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A B S T R A C T

Magnetic force microscopy (MFM) can be considered as a standard tool for nano-scale investigation of magnetic
domain structures by probing the local stray magnetic field landscape of the measured sample. However, this
generally provides only qualitative data. To quantify the stray magnetic fields, the MFM system must be cali-
brated. To that end, a transfer function (TF) approach was proposed, that, unlike point probe models, fully
considers the finite extent of the MFM tip. However, albeit being comprehensive, the TF approach is not yet well
established, mainly due to the ambiguities concerning the input parameters and the measurement procedure.
Additionally, the calibration process represents an ill-posed problem which requires a regularization that in-
troduces further parameters. In this paper we propose a guideline for quantitative stray field measurements by
standard MFM tools in ambient conditions. All steps of the measurement and calibration procedure are detailed,
including reference sample and sample under test (SUT) measurements and the data analysis. The suitability of
the reference sample used in the present work for calibrated measurements on a sub-micron scale is discussed. A
specific regularization approach based on a Pseudo-Wiener Filter is applied and combined with criteria for the
numerical determination of a unique regularization parameter. To demonstrate the robustness of such a defined
approach, a round robin comparison of magnetic field measurements was conducted by four laboratories. The
guideline, the reference sample and the results of the round robin are discussed.

1. Introduction

Local magnetic stray field measurements with a lateral resolution
down to about 1 µm can be realized by various scanning probe tech-
niques, such as Scanning Hall microscopy [1–3], scanning SQUID mi-
croscopy [4,5] and scanning MR magnetometry [6]. However, to
achieve sub micrometer resolution, magnetic force microscopy is re-
quired, where lateral resolution can be as good as 10 nm when custom-
made probes are used [7,8]. An ultimate (atomic) resolution is expected
from the rapidly developing nitrogen-vacancy center microscopy [9].
Alternative to these scanning techniques, magneto-optical indicator
film (MOIF) microscopy is a fast, parallel beam method with a resolu-
tion limit in the micrometer range. The calibration schemes for all these

methods rely mostly on determining the sensor response to a homo-
geneous magnetic field. To obtain reliable calibrations with high spatial
resolution, the influence of the response of the non-punctiform sensor in
strongly spatially varying fields must be considered and needs to be
implemented into the calibration procedures.

MFM can be considered as a standard tool for nano-scale in-
vestigations of magnetic nanostructures, thin films and devices with the
benefit of high spatial resolution and ease of use [10]. MFM measure-
ments only provide indirect measurements of spatially varying mag-
netic stray fields from the sample, therefore, leading to an ill-posed
problem of the extraction of quantitative values. Furthermore, the
measured signal strongly depends on the magnetic properties of the tip,
the mechanical properties of the cantilever and the sensitivity of the
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detection device, which makes even reliable qualitative analysis a
complex task. To quantitatively evaluate stray fields above a magnetic
sample surface, the magnetic tip must firstly be calibrated by e.g.
measuring current-carrying metal wires with very well-defined gradient
of magnetic field [11–14], magnetic scanning gate microscopy [15], or
measuring tip stray fields directly, e.g. through differential phase con-
trast in electron microscopy [16]. Alternatively, MFM measurements
can be calibrated by quantifying their imaging performance on well-
characterized magnetic reference samples. It results in a tip and in-
strument transfer function (TF) [17,18] that can be applied both, in real
and Fourier space. The approach, which correctly considers the non-
punctiform character of the magnetic tip, was proposed more than two
decades ago [17]. Two different approaches have been developed for
describing the so-called tip transfer function (TTF), using either the
equivalent magnetic charge distribution in the tip apex plane [17–21]
or the stray field gradient [22,23] of the tip. Both approaches are
physically and mathematically equivalent. The TF is generally cali-
brated by a perpendicular-magnetized reference sample, and thin layer
samples are used when it is required to reduce the stray field influence
on the magnetic state of the used tips. This, however, requires an en-
hanced sensitivity of the MFM tool, such as provided by vacuum-based
systems [8,19,20]. For the commonly used standard MFM tools in
ambient conditions, the sensitivity is severely limited by thermal noise
and cantilever damping, and thicker reference samples are used [22,23]
to ensure sufficient signal-to-noise ratio. Despite the well-developed
theory for TF characterization, no standardized implementation of the
calibrated measurement process is available till now, leading to ambi-
guities and large uncertainties in the measured fields. Therefore, in this
paper we propose a guideline for TF-based quantitative MFM mea-
surements of nano-scale magnetic fields applicable for standard MFM
instruments in ambient conditions. A round robin test between four
laboratories has been carried out for the first time to verify the feasi-
bility of such a guideline. The round robin test is detailed in the paper
concerning the applied measurement procedures, data evaluation pro-
cesses, the used reference samples, samples under test (SUT), mea-
surement setups, and the results. Remaining issues are discussed.

