitive coupling effects.[15–18] In our previ-
ous work, capacitive coupling in MFM was theoretically
explained and experimentally proved to be due to the distance
change in the interleave mode measuring above the nanoparticle
leading to a reduction of the electric force and thus to topo-
graphic cross talk.[17,18] Yu et al. avoided these topographic
effects by combining MFM with EFM compensating the contact
potential difference by applying an appropriate tip bias.[13] In
EFM, topographic cross talk has been observed and discussed
as well.[12,19] Tevaarwerk et al. distinguished the electrical prop-
erties from topographic EFM signals for nonflat nanoscale
samples by electrostatic simulations which account for sample
topography.[19] Focus of this article is MFM measurements on
polystyrene nanoparticles to be used as carriers for magnetic
nanoparticles. To isolate the electrostatic contribution from
the magnetic signal, unloaded polystyrene nanoparticles of dif-
ferent sizes are investigated. In contrast to EFM measurements,
the only voltage in MFM inducing the electrostatic contribution
is given by the contact potential difference between tip and sub-
strate. But, all theoretical considerations in this study on the
influence of capacitive coupling on MFM signals can be trans-
ferred to EFM interleave mode measurements on nanoparticles.

To model the tip-substrate capacitance, various models have
been developed ranging from a parallel-plate capacitor geometry
to models including the form of the tip, e.g., sphere model, the
uniform charge line model, and the combination of the sphere
model for the tip apex, the conical shape of the tip, and a rectan-
gular cantilever.[1,2,20] These models differ in the power law
describing the z-dependence of the force gradient acting on
the tip. Experiments showed that depending on the tip-substrate
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Topographic cross-talk is still an issue in magnetic force microscopy (MFM) as
well as in electric force microscopy (EFM). Using interleave mode measurements,
combining a first topographic scan with a second scan in a certain distance from
the surface following the topography from the first scan, capacitive coupling
effects occur while measuring nanoparticles. This article focuses on the influence
of the dielectric constant of polystyrene nanoparticles in interleave mode MFM
measurements. To investigate the contribution of the capacitive coupling effect
to the signal, nonmagnetic polystyrene nanoparticles are investigated. The
tip-substrate distance change above the nanoparticle leads to a positive phase
shift in MFM signals. Simulations and fits to the experimental data allow the
investigation of the influence of the dielectric constant of the nanoparticles on
topographic effects in interleave mode measurements in general.
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distance, different power laws are needed as the interaction and
therefore the contribution of tip apex, cone, and cantilever varies
with the distance. Hudlet et al. developed an analytical derivation
of the electric field of a truncated cone and a spherical tip apex
in the following called the Hudlet model.[21] In this study, we
compare the Hudlet model with a parabolic tip shape based
on the tip radius determined by scanning electron microscopy
(SEM) measurements.

The aim of this work is to theoretically discuss and experimen-
tally prove the influence of the dielectric constant of nano-
particles of different diameter on the capacitive coupling effect
occurring in MFM and EFM due to distance changes in inter-
leave mode measurements above the nanoparticle.

2. Theory

2.1. Capacitive Coupling Effects in MFM on Nanoparticles

Capacitive coupling between tip and substrate leads to a positive
phase shift in MFM measurements on nanoparticles due to the
tip-substrate distance change in the interleave mode above the
nanoparticles.[17] Figure 1 shows a sketch of a standard interleave
measurement procedure.

