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Abstract
The detection of superparamagnetic nanoparticles bymagnetic forcemicroscopy (MFM) at the single
particle level faces difficulties such as superposition of nonmagnetic signals caused by electrostatic
interactions as well as reaching the resolution limits due to smallmagnetic interactions. InMFM the
magnetic force ismeasured at a certain distance to the substrate following the topographymeasured in
afirst scan to avoid an influence of short range forces (liftmode). In this workwe showed that
performingMFMon superparamagnetic nanoparticles the increase of the tip-substrate distance above
the nanoparticle in liftmode scans leads to a reduction of the electrostatic forces resulting in a positive
phase shift in contrast to the negative phase shift of the attractivemagnetic force. Identifying the
electrostatic force inMFMonnanoparticles as a capacitive coupling effect between tip and substrate
the origin of often seen topographymirroring in phase images of nanoparticles in general is
theoretically explained and experimentally proved.Minimization of the capacitive coupling by
adjusting thework function difference between tip and substrate as well as using an optimized tip
allows themagnetic visualization of single 10 nm superparamagnetic iron oxide nanoparticles
(SPIONs) at ambient conditionswith andwithout an externalmagneticfield.

1. Introduction

The uniquemagnetic properties of superparamagnetic iron oxide nanoparticles (SPIONs) are of high interest in
manymedical and biological applications such asmagnetic resonance imaging (MRI), contrast enhancement,
hyperthermia, drug delivery etc [1–3]. Intensive research activities are going on to characterize
superparamagnetic iron oxide nanoparticles at the single particle level [4–6]. However, characterization of
different properties, such as spatial distribution, size andmagnetic behavior of single superparamagnetic
nanoparticles is difficult to perform at ambient conditions andmostly a combination of differentmeasurement
techniques is needed.Magnetic forcemicroscopy (MFM)proved to be a promising technique to successfully
image clusters of small superparamagnetic nanoparticles without labelling and provides all the information
described above in a single pass [7–11]. Recent investigations demonstrate the capability ofMFM for biological
systems e. g. to evaluate the iron distribution in biological tissues [12] and to study the cellular uptake of
magnetic nanoparticles [13]. Nevertheless the interaction of the probewith nanoparticles is not yet fully
understood. The literature to date lacks evidence forMFMsignals from single SPIONwithout applying an
externalmagnetic field. So far, there still is the need for suppression of electrostatic forces which are overlapping
and concealing themagnetic signals as well as a need for higher sensitivity due to the comparatively small
magnetic interaction [14–19]. The atomic forcemicroscopy (AFM) tip is a very sensitive antenna and therefore
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gives a response to every signal and interaction from inside and outside the system [20]. Typically, a total force is
measuredwith unknown contribution of different single forces, therefore it is difficult to obtain quantitative
information onmagnetic forces. The additional forces can often lead to amisleading interpretation ofmeasured
MFMdata [21]. The aimof this work is to theoretically and experimentally prove that themirroring of the
topography often seen inMFMphase shift while imaging nanoparticles [5, 15, 19, 22] is due to capacitive
coupling between tip and substrate. Understanding this effect this work aims at decreasing the capacitive
coupling in order tomagnetically visualize single SPIONs. Angeloni et al [15] discussed themirroring of the
nanoparticles in the phase shift as a topographically induced effect due to the capacitive tip-sample coupling.
The increase of the average tip-substrate distance above the nanoparticle leads to a reduction of the attractive
electrostatic forces which results in a positive phase shift. Different approaches exist to reduce the capacitive
coupling. It is possible to change the electrostatic interaction by applying a constant voltage to the tip or sample
[23]. Neves et al [5] describe the possibility to decrease the phase shift fromnonmagnetic nanoparticles by
applying a bias to the tip and therefore distinguish between nonmagnetic andmagnetic particles due to an
attractive signal frommagnetic nanoparticles with diameter around 40-60 nm.Variable voltage in every
measurement point can effectively reduce the capacitive coupling and therefore the electrostatic force for
heterogeneous samples which is shown by Jaafar et al formagnets ofmicro scale [14]. Angeloni et al [16] describe
an option to distinguish electrostatic andmagnetic forces by changing the tipmagnetization. In ourworkwe
compare different scanmodes verifying the theory of the electrostatic forces behaviormade byAngeloni et al
[15]. Furthermore, we provide simulationswhich support the practical work.We show that the origin of the
additional electrostatic force is indeed due to the average distance changes of the oscillating tip to the substrate
since the influence of the nanoparticles itself is negligibly small due to the size ratio of the tip and single
nanoparticle. Themagnitude of the electrostatic forces andmagnetic forces of single SPION is in the same order
but due to the capacitive coupling the forces point in opposite direction. In case of high electrostatic interaction
and lowmagnetic interactionmagnetic forces are hidden by electric forces.