2. Theory

2.1. MFM imaging process

In MFM a magnetic tip on an oscillating cantilever is scanned over
an SUT at a constant tip-sample distance. The magnetic interaction
between the tip and the sample leads to changes of the dynamic
properties of the cantilever, which are typically measured as a phase
shift between excitation and oscillation of the cantilever. This phase
shift is proportional to the tip-sample force gradient for small oscilla-
tion amplitudes and phase shifts. Under the condition of a rigid tip
magnetization [24] and non-perturbed sample magnetization, the MFM
signal is a measure of the spatially varying magnetic stray field of the
sample. This requires a careful selection of the used MFM tip with re-
spect to the SUT, to avoid imaging artifacts or mutual (susceptibility)
contrast – a procedure which is already important for a meaningful
interpretation of qualitative images but even more important for a
quantitative analysis of MFM data. The imaging process that leads to
the MFM signal as a function of the sample stray field is thus governed
by two processes: (i) the magnetic interaction of the spatially extended
magnetic tip stray field with the spatially varying magnetic field of the
SUT. This can be described as a correlation operation and leads to a
force gradient acting on the oscillating cantilever. (ii) the conversion of
the force gradient into a phase shift of the oscillating cantilever ac-
cording to its mechanical properties. In two dimensional (2D) Fourier
space, where the x y z( , , ) space is mapped to the k k z( , , )x y space, the
correlation becomes a multiplication and the following relation be-
tween the sample stray field kH z( , )z

sample at a measurement height z
above the sample surface and the MFM phase shift signal (in radian) at

constant excitation frequency can be derived referring to [16–22].
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stray field gradient of the tip in a plane parallel to the sample at the
measurement height z (typically the position of the tip apex) and
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2 2 . The correction factor, CF (k, θ, φ, A0), accounts for the
influences of the canting angles and the finite oscillation amplitude A0

of the cantilever [21]. Following the derivation process as described in
Ref. [21], it can be formulated as:
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where θ and φ are the polar and azimuth angles of the cantilever
normal relative to the z- and x-axis, respectively,

= +a A kcos i k cos sin k sin sin[ ( )]x y0 , and =i 1 .
The measurement parameters which are needed for quantitative

MFM according to Eq. (1) are summarized in Table 1 and are referred to
as key control parameters, KCPs. These KCPs should either be measured
or kept constant.

2.2. Regularized MFM setup calibration and calibrated field measurement

An MFM setup typically encompasses the used measuring instru-
ment and the cantilever-tip ensemble. According to Eq. (1) a calibrated
field measurement requires the calibration of the MFM setup, i.e. TF of
the MFM setup referred to as G (k, z). It presents knowledge of the
relation between the measured signal and the underlying field dis-
tribution kH z( , )z

sample and is given by

=k k
k

G z
µ Q
C

CF A
H z

z
( , )

2
( , , , )

^ ( , )z
tip

o
0 (3)

Thus,
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k zG( , ) can be further divided into purely magnetic contributions
from the MFM tip and instrument dependent mechanical contributions:
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is addressed as the tip transfer function, kTTF z( , ), as used

in Refs. [22,23]. It is one of several possible definitions of a TTF [18]
and differs e.g. by a factor of −k/2 from the TTF used in Refs. [20,21],
which is applied to the sample stray field gradient instead. Measuring
the MFM signal k z( , )ref of a reference sample with a known field

Table 1
MFM key control parameters.

KCP Description

z measurement height
Q cantilever quality factor
C cantilever stiffness
sx, sy image size in the x and y direction
nx, ny pixel numbers
θ, φ polar angle and azimuth angle describing normal orientation of the

cantilever
A0 cantilever oscillation amplitude
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distribution kH z( , )z
ref in principal defines kG z( , ). However, for real

and inherently noisy MFM data the determination of the TF is an ill-
posed problem and requires a regularization. The same holds for the
determination of the stray field distribution kH z( , )SUT of an SUT from
a measurement with a characterized transfer function kG z( , ).