The force gradient due to the electrostatic force measured
beside the nanoparticle is larger than the force gradient
measured above the nanoparticle leading in total to a positive
phase shift

Δϕel ¼ �Q
k
ðF0ðzþ dÞ � F0ðzÞÞ

¼ �Q
k
ε0
�

A
ðzþ dÞ3 ðVCPDÞ2 �

A
ðzÞ3 ðVCPDÞ2

�
> 0

(1)

where F 0 is the force gradient acting on the tip during the MFM
measurement, Q is the cantilever quality factor, k the spring
constant, ε0 is the vacuum dielectric constant, z is the lift height,
d is the diameter of the nanoparticle, A is the area of the capaci-
tor, and VCPD is the contact potential difference between

substrate and tip.[17] In this equation, the dielectric layer
thickness tl in Figure 1 is assumed to be zero. As Krivcov
et al. investigated by Kelvin probe force microscopy (KPFM)
measurements, the potential while measuring above a nano-
particle does not change and therefore VCPD can be assumed
to be constant.[18]

2.2. Estimation and Influence of the Effective Area of the
Capacitor “Tip-Substrate”

Relevant for the capacitive coupling described earlier is the area
of interaction between tip and substrate. In a simple model, the
capacitor can be assumed to consist of two parallel circle plates
with the effective area Aeff. In this study, Aeff is defined as the
area of the capacitor responsible for the capacitive coupling.
In reality, Aeff of the tip is a 3D surface depending on the form
of the tip apex and the cone as well as on the tip-surface distance
as shown in Figure 2.

As the value of the force gradient is a decreasing function of
the tip-substrate distance, the effective area increases with
increasing tip-substrate distance (Figure 2). Measuring nanopar-
ticles in MFM, the distance change as shown in Figure 1 leads to
an increasing effective area for the signals above the nanopar-
ticles. To simulate the phase shifts due to capacitive coupling,
the increasing effective area must be taken into account. There-
fore, models are needed to calculate the effective area Aeff.

In the following, we compare the Hudlet model with a simple
model assuming a parabolic tip shape.[1] 1) Hudlet et al. calcu-
lated the capacitive force between tip and substrate by consider-
ing the spherical contribution of the tip apex as well as the conical
contribution of the tip.[1]

Assuming small cone angles θ0, the total force was determined
to be

Ftot ¼ πε0V2 ⋅
� r2tip
z ⋅ ðzþ r tipÞ

�

þ k2 ⋅
�
ln

zþ r tip
H

� 1þ rtip
sin θ0 ⋅ ðzþ rtipÞ

� (2)

with V is the voltage between tip and substrate, z is the lift height,
H is the cone height, and θ0 is the cone angle, with

k2 ¼ 1
½lnðtanðθ0=2Þ�2

(3)

The force gradient acting on the tip can be calculated as

F0
tot ¼ πε0V2 ⋅

�
� r2tipð2zþ rtipÞ

ðz2 þ r tipzÞ2
�

þ k2 ⋅
�

1
zþ rtip

� r tip
sinðθ0Þ ⋅ ðzþ rtipÞ2

� (4)

The first part represents the contribution of the spherical
tip apex and the second part represents the contribution of
the cone.

These equations inherently contain the dependence of Aeff

on the tip-substrate distance as the force is obtained by sum-
ming all contributions of forces of infinitesimal surfaces

Figure 1. Sketch of interleave mode demonstrating the capacitive cou-
pling effect due to distance change between tip and substrate above
the nanoparticle and diagram of force, force gradient, and resulting phase
shift (left arrows red: beside the nanoparticle; right arrows red: above the
nanoparticle; green arrows: difference between forces, force gradient.
Orange bar: negative phase shift beside and above the nanoparticle; yellow
bar: resulting positive phase shift above the nanoparticle).
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obtained by faceting the tip surface.[1] 2) Parabolic tip: Ass-
uming a parabolic tip shape, the effective area can be calculated
by defining an effective radius by the value of the force gradient
falling below a certain value as shown in Figure 2. The value of
the force gradient acting between tip and substrate at the
effective radius falls below an assumed percentage of the force
gradient value acting between tip and substrate at the middle of
the tip F 0(z1, reff )≤ p� F 0(z1, r¼ 0), where reff is the lateral
distance to the middle of the tip and p is the percentage factor,
z1 is the distance between tip and substrate. The tip shape
is assumed to have a parabolic form y ¼ r2eff

rtip
with rtip is the

radius of the tip, reff is the effective radius. Therefore, reff
can be calculated by

reff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
y � rtip

p
(5)