We show the possibility to reduce the capacitive coupling by choosing a substrate with awork function that is
adapted to thework function of the tip. This reduces the need of additional parameters forminimization of
electrostatic forces and thereforeminimizes the risk of possible disturbances in the tip sample systemduring the
measurement. By applying an externalmagnetic field during theMFMmeasurement, the strength and direction
of tipmagnetization can be changed unintentionally and thereforemay falsify the results or rathermakes the
evaluation of resultsmore difficult [24].

Wepresent theoretical simulations including bothmagnetic forces between the tip and the superparamagnetic
nanoparticle and the capacitive coupling effect predicting aminimum in the phase signal as a functionof the lift
height. Thus, the calculations reveal an optimum lift height forMFMmeasurements on single superparamagnetic
nanoparticles. Using anoptimized substratematerial tominimize thework functiondifference between tip and
substrate and an optimized tipwedemonstrate thatMFMmeasurements allow the imaging of SPIONs at a single
particle levelwith andwithout applying an externalmagneticfield.

2. Experimental details

The kelvin probe forcemicroscopy (KPFM) andMFMmeasurements described in this workwere performed
under ambient conditions using a Bruker’s Dimension IconAtomic ForceMicroscope. The universality of this
device can provide additional information to the surface topography during the second scan in certain distance
to the surface (lift). TheKPFMallowsmeasuring the contact potential difference in each point of the sample and
the applied bias voltage can be adjusted during the scan. Using amagnetic and conductive tip withCoCr coating
it is possible to combineMFMwith electric forcemicroscopy (EFM) andKPFM.

Themeasurements in this workwere donewithMFMV (Bruker AFMProbes), ASYMFM (Asylum
Research), SSS-MFMR (Nanosensors) andASYMFM-HM (AsylumResearch) tips. The tips andmost important
parameters are represented in table 1.

Themorphology of the samples is analyzed via tappingmode and additionalmagnetic and electrostatic
behavior of the samples in dynamical interleavemode by specified distances between 5 and 100 nm. The two
scan pass allows distinguishing short (e. g. van derWaals) and long range (e. g.magnetic) forces. The tip oscillates
near its resonance frequency for both scans. The varying amplitude during the first pass is a signal for
topography changes and the phase shift during the second pass in certain distance shows changes in force
gradient. The signals of long range force during the second scan are often indicated by phase because of it local
linearity and high signal to noice ratio compared to frequency or amplitudemode [25].

The following substrates are used in this work: Polished silicon (100)wafer (SiegertWafer) is used as
received. Copper substrate (Cu-ETP, 99,9%purity) is polished to remove native oxide layer.
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Magnetic nanoparticles forMFMmeasurements were synthesized by co-precipitation described by Ramirez
et al [26]. In order to verify the resulting product Raman spectroscopy, powder x-ray diffraction and vibrating-
samplemagnetometer (VSM)measurement were performed. The results of thesemeasurements prove that the
synthesized particles aremagnetite nanoparticles, showing superparamagnetic behaviour at room temperature.
The size of the particles was determined to be 9±1 nm in diameter (figure S1 is available online at stacks.iop.
org/JPCO/2/075019/mmedia).

A permanentmagnetic fieldwas applied using neodymiummagnetN 35with Br in the range of 1,17-1,20 T.
MFMmeasurements were processed usingNanoscope software.