2.2.1. Pseudo-Wiener filter approach for MFM setup calibration
For the MFM setup calibration based on a reference sample mea-

surement with known kH z( , )z
ref , a pseudo-Wiener filter method [25]

optimized for transfer function spectral properties is applied,
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where α is the regularization parameter. The choice of α is critical for
the determination of TF and thus for the quantitative stray field mea-
surements. In the TF calibration process α is determined by applying the
so-called TTF width criterion [26], in which the width of the real space
representation of the transfer function is minimized and evaluated on
the area comparable to the expected width. To demonstrate the influ-
ence of α on TF, Fig. 1 shows three different kG z( , ) in 2D fourier space
(a) and in real space (b) calculated with different α. α of 2 × 1014 is the
selected optimized regularizaiton parameter which gives a minimal TTF
width (referred to Eq. (21) in [26]). It can be seen that a smaller α of
2 × 1013 makes the TF noisier (see e.g. high frequency contents in (a))
while a larger α of 2 × 1015 reduces the TF amplitude (both low and
high frequency contents are despressed). This regularization method is
applicable only for tip characterization, as the “TTF width” [26] is
applied as the regularizaiton parameter selection criterion.

2.2.2. Pseudo-Wiener filter and L-Curve approach for calibrated field
measurement

With a given TF, G (k, z), the measured phase shift signal of the SUT
can be transformed into quantitative stray field values. A Pseudo-
Wiener filter approach is again pursued:
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Here, another procedure, namely the L-curve criterion [27,28], is
applied to determine an appropriate regularization parameter α′. In this
procedure, each α′ gives a pair of quantities: the 2-norms of the reg-
ularized solution kH z( , )SUT

' 2 and the corresponding residual
k k kz z H z( , ) G( , ) ( , )SUT SUT

' 2. These two quantities are plotted
versus each other in log-log scale, showing an L-shaped convex curve.
The optimized α′ is extracted from the maximal curvature of the L-
curve. The procedure is detailed in [27].

2.3. Stray field of perpendicularly magnetized samples

The MFM setup calibration requires a reference sample with known
magnetic field distribution. We here use a thin film sample with per-
pendicular magnetic anisotropy (PMA) and stripe domain structure in
the as-prepared, demagnetized state. The sample is assumed to be
uniformly magnetized through its thickness. With known magnetic
parameters, e.g., saturation magnetization MS, domain wall width δDW
etc., the stray field can be calculated from the surface magnetic charge
distribution.

In general, the stray field of a magnetic layer with perpendicular
magnetization distribution M x y(0, 0, ( , ))z at a height z above the
sample surface can be calculated in the 2D Fourier domain with 2D
Fourier transform M x y M k k( , ) ( , )z z x y [17,18]:
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Here, Mz
ref and d denote effective magnetization distribution and the

magnetic layer thickness.
The stray field calculation procedure is illustrated in Fig. 2, where

(a) shows a typical MFM image of a stripe domain sample. The mag-
netic parameters of the sample are described in Section 4.1. A phase
profile marked by the line in Fig. 2(a) is plotted in Fig. 2(b) (magenta
curve). After applying a discrimination process [18] by assuming equal
integrated signals for up and down magnetized domains, the magneti-
zation pattern denoted by Mz

0( ±MS) was constructed as shown in
Fig. 2(b) (red curve). To take into account the domain wall contribu-
tion, a convolution operation on the Mz

0 map with a kernel oper-

ator = +f x y( , ) sech x y2
DW

2 2
for Bloch type domain wall [29] was

performed. The result is shown as Mz
ref (green curve), which has smooth

transition regions between adjacent domains. The Hz
ref data (blue curve)

is then calculated by using Eq. (9). Replacing kH z( , )z
sample in Eq. (1) by

the obtained Hz
ref data and processing the data following the procedure

as described in Section 2.2.1, the transfer function G (k, z) can be cal-
culated.

3. Measurement procedure and data evaluation

3.1. Assessing key control parameters

For a given MFM setup, TF consists of two components: kH z
z
( , )z

tip
and

kI A Q C( , , , , , )0 as shown in Eq. (5). The component kH z
z
( , )z

tip
is

constant if the tip magnetic state is not influenced by SUTs. The com-
ponent kI A Q C( , , , , , )0 depends on KCPs as listed in Table 1. We
denote such a component in the measurement of reference samples and
of SUTs as kI A Q C( , , , , , )ref

0 and kI A Q C( , , , , , )SUT
0 , respec-

tively. To achieve Iref and ISUT , the KCPs need to be determined, as

Fig. 1. Demonstration of the dependency of the MFM setup transfer function k zG ( , ) on the regularization parameter α in real space (a) and in 2D Fourier space (b).
Here, α = 2 × 1014 is the optimized parameter.
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described below:

• Cantilever stiffness C
There are several standardized methods available for determining C:
theoretical modeling based on the cantilever geometry [30],
thermal noise spectrum method [31] or calibration using a reference
spring with calibrated spring constant [32].