Assuming F 0 in the middle of the tip to be 100% and the
z-dependence of F 0 for constant A, the value of the force gradient
will fall below p% of F 0 at a tip-substrate distance of (z1þ y)

⇒ F 0ðz1 þ yÞ ¼ p ⋅ F0ðz1Þ (6)

⇒
ε0A

ðz1 þ yÞ3 ⋅ V
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⋅ V2 (7)

reff ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffiffiffiffiffi
z31
p

3

s
� z

!
⋅ rtip

vuut (8)

The percentage factor p (e.g., for 12% percent approach:
p equals 12%/100%) serves as a fitting parameter to fit the data.
z1 equals (zþ tl) beside the nanoparticle and (zþ dþ tl) above
the nanoparticle. rtip is determined by SEM measurements of
the tip. In our previous works, a 0.1% approach achieved the best
agreement with the experimental data.[17,18]

Table 1 compares the force gradient obtained in the parabolic
tip shape model and the Hudlet model and Figure 3 shows the
corresponding simulations.

Figure 2. Effective area of the tip-substrate capacitor as a function of tip-substrate distance.

Table 1. Models for tip characterization with their z-dependence of the
force calculations.

Model F0ðzÞ
Parabolic tip (12% approach) �r tip=z2

Parabolic tip (10% approach) �1.1544 ⋅ r tip=z2

Hudlet (only spherical contribution) � r2tipð2zþr tipÞ
ðz2þr tipzÞ2

Hudlet (sphericalþ cone contribution) �
�
r2tipð2zþr tipÞ
ðz2þr tipzÞ2

�
� k2 ⋅

�
1

zþr tip
� r tip

sinðθ0Þ⋅ðzþr tipÞ2
�

Figure 3. Force gradient F 0 as a function of lift height for the models of
Table 1.
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The simulation demonstrates that the z-dependence of
the parabolic tip shape model matches the z-dependence of the
Hudlet model very well and can be used as a simple approach to
calculate phase shifts due to capacitive coupling effects based on
experimentally determined features (tip radius, parabolic form of
the tip corresponding to the SEM image of our tip in Figure S1,
Supporting Information).

For measurements on nanoparticles with MFM, it is necessary
to use one of these models as the tip-substrate distance changes
significantly above the nanoparticle and therefore the effective
area of the tip-substrate area increases with increasing particle
diameter.

2.3. Influence of the Dielectric Constant of Nanoparticles on
Capacitive Coupling Effects

For small nanoparticles, the dielectric constant of the nanoparti-
cle can be neglected due to the small ratio of the nanoparticle area
to the effective area of the capacitor.

Krivcov et al. showed that for typical MFM tips and nanopar-
ticles of 10 nm diameter, the contribution of the nanoparticle
area to the effective area is below 2%.[17]

The following simulations investigate whether the dielectric
constant of nanoparticles approaching the size of the tip radius
has to be taken into account to calculate capacitive coupling
effects. The capacitor is partially filled with the nanoparticle as
shown in Figure 4. The resulting phase shift of the MFM
signal can be calculated by using a capacitor circuit diagram
shown in Figure 4. In this model we also include a dielectric layer
with thickness tl between the nanoparticle and the substrate as
shown in Figure 1. This dielectric layer serves to minimize the
capacitive coupling as reported in previous studies.[18]

Our model describing the electrostatic force between the
conductive measuring tip and the substrate is based on the
calculation of the capacitor circuit diagram shown in Figure 4.
Tip and substrate are assumed to be the electrodes of the
capacitor, which are aligned parallel to each other.