3. Theory

3.1. Capacitive coupling effects inMFMonnanoparticles
In order to understandwhymagnetic signals ofmagnetic nanoparticles are often hidden because of electrostatic
forces wefirst discuss the origin of the electrostatic forces byMFMmeasurements of nanoparticles. Performing
the interleavemodemeasurement (second step of aMFMmeasurement) the distance between tip and surface
structure of the substrate, the lift height z, is constant at every point. Therefore, nanoparticles on the surface of
the substrate lead to a distance change betweenmeasuring tip and substrate surface from (z) to (z+ d)where d
corresponds to the diameter of the nanoparticle as shown infigure 1. That distance change leads to capacitive
coupling effects described below.

The electrostatic force between a conductive tip and the substrate is calculated using a tip-surfacemodel
assuming two parallel plane surfaces, the distance of which corresponds to the lift height z. The electrostatic
energy of this system is given by:

U C V
1

2
1tot

2= ( ) ( )

where C is the capacitance andVtot the voltage between tip and sample accounting for the contact potential
difference VCPD due to the difference in theworkfunctions of tip and substrate, theDC-voltage applied between
substrate and tipVtip and the effective surface potential VQ proportional to trapped charges on the sample
surface according to equation (2) [23].

V V V V 2tot tip CPD Q= + + ( )

An increase of Vtot will lead to an increase of the capacitive coupling. The contact potential difference is
typically in the order of a fewhundredmillivolts [27]. In the followingwe assume the absence of electrostatic
charges (VQ=0).

Figure 1. Sketch of interleave liftmeasurement with capacitive coupling due to distance change between tip and substrate (The scan
line includes the convolution of the structurewith the shape of the tip and is, therefore, wider than the particle in the image).

Table 1.Tip andmost important parameters forMFMmeasurements.

Tip Company Tip radius [nm] Coercivity [Oe] Magneticmoment [EMU]

MFMV Bruker 40 400 1,00E-13

SSS-MFMR NANOSENSORS 15 125 2,50E-14

ASYMFM AsylumResearch 47 400 1,00E-13

ASYMFM-HM AsylumResearch 84 527 3,00E-13
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The attractive force applied on the tip is calculated as the derivative ofUwith respect to z:

F
C

z
V

1

2
3tot

2=
¶
¶

( )

asVtip andVCPD do not depend on z.
Therefore, the force gradient F′ acting on the tip duringMFMmeasurements can be calculated as:

F
F

z
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where C″ is second derivative of the capacitance. TheMFMphase shift is given by:

Q
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whereQ is the cantilever quality factor and k the spring constant.
In absence of electrostatic charges on the surface the tip is attracted by the sample leading to a negative phase

shift as shown in equation (6).

Q

k
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Assuming two parallel plane surfaces the capacitance with an effective area A is given by C .A

z0= Without

applying aDC-voltage (Vtip=0) theMFMphase shift is given by:

Q

k
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z
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Using the lift-mode inMFMmeasurements the distance from the substrate relevant for the capacitive
coupling increases when the tip is above a nanoparticle (z+ d, where d is the particle diameter). The negative
phase shift because of the capacitive coupling at z is larger than the negative phase shift at (z+ d) leading to a
positive phase contrast:
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Although the electrostatic forces are attractive forcesmeasuring above nanoparticles the phase signal is
positive explaining themirroring of the topography often observed inMFMphase images [5, 15, 21, 28]. The
increasing distance between tip and substrate leads to changes in capacitive coupling.

The effective area between substrate and tip contributing to the capacitive coupling is not constant for
different lift heights due to the formof the tip apex. The influence of the tip apex is considered until when F′(z+
d)∼0.1%of F′(z). Increasing the lift height leads to an increasing effective area (figure S2). CalculatingΔΦel as a
function of lift height (figure 2) the phase shift decreases with increasing lift height as observed byAngeloni et al
[15] in accordancewith theory, however this effect does not depend strongly on the size of the particles and is
almost the same for 10 nmand 50 nmnanoparticles. Thus, the capacitive coupling leads to a positive phase shift
almost independent of the nanoparticle diameter, but strongly dependent on the lift height.