• Cantilever quality factor Q
Q is typically obtained from the resonance curve of the cantilever as
Q = f0/Δf, where f0 is the resonance frequency and Δf is the full
bandwidth at 0.707 of the maximum amplitude [33]. Q is de-
termined by the energy dissipation of the cantilever during oscilla-
tion, for instance, the squeeze-film air damping effect. In an MFM
measurement, Q may vary significantly (ca. 20%) at different mea-
surement heights (from 100 µm to 100 nm). However, from sample
to sample, when using the same scanning parameters, the change
due to scanning different surfaces is typically within 2%.

• Cantilever oscillation amplitude A0

Cantilever oscillation amplitude is the center-to-peak position of the
oscillating cantilever. It can be traced to the atomic force micro-
scope scanner motion via a force-distance curve obtained by mon-
itoring the deflection of a cantilever with respect to the vertical
displacement of the sample [34] when the tip is landed on a bare
hard substrate (typically on a silicon substrate).

• Measurement height z
The measurement height z is the distance between the sample sur-
face and the average oscillation position of the tip apex. It is given
as:

= +z A lift heights

where, As is the oscillation amplitude setpoint of the tip when it con-
tacts with the sample surface. The lift height is the distance increase
when the tip lifts off the sample surface for magnetic signal imaging.

• Image sizes sx × sy and pixel numbers nx × ny
MFM images are scanned with equidistant pixel in the x- and y-
directions.

• Cantilever normal orientation angles θ and φ
The angles θ and φ are determined by the mechanical construction
of the cantilever holder in an MFM tool and by the selected scanning
orientation set by the user, respectively. They can be found in the
instrument description.

In this study, we applied a same set of KCPs in both measurements
on the reference sample and SUTs and assumed that Iref and ISUTare
identical. The slight deviations of Iref and ISUT are considered as a part
of measurement uncertainty, which is about 5%.

3.2. Measurement procedure

The measurement procedure comprises two parts – calibration of
the magnetic tip and measurements with the calibrated tip on the se-
lected locations of SUTs. It is performed in the following steps:

• Selection of suitable magnetic tips. Magnetization configurations of
used tips and measured samples should not be affected by each
other’s stray fields. Hence, tips are chosen for their ability to create
reproducible MFM images without obvious disturbances. The more
subtle susceptibility contrast is excluded from consistency tests (see
details in Section 4.1).

• Acquisition of the KCPs according to Section 3.1.
• Measurement of the reference sample for the tip calibration with

well-adjusted measurement height z, giving data sets ref .
Repeated measurements are recommended provided that tip wear
remains negligible, e.g. in one passage MFM mode.

• Measurement of specified areas of the SUTs with identical KCPs and
the same magnetic tip.

• Measurement of the reference sample for the tip calibration with
identical parameters and the same magnetic tip, giving data sets

ref .

3.3. Data analysis procedure

After the measurement, data are processed in order to calibrate the
tip and evaluate the stray fields. The data processing procedure consists
of the following steps:

• All phase data are inspected and corrected for potential errors (e.g.
misalignment of the measured area on the samples).

• The stray field of the reference sample Hz
ref is calculated from the

MFM data ref as discussed in Section 2.3.
• G (k, z) of the MFM setup is obtained by applying a pseudo-Wiener

filter approach as discussed in Section 2.2.1. Only when TFs mea-
sured before and after the SUT agreed to within 10%, the mea-
surements are regarded as reliable. When repeated MFM measure-
ments are performed for TF calibration, the TFs should be averaged
for noise reduction. In the case of obvious tip degradation, the
measurement procedure was repeated with a new tip.

• A pseudo-Wiener filter and the L-curve method as discussed in
Section 2.2.2 is performed to obtain the calibrated stray field results
H SUT

z of the SUT at the height z above the sample surface from the
measured SUTdata and the previously derived transfer function G
(k, z).