Measuring above the nanoparticles, the partially filled capaci-
tor can be simplified as four capacitors connected in series and

parallel to each other (Figure 4). Measuring beside the nano-
particle, the system only consists of two capacitors connected
in series. Using these equivalent circuits, the phase shift due
to capacitive coupling can be calculated by

Δφel ¼�Q
k
ε0 ⋅

0
B@ AParticle�

zþ d
εPoly

þ tl
εl

�
3þ

Azþdþtl �AParticle�
zþ dþ tl

εl

�
3 � Azþtl�

zþ tl
εl

�
3

1
CA

⋅V2
CPD

(9)

where AParticle is given by π r2Particle, εPoly is the dielectric constant
of the nanoparticle, d is the particle diameter, εl is the dielectric
constant of the dielectric layer with thickness tl, z is the
lift height, and A is the effective area of the tip-substrate capacitor
depending on the actual tip substrate distance, zþ dþ tl measur-
ing above the nanoparticle and zþ tl beside the nanoparticle.

Figure 5 shows the phase Δφel as a function of the particle
size including the dielectric constant of the nanoparticle.

Figure 4. Capacitor circuit diagram considering a dielectric layer with thickness tl and the dielectric constant of the nanoparticle.

Figure 5. Phase shift Δφel as a function of particle diameter with Atip:
Parabolic model (10% approach) and rtip¼ 120 nm for two different
dielectric layer thicknesses between nanoparticle and substrate.
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To demonstrate the influence of the dielectric constant, the cal-
culations are compared assuming ε¼ 1 (denoted as ε Air) and
ε¼ 2.5 (denoted as ε Polystyrene) as dielectric constant for the
nanoparticle:

Calculating the phase Δφel as shown in Figure 4 as a function
of the particle diameter demonstrates that the dielectric constant
of the nanoparticle has no significant influence on the capacitive
coupling effect. This is because the volume fraction of the
nanoparticle does not change significantly because as the particle
diameter increases, the effective area increases as well.
Introducing a dielectric layer, the topographic effect is reduced
as the ratio of the distance change above the nanoparticle (d) to
the distance tip-substrate (tlþ z) is diminished as calculated in
Figure 4 and described in previous study.[18] But, the dielectric
layer also reduces the volume fraction of the nanoparticle in the
tip-substrate capacitor and thus the contribution of the nano-
particle to the signal.

In general, this has the consequence that the topographic
effect due to capacitive coupling makes it difficult to determine
the dielectric constant of nanoparticles in interleave mode
measurements such as mainly performed in EFM or MFM.
Linear mode measurements performed in MFM and EFM allow
the determination of the dielectric constant as there is no dis-
tance change above the nanoparticle.[12] This mode is difficult to
perform on large areas due to crashes of the tip with the sub-
strate especially while measuring nanoparticles with different
heights.[17]

3. Results and Discussion

To investigate the influence of the dielectric constant of the
polystyrene nanoparticles on MFM signals, measurements in
the MFM interleave mode were performed. As the nanospheres
are not loaded with magnetic nanoparticles, the signals are only
due to electrostatic forces, namely capacitive coupling effects as
described in Section 2.

Figure 6 shows the phase shift as a function of particle
diameter for two different tip radii measured at a lift height
of 50 nm.

As described in Equation (8), the capacitive coupling
strongly depends on the radius of the measuring tip. Therefore,
an increased radius of the tip results in larger phase shifts.
The experimental data are fitted by the parabolic tip model with
the tip radii determined by the SEM measurements. The only fit
parameter was p, the percentage of F 0 taken into account
(see Section 2.2.). Similar to fits in our previous works, best fits
are achieved with a 0.1% approach. This reflects a rather big
effective area for large tip-substrate distances.[17,18] Further inves-
tigations to explain this low value of p are necessary and ongoing.

The measurements are in accordance with the theoretical
model of a parabolic tip described in Section 2.2. In this model,
the effective area of the tip-substrate capacitor increases with
increasing tip-substrate distance. As an increasing particle diam-
eter leads to an enlarged tip-substrate distance, the effective area
increases as well so that the dielectric constant of nanoparticles
with radii approaching the size of the tip radius has no significant
influence on the phase shift.