In summary the positive phase shift inMFMmeasurements above nanoparticles theoretically derives from
capacitive coupling between tip and substrate. This effect occurs for structures with a relief and lateral

Figure 2.Calculation of phase changes caused by capacitive couplingΔΦel for different structure heights and therefore distance
changes between tip and substrate as a function of lift height (calculations for silicon substrate with contact potential difference
VCPD=0.4V).
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dimensions equal to or smaller than the tip radius. The effect significantly contributes to the phase shift for small
lift heights.

3.2.Magnetic forces
Themagnetic force gradient acting on amodel tip due to a single domain superparamagnetic particle is
calculated using a point dipole-dipole approximation between the tip and a spherical particle [19, 29]. The tip is
approximated by a uniformmagnetized sphere. Themagneticmoment of the particle is obtained by
mP=MPVP (MP is the saturationmagnetization (figure S1(d)) andVP is the particle volume).Magnetic force
gradient and phase shift can be calculated using the following equation:

F
m m

z s

d M m

z s

6
9

p tip p tip0
5

0
3

5

m
p

m
¢ =

+
=

+( ) ( )
( )

where z is the lift height, d is the diameter of nanoparticle andmtip is themagneticmoment of the tip. The
additional distance s is calculated as following

s
r d

2 2
10

tip mag.= + ( )

where rtip.mag is themagnetic dipole radius of the tip.
Themagneticmoments of the superparamagnetic nanoparticles orient in themagnetic field of the tip

leading to an attractive force resulting in a negative phase shift in theMFM image:
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As the phase shifts of the capacitive coupling effect above nanoparticles and the phase shift due tomagnetic
interaction of tip and superparamagnetic nanoparticle have different signs the distinguishing ofmagnetic and
nonmagnetic signal is possible.

Theoretical calculations based on vibrating-samplemagnetometer (VSM)measurements of the
nanoparticles and themodel of dipole-dipole interaction reveal that themagnetic field of the probe is sufficient
to induce amagneticmoment at lift heights up to 30 nm.

By calculating themagnetic force for 10 and 25 nmnanoparticles, we observe that the phase shift for 10 nm
nanoparticles due to themagnetic interaction is in the same order as the phase shift due to the capacitive
coupling (figures 2, 3) but contrariwise. Those signals often overlap and hide each other. In case of 25 nmparticle
the phase shift caused bymagnetic force is stronger than that of capacitive coupling. Therefore this effect was not
observed in case of bigger nanoparticle with greatermagnetic interactionwith the tip.However, has to be taken
into consideration formeasurements of superparamagnetic nanoparticles with lowmagneticmoment.

3.3. TheoreticalMFMphase of superparamagnetic nanoparticles taking into account the capacitive
coupling effect and themagnetic interaction
As can be seen infigure 3 taking into account both electric andmagnetic forces the curve of phase shift versus lift
height significantly depends on the substratematerial. Formaterials with awork function close to that of the tip
material theory predicts aminimumand therefore an optimumdistance between tip and substrate (lift height)
formeasurements of single superparamagnetic nanoparticles.

Since a contribution of all the forces ismeasured during the interleave scan (MFMmeasurement), both
electric andmagnetic forces affect the tip oscillation and change the phase. Therefore, both forces has to be taken
in consideration formeasurements evaluation. In case of silicon substrate andmagnetic tip the contact potential
difference wasmeasured to be 0.4V, therefore the electric force dominates themagnetic force of single
superparamagnetic nanoparticle and completely hides themagnetic signal as can be seen infigure 3(a) for 10 nm
particle. In case of 25 nmparticle (figure 3(b)) an attractive signal is present on silicon substrate. By adopting the
work function of the substratematerial to thework function of themeasuring tip the electric force can be
minimized. In case of copper substrate the contact potential difference wasmeasured to be 0.125V. The
magnetic force for 10 nmparticle dominates in the range between 5–15 nm lift height as can be observed in
figure 3(c). Thus, theoretical considerations show the existence of an optimal lift height forMFMmeasurements
of superparamagnetic nanoparticles depending on the size of the nanoparticle.