Fig. 2. Illustration of the stray field calculation process of the reference sample. (a) A typical MFM phase image of a reference sample with stripe domains. (b) The
magenta curve shows the phase signal of the MFM image at the marked line in (a); The calculated domain pattern Mz

0, effective magnetization distribution Mz
ref and

stray field are plotted as the red, green and blue curves, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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4. Samples

4.1. Reference sample for tip calibration

A Co/Pt multilayer sample was used as a calibration sample (S0) for
MFM measurements. The benefit of this type of sample is that it shows
stable well-known magnetic properties and well-defined perpendicular
stripe domains.

The multilayers were prepared by magnetron sputtering with the
layer architecture Pt(2 nm)/[(Co(0.4 nm)/Pt(0.9 nm)]100/Pt(5 nm)/Ta
(5 nm)/SiOx/Si(1 0 0) [22]. The total thickness of the magnetic layer is
130 nm. The film develops a magnetic anisotropy perpendicular to the
surface due to the interface anisotropy. At zero-field the magnetization
of the multilayer collapses into a stripe domain pattern with an average
domain width of about 170 nm as shown in Fig. 2(a). Global magne-
tization measurements determine the saturation magnetization to be
Ms = (500 ± 30) kA/m and confirm the perpendicular magnetization
through a ratio Qu = Ku/Kd = 2.5 (Ku = 0.4 MJ/m3 is the perpendi-
cular anisotropy constant, Kd = ½ μ0Ms

2 = 0.16 MJ/m3 is the mag-
netostatic energy density). The Bloch type domain transition has a
width DW of approximately 16 nm.

The average domain width of about 170 nm and the even smaller
features of the domain walls provide a stray field landscape with strong
signal in the spatial frequency range from the image size down to some
10 nm. In our previous studies [22,35], we have verified a negligible
mutual interaction between the reference sample and the used tips (team
nanotech ML3 [22] and Nanosensors PPP-MFMR [35]) by performing a
consistency check. That is, measured MFM images at different heights
were compared with images calculated theoretically from the MFM image
at the lowest height by the known experimental decay of the MFM signal
in Fourier space, as suggested in [18,22]. Such a sample is thus used for
the TF calibration, and the calibrated tip will reliably quantify unknown
domain patterns of comparable spatial frequencies.

For tip calibration measurements specifying the measurement re-
gion is not necessary, since the above-mentioned stripe domain pattern
develops homogeneously over the whole sample surface. Nevertheless,
the measurement position was specified by coordinates with respect to
a sample corner. The measured area sx × sy was chosen as
5.11 µm × 5.11 µm with 512 × 512 pixels.

4.2. SUTs for quantitative stray field measurement

Two samples (unstructured SmCo5 thin film (S1) and patterned Co/
Pt multilayer (S2)) were chosen as samples under test for calibrated
stray field measurements. For the SUT measurements on S1 and S2,
three measured areas were chosen with a scan size of
5.11 µm × 5.11 µm with 512 × 512 pixels.

The sample S1 is an epitaxially grown film of the hexagonal SmCo5

phase, with c-axis orientation normal to the film plane. The film was
prepared at IFW by UHV pulsed laser deposition (PLD) on a heated
(650 °C) Ru-buffered Al2O3 substrate. The full layer architecture is Ta
(3 nm)/SmCo5(12 nm)/Ru(9 nm)/Al2O3(0001) and the epitaxial relation
is < 11–20 > (0001)SmCo5|| < 11–20 > (0001)
Ru|| < 10–10 > (0001)Al2O3 [36]. Due to the large uniaxial magneto-
crystalline anisotropy of the SmCo5 phase with easy magnetization di-
rection along the z-axis, the film develops strong PMA. The saturation
magnetization is determined to be Ms = (660 ± 40) kA/m, and domain
transition has a width DW of approximately 3 nm. In the as-prepared state,
the sample shows patchy domains with individual domains normal to the
sample surface. The domain size ranges from about 1 µm down to 100 nm.
An example MFM image of the sample S1 is shown in Fig. 3(a).