4. Conclusion

In summary, we could theoretically and experimentally evaluate
the influence of the dielectric constant of nanoparticles on capac-
itive coupling effects in interleave mode measurements in EFM
and MFM. We showed that due to the distance change measur-
ing above the nanoparticle, the effective area of the tip-substrate
capacitor is correlated to the nanoparticle diameter. An increas-
ing particle diameter leads to an enlarged effective area of the
capacitor. For that reason, the volume fraction of the nanoparticle
in the capacitor does not automatically increase with increasing
particle diameter. Therefore, the dielectric constant of the nano-
particles has no significant impact on the capacitive coupling
effect occurring in MFM and EFM measurements on nano-
particles. This effect hinders the determination of dielectric
constants of nanoparticles in interleave mode measurements.
In future, these investigations will help to separate the topo-
graphic cross talk from magnetic signals of nanospheres loaded
with magnetic nanoparticles.

5. Experimental Section
Polystyrene nanoparticles were prepared through emulsification/

solvent evaporation method, according to the procedure described by
Musyanovych et al.[22]. Briefly, 300mg of polystyrene (Mw 192 000 gmol�1,
Sigma-Aldrich) were dissolved in 10 g of chloroform (≥99.8%, Merck) and
emulsified in 24 g of 3 wt% sodium dodecyl sulfate aqueous solution for
1 h under magnetic stirring at 1000 rpm. Afterward, the macroemulsion
was sonified under ice cooling for 180 s at 70% amplitude in a pulse
regime (30 s sonication, 10 s pause) using Branson 450W and 1/4 0 tip.
The obtained miniemulsion was transferred into the 50mL reaction flask
with a large size neck and left overnight at 40 �C for the complete evapo-
ration of chloroform. After formulation, the nanoparticles were purified
by centrifugation/redispersion in pure demineralized water and char-
acterized. The average size of obtained nanoparticles was 127 nm
(PDI 0.24) and zeta potential value corresponded to 62� 4mV.

Figure 6. Measurements and calculations of phase shifts: tip radius
rtip¼ 82 nm (blue line) and rtip¼ 122.5 nm (red line) and lift height of
50 nm. Fits were done using the parabolic model (0.1% approach) and
the respective VCPD¼ 0.45 V and VCPD¼ 0.6 V (silicon substrate) using
ε Air¼ 1 and ε polystyrene¼ 2.5.
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Before MFM measurements, the nanoparticle samples were further
diluted with ultrapure water (in a ratio of 2 μL:10 mL) to avoid agglomera-
tion and enhance single target measurements. Two microliter of the
obtained suspension was pipetted onto a freshly cleaned silicon wafer
(Siegert Wafer) and dried for 24 h under ambient conditions.

The AFM and KPFM measurements of polystyrene nanospheres were
performed on a Bruker Dimension Icon Atomic Force Microscope. To
calculate the capacitive coupling, it was necessary to perform KPFM meas-
urements for each individual tip and silicon substrate to determine the work
function VCPD between tip and sample. Furthermore, the measurements
were performed on different areas of the sample to evaluate the difference
in stability of the work function. Measurements of individual nanospheres
were performed in tapping mode for the first scan and in dynamical inter-
leave mode with a lift height of 50 nm in the second scan. Thus, the topog-
raphy can be measured in the first scan, whereas the second scan showed
changes in the force gradient of all long-range forces acting on the tip.

Tips used in this work were ASYMFM-HM (Asylum Research) probes.
Due to fluctuations in the manufacturing process of the tips, it was
necessary to characterize every probe via electron microscopy (SEM)
measurements as shown in Figure S1, Supporting Information. The meas-
urements show a radius of 81 nm with a VCPD value of 0.45 V for tip 1 and a
radius of 122.5 nm with a VCPD value of 0.6 V for tip 2.

SEM measurements were performed on a Carl Zeiss AG - SUPRA 40
using a Bruker detector, with pixel size of 600 pm to 1 nm and aperture size
41 of 60 μm.MFMmeasurements were analyzed using Nanoscope software.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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