4. Results and discussion

4.1. Capacitive coupling effects: proof of origin
In order to prove the theory of capacitive coupling ameasurement of the same areawith two different interleave
modes is performed. Liftmode and linearmode are used for thosemeasurements. The difference between those
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twomodes is that the liftmode follows the topography as described in 3.1 (figure 4(c)) and the linearmode has
the same distance to the substrate at every point ignoring the topography (figure 4(f)). Figure 4(a) shows
topographymeasurements of a single nonmagnetic nanoparticle. The associated phase image is shown in
figure 4(b) for liftmode and 4(e) for linearmode. Figures 4(b) and (c) show a standard interleave lift
measurement, the topographically induced signal in theMFMphase image, described and theoretically
explained in 3.1, can be observed infigure 4(b). Using linear interleavemode, which is shown infigures 4(e) and
(f), no phase changes are observed above the particles, which confirms the theory of capacitive coupling effects
above structures with dimensions similar or smaller than the tip radius. Figure 4(d) shows a cross section of the
nanoparticle topography and phase shift infigures 4(a), (b) and (e)with associated phase shifts. As soon as the
structure is big compared to the tip size these effects will diminish as the capacitive couplingwill occur between

Figure 3.Calculation of electric andmagnetic phase shifts for 10 nmand 25 nmmagnetic iron oxide nanoparticles; (a) 10 nmmagnetic
nanoparticle and (b) 25 nmmagnetic nanoparticle on silicon substrate VCPD=0.4V; (c) 10 nmmagnetic nanoparticle and (d) 25 nm
magnetic nanoparticle on copper substrate VCPD=0.125V.

Figure 4. (a)Topographymeasurement of a single nonmagnetic nanoparticle; (b) phase image taken in interleave liftmode; (c) sketch
of the interleavemode; (d) cross section of the nanoparticle with associated phase taken in lift and linearmode (e) phase image taken in
interleave linearmode; (f) sketch for interleave linearmode (SSS-MFMR tip, silicon substrate, lift height: 15 nm).
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tip and the structure and no longer between tip and substrate. If the electrostatic force is constant during the
wholemeasurement, it will not affect the phase image. Qualitatively a repulsive force is applied to the tip above a
small structure due to the diminution of the capacitive coupling between tip and substrate. The contribution of
the nanoparticle itself is negligible small. The effective interaction area of the tip (47±7 nm radius, ASYMFM)
and a single separated nanoparticle (5±1 nm radius) is less than 2%of the total interaction area of the tip. The
change in distance, however, ismore than 50% in case of 20 nm lift height and 10 nmnanoparticle diameter and
evenmore for smaller lift heights. Therefore, the distance change between tip and substrate is themain reason
for the changes in phase image and cause themirroring of the topography [5, 7, 15]. Schreiber et al [7] observed
that the interaction of theMFMphase of superparamagnetic particles is similar to that of a nonmagnetic probe
indicating that non-magnetic interactions are responsible for the phase contrastmeasured. Comparing
magnetic and non-magnetic nanoparticlesNeves et al [5] found as well significant electrostatic interactions
between atomic forcemicroscopy probes and nanoparticles which could be reduced by applying aDC voltage
between tip and sample. These nonmagnetic interactions gave positive phase shifts indicative for repulsive
interactionswithMFMprobe. Angeloni et al [15]discussed themirroring of the topography as a topographic
induced effect due to the capacitive tip-sample coupling. The results of Schreiber [7], Neves [5] andAngeloni
[15] can nowbe explained using themodel proposed in this paper.

4.2.Minimization of capacitive coupling effects
In the following different approaches to reduce the capacitive coupling are discussed. In order to detect an
attractivemagnetic signal of a single superparamagnetic nanoparticle the capacitive coupling has to be reduced.
Equation (12) describes the phase shift caused by electric forces because of capacitive coupling. It is possible to
reduce the coupling by reducing the effective capacitor area A e. g. the radius of the tip (i). By applying a tip bias
Vtip the potential between tip and substrate can be varied and thereforeminimized (ii). Another possibility is to
perform themeasurement on a substrate with almost the samework function as that of the tip to reduce the
potential difference VCPD (iii). It is possible to eliminate the distance changes d and therefore changes of electric
force between substrate and themagnetic tip above the nanoparticle by performing linear scan or embedding the
nanoparticles into substrate (iv).