The thin Co/Pt sample S2 has been prepared at IFW by magnetron
sputtering. The layer architecture is Pt(2 nm)/[(Co(0.53 nm)/Pt
(1.32 nm)]10/Pt(5 nm) Ta(15 nm)/SiOx/Si(1 0 0) and the total thick-
ness of the magnetic layer is 18.6 nm. The saturation moment per unit
area is determined by ms/area = (1.04 ± 0.1) × 10−4 A,

corresponding to a saturation magnetization of Ms = (560 ± 55) kA/
m. Due to the interface anisotropy at the Co/Pt interfaces the multilayer
develops a PMA with a magnetization direction within individual do-
mains normal to the sample surface. Due to the low film thickness, the
sample possesses domains of several micrometer in size, separated by
easily movable domain walls susceptible to the scanning magnetic tip.
In order to avoid domain wall movements in this sample, the multilayer
has been patterned by e-beam lithography and argon etching into
randomly arranged rectangular structures with sizes ranging from 2 µm
down to 250 nm, small enough to maintain a fully magnetized state
after saturation. Fig. 3(b) shows a topography of the pattern structure.
The reddish regions correspond to the magnetic material and amount to
50% of the area. Magnetic material regions have a height of about
50 nm. The MFM image of this patterned sample is shown in Fig. 3(c).

The mutual influence between the MFM tip and the SUTs can also be
neglected. Firstly, the magnetic stray field of both SUTs is weaker than
that of the reference sample. Thus, its influence on the tip magnetiza-
tion is even smaller. Secondly, both SUTs are characterized by an ap-
preciable coercivity. In sample S1 the large coercivity (> 0.5 T) is a
result of the highly anisotropic SmCo5 phase; in S2 the single domain
state is enforced by the confinement of the pattern structure. The SUT’s
magnetization state is thus not easy to be changed by the tip. As a re-
sult, the above sketched TF approach is applicable.

5. Round robin comparison

5.1. Description of the measurements

To demonstrate the robustness of the calibration and calibrated field
measurements when following the approach as discussed above, a round
robin comparison of magnetic stray field measurements was conducted by
four participants (CMI: Czech Metrology Institute, Czech Republic; PTB:
Physikalisch-Technische Bundesanstalt, Germany; IFW: Institute for Solid
State and Material Research Dresden, Germany; and NPL: National
Physical Laboratory, UK). The comparison was carried out by a circulation
scheme. Three samples as described in Chapter 4 were sent to the parti-
cipants in turn. The participants were required to perform the measure-
ments with the following strategy: 1) MFM measurement of S0 at the re-
commended position. 2) MFM measurements of S1 and S2 at three
specified positions (Pos. 1, Pos. 2 and Pos. 3). 3) Repeat the step 1. Each
participant chooses the MFM probe from its own laboratory considering
that the calibrated stray fields are traceable to the reference sample S0 and
should be independent on the used tip. The Measurement setups of each
participant and the KCPs are summarized in Table 2.

The measurements were performed following the approach discussed
in Sections 3.2 and 3.3. The raw data from each participant were eval-
uated by the pilot laboratory using Gwyddion open source software [37]
to ensure a laboratory independent choice of parameters during the data
processing from phase shift signals to the measurements results.

5.2. Comparison results

Fig. 4 shows the MFM phase images (a-d) and the calibrated stray
field maps (f-i) of the sample S1 measured at specified Pos. 2 by four
participants. The magnetic domain structure is well captured by parti-
cipants 1–3. Unfortunately, participant 4 could not perform the MFM
measurement at the specified position. To compare the calibrated stray
fields with the calculated ones, the effective magnetization pattern Mz
was first constructed from Fig. 4(c) by using the known magnetic
parameters of S1 as given in Section 4.2 and is displayed in Fig. 4(e).
The stray field at z of 60 nm is then calculated using Eq. (9) and is given
in Fig. 4(j). All Hz

SUTprofiles marked by the dotted lines in Fig. 4(f-h)
and (j) are compared and shown in Fig. 4(k). The overall stray field
landscape captured by the participants 1–3 is in a good agreement with
the calculated one. The measurement results of S1 at the other two
specified positions are shown in Appendix (see Figs. A.1 and A.2). Since
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the participant 4 did not measure the specified positions, only the re-
sults of the participants 1–3 were taken for the round robin comparison.

Fig. 5 shows the MFM phase images (a-d) and the calibrated stray
field results (f-i) of the 4 different participants on S2 taken at nominally
identical Pos. 2. The domain structure of the patterned sample was well
imaged by the participants 1–3. The image captured by the participant
4 was measured at a different position and shows large signal spikes at
the pattern edges. It is thus not taken for the round robin comparison.
The pattern layout was used for constructing effective magnetization
pattern Mz as shown in Fig. 5(e). The calculated Hz

SUT maps are shown
in Fig. 5(j). Calibrated Hz

SUT profiles as denoted by the dotted lines in
Fig. 5(f-h) together with the calculated one in Fig. 5(j) are compared in
Fig. 5(k). Again, the overall corrugation of the stray field landscape is
well captured by all measurements. The measurement results of S2 at
the other two specified positions are shown in Appendix (see Figs. A.3
and A.4). Switching of single domains was observed in the images
measured by one laboratory at Pos. 1 and Pos. 3 as indicated by white
arrows in Figs. A.3 and A.4, respectively. The measurements on these
positions are thus not taken for the round robin comparison.