Q

k

A

z d
V V

A

z
V V 12el CPD tip CPD tip0 3

2
3

2fD = -
+

- - -
⎛
⎝⎜

⎞
⎠⎟( )

( )
( )

( ) ( )

Possibilities tominimizeΔΦel

(i)Effective area A (ii)Tip biasVtip

Decreasing the area of the capacitor by choosingmagnetic tipwith smaller

diameter

Applying appropriate tip bias to decrease the potential differ-

ence between tip and substrate

(iii)CPDVCPD (iv)Distance changes d

Choosing a substrate with comparable work function to the tip to decrease

the contact potential difference

Eliminate distance changes during themeasurement above

nanoparticle

The effect of capacitive coupling can be reduced by using tipswith smaller radius (i) asΔΦel is directly
proportional to the effective area A of the tip according to equation (12). Figures 5(b) and (c) show topography
mirroring of particles with approximately the same diameter of 8±1 nmon silicon substrate takenwith two
different tips. The effective area of the SSS-MFMR tip is a factor of 7 smaller than that of theMFMV tip.
Figure 5(a) compares the capacitive coupling influence for those tips by simulating the phase as a function of lift
height for both tips. Figures 5(b) and (c) show topographymeasurements of single nonmagnetic nanoparticles
with associated phase shifts obtained byMFM interleave scanmeasuredwith theMFMV tipwith a tip radius of
40 nm (b) and the SSS-MFMR-tip with a tip radius of 15 nm (c) indicating the reduction of the capacitive
coupling effect using a tip with smaller tip radius.

Another possibility (ii) to reduce the capacitive coupling is by applying a voltageVtip compensating the tip-
sample contact potential Vtip=VCPD according to equation (12).

For homogeneous samples the electrostatic contribution can be eliminated by applying an appropriate tip
bias [17]. EFM is themethod used for thesemeasurements.

For heterogeneous samples such as nanoparticles on aflat substrate Jaafar et al [14] proposed combining
KPFMandMFM techniques.Measuring on differentmaterials, e. g. as shown for cobalt wires with structures
larger than the tip size on a silicon substrate by Jaafar et al [14], the combination of KPFMandMFMcan
eliminate the electrostatic contribution.Measuring instead nanoparticles with dimensions similar or smaller
than the tip size, KPFMmeasurements are expected to showno difference betweenmeasurements above the
particle andmeasurements above the substrate as VCPD remains constant. InKPFMdata of a single nanoparticle
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on silicon substrate no potential changes are observed above the single nanoparticle using amagneticMFMV tip
by 20 nm lift height confirming the statement above (figure 6). Therefore in this case combiningKPFMwith
MFMdoes not reduce the capacitive coupling effect.

The capacitive couplingwill be quenched if Vtot in equation (2) is reduced to zero. Figure 7 shows the phase
shift formagnetic and nonmagnetic nanoparticles takenwith themagnetic SSS-MFMR tip as a function of
applied tip bias on silicon substrate in 11 nm lift height.

Doted and dashed lines represent the calculations for the nonmagnetic andmagnetic nanoparticles with 10
nmdiameter, respectively. The dashed line represents the capacitive coupling calculated for different applied tip
biases without takingmagnetic interaction into account (nonmagnetic nanoparticles). Adding themagnetic
interaction between superparamagnetic nanoparticles and the tip leads to the dotted line. The calculated lines
perfectlyfit themeasurements onmagnetic and nonmagnetic particles. For tip bias smaller than approximately
1.7 to 2V themagnetic attraction of the superparamagnetic nanoparticle leads to negative phase shift and a black

Figure 5. (a)Calculated phase shift as a function of lift height for SSS-MFMRandMFMV tips above a single nonmagnetic nanoparticle
with 10 nmdiameter; (b)Topography and phase shift forMFMV tip (rtip=40 nm;VCPD=0.4V); (c) topography and phase shift for
SSS-MFMR tip (rtip=15 nm;VCPD=0.4V); (b) and (c): lift height: 10 nm).

Figure 6.KPFMmeasurement on silicon substrate with single SPION; 20 nm lift height,MFMV tip.
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spot in theMFMphase image. Figures 7(b) and (c) show topography and phase images respectively ofmagnetic
and nonmagnetic nanoparticle in a singlemeasurement.

In order to reduce the amount ofmeasurement parameters and decrease the capacitive coupling, VCPD can
be reduced by choosing an appropriate substratematerial (iii).

By reducing theCPDbetween tip and substrate, the electrostatic force decreases and therefore the change of
electrostatic force above the nanoparticle is smaller. Our approach in this paper is to reduce the disturbing
capacitive coupling during the second scan by reducingCPD through substrate change. A clear difference is
observed in phase shifts for silicon and copper substrates at different tip bias usingMFMV tip (figure 8). The
phase shift as a function of the tip bias is a parabola with shiftedminimumaccording to the equation (12). The
silicon substrate shows aminimumat∼−400mV.Using fresh polished copper substrate theminimum is found
to be∼125mV, however after a fewmonths the substrate changes and theminimum shifts to∼−400mVdue to
oxidation. The shift of the parabolaminimum is due to theCPDbetween tip and substrate. A clear difference in
CPDbetween usedMFM tip and silicon andMFM tip and copper substrate of a ratio of 3.2 leads to a factor of
10.24 in the phase shift signal according to equation (12).

Figure 9 shows phase image shifts for silicon and copper substrates at different lift heights. The
measurements infigure 9 are done on nonmagnetic nanoparticles to avoid additionalmagnetic interaction. So
we simply detect nonmagnetic interactions e.g. electrostatic behavior. Themeasurements are donewith a
MFMV tip.Due to the conductivity of the tip, the electrostatic response and capacitive coupling of the tip with
different substrates could bemeasured.We observe a clear difference between silicon and copper substrates. The
phase shift for the copper substrate does perfectly fit our theory and calculation.However, the phase shifts for
the silicon substrate are larger than the calculated values sincewe do not take trapped charges into consideration.
The electrostatic interactionwith semiconductor substrates ismore complex as described and summarized by
Sorokina et al [30]. The charge-density and the potential inside the semiconductor have to be taken into
account [31].

Another possibility to completely eliminate the capacitive coupling is by eliminating the distance changes d
(iv) in equation (12). If d is reduced to 0 nmboth terms for z and (z+ d)will be equal andΔΦel will be eliminated
allowing themeasurements of onlymagnetic forces. This can be achieved by applying a linearmode
measurement above the substrate (figure 4) or by embedding the nanoparticles in the substrate.

4.3.MFMon superparamagnetic nanoparticle: towards single particle resolution
In 4.2 different approaches to decrease the capacitive coupling and therefore the phase shift caused by electric
force are discussed. In the following those approaches are applied solely or in combination to achieve single
nanoparticle resolution. Figure 10 shows an aggregate of superparamagnetic nanoparticles on copper substrate.
A highmagneticmoment tip (ASYMFM-HM) is used for themeasurements. A permanentmagnetic fieldwas
applied parallel to the substrate as shown infigure 10 using neodymiummagnetN 35with Br 1,17-1,20 T. The
aggregate has a height of 26 nmand 31 nmwidth (after deconvolution). The phase imagewas taken in 35 nm lift
height. Obviously themagnetic force is dominant in the picture. A transition of positive phase into negative
phase can be observed infigure 10(b). The particles aremagnetized parallel to the substrate due to the external
magnetic field. Figure 10(c) show a cross section of the particles along the y-axis and corresponding phase shifts.

Figure 7. (a)Capacitive coupling formagnetic (white arrow) and nonmagnetic (black arrow)nanoparticlemeasuredwith SSS-MFMR
tipwith associated calculations (silicon substrate; rtip=15 nm;VCPD=0.4V; rtip,mag=15 nm; lift height= 11 nm); (b) topography
of two nanoparticle; (c) associated phase image of nonmagnetic (repulsion caused by capacitive coupling) andmagnetic (attraction
caused bymagnetic interaction)nanoparticle taken by−1V tip bias.
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Using highmoment ASYMFM-HM tip for standard lift heightmeasurements of single superparamagnetic
nanoparticles, however were not successful due to the strong capacitive coupling of the tipwith the substrate.
The effective area is large and therefore the single nanoparticles appear asmirrored topography in phase image.
By using linearmode (figure 4(f)) and therefore eliminating the changes of the electric force due to the capacitive
coupling completely it was possible to observe a positive and negative phase contrast applying an external
magnetic field parallel to the substrate, shown infigure 11. Themagnetic vector of the nanoparticle is aligned

Figure 8.Phase shift as a function of tip bias due to the capacitive coupling above single nonmagnetic nanoparticle with 10±3 nm
diameter on different substrates (a) siliconwithminimumnear−400mV; (b) copperwithminimumnear 125mV; (c) copper oxide
withminimumnear−400mV.