The effective quantitative measurements of S1 and S2 show a good
overall agreement of the stray field landscapes among three partici-
pants, as displayed in Figs. 4(k) and 5(k). However, there are obvious
differences between the individual profiles, which are attributed mainly
to the positioning inaccuracy. To compare the values of the whole map
point by point requires a spatial alignment procedure, which, however,
cannot be performed with nanometer precision. Therefore, the root
mean square value of the stray fields, Hzrms, of the calibrated mea-
surements were used for the round robin comparison.

The calibrated Hzrms data for three different positions (Pos.1, Pos.2 and
Pos.3) on S1 and for the Pos.2 on S2 were compared in Fig. 6(a) and (b),

respectively. Due to the homogeneity of the domain pattern within S1,
measurements on different positions are expected to give similar results, as
it is observed in the calibrated data. The differences of the measured Hzrms
among the different participants are smaller than 25% for S1 and 20% for
S2 as it is shown in Fig. 6. It is worth mentioning that Hzrms values of the
measurements at three different positions by participant 4 are calculated
as 14.92, 14.78, and 16.56 kA/m, respectively. They are comparable with
the results from other participants, confirming that the sample exhibits a
good homogeneity of the domain pattern.

For the comparison, the uncertainties were evaluated according to
[27]. The standard uncertainty values are in the range of 15–18% for S1
and 14–17% for S2. For all measurements, the evaluation of this com-
parison was performed following the procedure A in [38]. Based on the
Hzrms data and their uncertainties from all participants the following
characteristics were calculated: a reference value =xref

= =x u x u x( ) [ 1 ( )]i
N

i i i
N

i1
2

1
2 , standard uncertainty of the reference

value of stray field = =u x u x( ) 1 [ 1 ( )]ref i
N

i1
2 and the degree of

equivalence of the measurement standard =d x xi i Ref with a corre-
sponding uncertainty =u d u x u x( ) ( ) ( )i i ref

2 2 . Finally, a factor En was
calculated according to

=E |d |
2u(d )n

i

i (10)

The consistency between the labs is judged as confirmed if the
equation E| |n < 1 is satisfied. The calculated values of En are presented
in Fig. 7(a) and (b).

6. Discussion

The round robin test shows a good consistency of the measurement

Fig. 3. (a) MFM image of SmCo5 sample S1 in the as-prepared state. (b) A topography image of pattern Co/Pt sample S2. Red and blue colours denote the regions
with magnetic materials and nonmagnetic trenches, respectively. (c) MFM image of such a patterned structure after saturation in the z direction. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Description of the measurement setups.

Participant CMI PTB IFW NPL

MFM setup information Instrument Bruker Dimension Icon
system

Self-developed metrological large-range
MFM [35]

Bruker Dimension Icon
system

Bruker Dimension Icon
system

Tip type Nanosensors PPP-MFMR
Scan rate (μm/s) 5 10 5 5, 10

KCPs C (N/m) 9.1 3.8 3.4 2.2
Q 219 243–248 230 221
sx × sy, nx × ny 5.11 µm × 5.11 µm, 512 × 512 pixels
θ, φ (°) 12, 180 7, 0 8, 180 8, 180
A0 (nm) 20 20 30 20
z (nm) 60
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results among three different labs. However, several problems were
identified during the round robin comparison by different partners,
which might serve to improve the measurement and data analysis
protocol in the future: 1) Switching of the tip magnetization when
measuring S0 was observed in some cases. Measurements had thus to be

repeated with a different probe. Moreover, single domain structures
were disturbed or totally switched by an oppositely magnetized tip in
some test measurements, (see Figs. A.3-A.4 in Appendix). It indicates
that the mutual influence between the tip and the sample needs to be
further studied. 2) Finding the specified area locations on millimetre-

Fig. 4. Results of the sample S1 at Pos. 2 measured by 4 participants: (a-d) MFM images. (f-i) Calibrated Hz maps. (e) The effective magnetization pattern Mz after
applying a discrimination process for (c). (j) The calculated stray field at z = 60 nm from (e) according to Eq. (9). (k) Profiles of Hz taken from the dotted lines in (f-h)
and (j).

Fig. 5. Results of the sample S2 at Pos. 2 measured by 4 participants: (a-d) MFM images. (f-i) Calibrated Hz maps. (e) The effective magnetization pattern Mz. Black
regions represent the patterned single magnetic domain. (j) The calculated stray field at z = 60 nm from (e) according to Eq. (9). (k) Profiles of Hz taken from the
dotted lines in (f-h) and (j).
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scale samples by a magnetic tip was problematic for one partner. The
tip might become blunt or the magnetic coating destroyed when several
scans on the sample surface are needed before finding the specified
position. A pre-characterization with a non-calibrated tip prior to the

quantitative measurement procedure will help. 3) The comparison with
independent analysis techniques for the stray field by individual part-
ners (not shown here) underlined the importance of well defining the
parameters of the deconvolution procedure for tip transfer function
estimation and for the stray field evaluation. In particular, the treat-
ment of the higher spatial frequencies in the tip transfer function was
found to have significant impact on the measured fields. To avoid these
additional sources of deviations, the analysis was performed by the
pilot laboratory in the identical way for all participants. However, the
calibrated stray field of SUTs show noisier signal than the calculated
one (see Figs. 4(k) and 5(k)), indicating that the regularization process
needs to be further studied and optimized.

7. Conclusions

In this paper, we presented detailed implementation of quantitative
MFM for measuring nanoscale magnetic stray field based on a transfer
function approach. Step-by-step instructions of the measurement and
calibration procedure are described, including the collection of the key
control parameters, the selection of a suitable reference sample, de-
tailed measurement procedures and the data analysis procedure. A
round robin comparison of calibrated MFM measurements between four
labs, CMI, PTB, IFW, and NPL has been presented. The results of three
participating labs were compared, showing a good consistency of
measured stray field values, independent on the tips, equipment and
operator. This proves the robustness of the described transfer function
approach when the detailed measurement procedure as described
above is followed. The remaining issues have been discussed for further
improving the measurement and data analysis protocol. The results
support the establishment of a standardized method for quantitative
nanometer scale stray field measurement by standard magnetic force
microscopy in ambient conditions.
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Fig. 6. Comparison results of calibrated stray magnetic field Hzrms of thin SmCo
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specified position 2 (b) by three participants. The dashed lines denote the re-
ference values of stray field (xref) at different measured positions. The hor-
izontal solid lines represent the standard uncertainty of xref.

Fig. 7. Results of calculated factor En of SmCo sample S1(a) and Co/Pt sample
S2(b).
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Appendix

Quantitative MFM results obtained at Pos. 1 and Pos. 3 of sample S1 and S2 are shown below:

Fig. A1. Results of the sample S1 at Pos. 1 measured by 4 participants: (a-d) MFM images. (f-i) Calibrated Hz maps. (e) The effective magnetization pattern Mz after
applying a discrimination process to (c). (j) The calculated Hz at z = 60 nm from (e) according to Eq. (9). (k) Profiles of Hz taken from the dotted lines in (f-h) and (j).
The red curve is shifted to align the position with other profiles.

Fig. A2. Results of the sample S1 at Pos. 3 measured by 4 participants: (a-d) MFM images. (f-i) Calibrated Hz maps. (e) The effective magnetization pattern Mz after
applying a discrimination process to (c). (j) The calculated Hz at z = 60 nm from (e) according to Eq. (9). (k) Profiles of Hz taken from the dotted lines in (f-h) and (j).
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Fig. A3. Results of the sample S2 measured at Pos. 1 measured by 4 participants: (a-d) MFM images. (f-i) Calibrated Hz maps. (e) The effective magnetization pattern
Mz. Black regions represent the patterned single magnetic domain. (j) The calculated Hz at z = 60 nm from (e) according to Eq. (9). White boxes in (f-j) mark the
overlapped measured region of 4 participants. (k) Profiles of Hz taken from the dotted lines in (f-j). White arrows mark reversed domains induced by the magnetic tip
during the test measurements.

Fig. A4. Results of the sample S2 measured at Pos. 3 measured by 4 participants: (a-d) MFM images. (f-i) Calibrated Hz maps. (e) The effective magnetization pattern
Mz. Black regions represent the patterned single magnetic domain. (j) The calculated Hz at z = 60 nm from (e) according to Eq. (9). (k) Profiles of Hz taken from the
dotted lines in in (f-h) and (j). White arrows mark reversed domains induced by the magnetic tip during the test measurements.
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