Figure 9.Measurements and calculations of phase shift of nonmagnetic nanoparticles on copper and silicon substrates (copper: VCPD

= 0.175V; silicon: VCPD= 0.4V);MFMV tip, liftmode.
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parallel to the substrate. The transition of phase shift infigure 11(b) clearly reveals amagnetic behavior of the
single nanoparticle.

Using linearmode for imaging superparamagnetic nanoparticles in general is difficult since the tip end can
be easily destroyed due to crash of the tipwith the substrate since the topography is ignored. Therefore, only
small areas of the substrate can bemeasured.

Figure 10. (a)Topography imagewith nanoparticle aggregate of approximately 30 nmdiameter; (b)Corresponding phase imagewith
phase contrast due to the alignedmagnetic vector of the nanoparticles along the externalmagnetic field parallel to the substrate;
(c)Cross section of the particle aggregate with corresponding phase shift; lift height: 35 nm, tip: ASYMFM-HM, copper substrate.

Figure 11. (a)Topography image of singlemagnetite nanoparticle on copper substrate; (b) corresponding phase image taken in linear
mode in 15 nm lift height with ASYMFM-HMtip.

Figure 12. (a) topography of copper substrate with singlemagnetite nanoparticle; (b) phase image in 11 nm lift height with an
attraction at the place of the nanoparticle; (c)Cross section of a singlemagnetite nanoparticle (dotted line in (a))with 10 nmdiameter
taken on copper substrate with SSS-MFMR tip
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In order to further decrease the capacitive coupling of the tip with substrate whilemeasuring in liftmode and
to avoid an externalmagnetic fieldwe used a super sharpmagnetic tip (SSS-MFMR) and did themeasurements
on copper substrate. Combining two approaches tominimize the capacitive coupling an attractive signal above a
singlemagnetite nanoparticle with 10 nmdiameter could be observed due to themagnetic interaction. A cross
section of ameasurement with SSS-MFMR tip on copper substrate is shown infigure 12(c). The interleave
measurements were performed in 11 nm lift.Measurements with lower lift height increase the risk of van der
Waals interactions.We demonstrate thatminimization of disturbing electrostatic forces duringMFM
measurements allow themagnetic visualization of single 10 nmSPIONs at ambient conditions. Even if the
magnetization of the SSS-MFMR tip is a fourth of theMFMV tipmagnetization, the super sharp tipfits better for
imaging single superparamagnetic nanoparticles due to the lower capacitive coupling.

5. Conclusion

In summarywe could image single 10 nm superparamagnetic nanoparticles with andwithout applying an
externalmagnetic field in the AFM topography aswell as in theMFMmeasurements by suppression of
electrostatic effects. The origin of themirroring of the topography inMFM liftmodemeasurements reported by
many authors was experimentally investigated and theoretically explained by capacitive coupling effects. Lift
modemeasurements on structures smaller than or comparable with the size of the tip radius lead to a positive
phase shift due to capacitive coupling between tip and substrate. The additional positive phase shift due to
electric interaction overlaps the negative phase shift due themagnetic interaction of the tipwith the
superparamagnetic nanoparticle and can completely change the phase image observed. The comparison of lift
mode and linearmodemeasurements on nonmagnetic nanoparticles confirms that capacitive coupling is
primarily responsible for the positive phase shift seen inMFMphase images of nanoparticles.We showed that
this effect can significantly be reduced by choosing a substrate with aminimizedwork function difference
between tip and substrate aswell as by using a sharper tip to reduce the effective area.Wemagnetically could
detect superparamagnetic nanoparticles at the single particle level on copper substrate with a super sharp tip
without using additional parameters as e. g. tip bias or externalmagnetic field.
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