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Abstract: Magnetic force microscopy (MFM) is a widespread technique for imaging magnetic struc-
tures with a resolution of some 10 nanometers. MEM can be calibrated to obtain quantitative (MFM)
spatially resolved magnetization data in units of A/m by determining the calibrated point spread
function of the instrument, its instrument calibration function (ICF), from a measurement of a well-
known reference sample. Beyond quantifying the MFM data, a deconvolution of the MFM image
data with the ICF also corrects the smearing caused by the finite width of the MFM tip stray field
distribution. However, the quality of the calibration depends critically on the calculability of the
magnetization distribution of the reference sample. Here, we discuss a Ti/Pt/Co multilayer stack that
shows a stripe domain pattern as a suitable reference material. A precise control of the fabrication
process, combined with a characterization of the sample micromagnetic parameters, allows reliable
calculation of the sample’s magnetic stray field, proven by a very good agreement between micromag-
netic simulations and qMFM measurements. A calibrated qMFM measurement using the Ti/Pt/Co
stack as a reference sample is shown and validated, and the application area for quantitative MFM
measurements calibrated with the Ti/Pt/Co stack is discussed.

Keywords: magnetic force microscopy; calibration; reference samples; micromagnetism; metrology
for magnetism; magnetic multilayers

1. Introduction

MEFM is a versatile tool for imaging magnetic nanostructures [1] that is available in
many laboratories. High resolutions, down to 10 nm, have been reported [2—4]. In MFM, a
magnetically coated microscopic tip on a cantilever is scanned over a magnetic sample at a
certain distance. In the dynamic mode of MFM, the cantilever oscillates and the interaction
of the magnetic tip with the magnetic sample is monitored as a phase shift of the cantilever
oscillation. This yields an initially qualitative image of the domain pattern of the magnetic
sample. However, after calibration, MFM can also provide quantitative images of magnetic
fields or magnetization patterns in units of A/m. Calibration concepts discussed in the
literature can be separated into two categories: point-probe models and transfer function
approaches. Point-probe models describe, in simplified form, the magnetic tip as a point-
like [5,6] or extended [7] magnetic dipole and/or monopole, whose position and strength is
found from the measurement of a reference sample. As reference samples for point-probe
calibrations, micrometer-scale current rings [8] and parallel wires [9] or hard disks [10-13],
and recently superconducting flux quanta [14], have been proposed. However, point-probe
models show a strong dependence on the feature size. This can be overcome by fully
considering the non-local structure of the tip, which can be done through use of a transfer
function (TF) approach [15,16]. The TF approach regards the extended nature of the tip by
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determining the full point spread function of the instrument. In calibrated measurements,
the TF approach corrects for the smearing caused by the extended tip and allows for
high resolution quantitative magnetic field imaging, as can be seen in recent publications
on, e.g., the determination of the local Dzyaloshinskii-Moriya interaction in skyrmion
systems [17], characterizations of the stray field landscape of asymmetric Néel walls [18],
or the observation of distinct skyrmion phases in hybrid ferromagnetic/ferrimagnetic
multilayers [19]. TF calibrated MFM opens the opportunity to analyze nanoscale structures
on millimeter sized imaging areas [20]. The calibration is, as are calibrations for point-
probe models, based on a reference sample measurement. However, in this case, the
reference measurement serves to determine the instrument’s transfer function in Fourier
space, i.e., the wave vector dependent sensitivity of the instrument. Therefore, TF based
calibrations require specific reference samples that have to meet stringent requirements
with respect to the covered spatial structure spectrum, the invasiveness with respect to the
tip magnetization distribution, and, in particular, the calculability of the sample spatial
magnetization or field distribution. As a consequence, reference samples for TF calibrations
are scarcely available, and only a few types of reference sample have been discussed in
the literature so far: In 1998, a first set of reference samples based on different stacks
of CoyNij_, and Pt layers was introduced to compare the resolution of different MFM
setups [21]. Other reference samples exploit intrinsic domain patterns in different stacks
(Cu(200 nm) Ni/Cu/5i(001) [16] and Co/Pt multilayer [22,23]) or rely on a pattern written
on a hard disk [24].

To determine the specific requirements for MFM calibrations and to assess the suit-
ability of a reference sample, both, the detailed imaging process and the signal generation
process need to be understood. The data obtained in an MFM measurement is the phase
shift, A®, of the oscillation of the magnetically coated tip, which results from the interaction
of the tip magnetic stray field with the magnetization distribution of the sample at a certain
measurement height. A® depends on the z-component of the tip’s magnetic field, HLP, at
the sample surface, the effective magnetic surface charge density, o, Ffr (o1, equivalently,
the magnetization pattern) of the sample, and the mechanical properties of the cantilever,
namely its quality factor, Q, and the cantilever stiffness, c. The relation between A® and
. can conveniently be described in partial Fourier space. Here, and in the following,
bold letters denote vector quantities. To this end, the x and y coordinates are transferred

into Fourier space, (x,y) — (kx, ky) =kand k = /K2 + ki, while the z-component is
retained [16,25]:

o [0

AD(k,2') = 0l (k) - = - [LCF(k, 0, A)* - k - poH:" (k,0) = 0, (k) - ICF(k,6, A) (1)

The lever correction function, [LCF(k, 6, A)]Z, corrects the impact of the polar angle
of the cantilever with surface normal, 6, and the finite cantilever oscillation amplitude,
A, respectively. The asterisk indicates the complex conjugate. In partial Fourier space, a

multiplication with —k gives the z-derivative, and thus —k - yOH?p = Up dggp , the tip’s
stray field gradient, which is also called tip transfer function, TTF, comprising all magnetic
properties of the tip. The mechanical properties, together with the TTF, give the so-called
instrument calibration function (ICF), which is the calibrated point spread function of the

specific MEM setup. The ICF can be determined from a calibration measurement, A®™f, of

a well-known reference effective charge distribution, ag;];, by a regularized deconvolution
using a pseudo-Wiener filter in the form:

Uref* k
ICF(k,Z') = Acp’ef(klz’) ) L()

- 5 2
ae;/;(k) ’ +a

The regularization parameter, «, can be optimized by applying an L-curve criterion [26].
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Correspondingly, once the ICF is known, and with the measurement parameters
kept constant, a calibrated measurement of a sample under test (SUT) can be performed,
yielding the SUT’s effective charge density distribution from the measured phase shift data,
A®SUT (with a second, L-curve optimized regularization parameter, a’):

ICF*(k,2')
\ICF(k,z')|* + '

®)

oo = 6T (k,2) -

Note that while the cantilevers mechanical properties, Q and ¢, are required to cal-
culate the tip’s TTF, they need not be known or considered for calibrated charge density
measurements if they remain unchanged because they are embedded in the ICF and thus
are implicitly regarded in the calibration process. The cantilever stiffness, c, is supposed
to be constant; however, if it is of interest for the TTF calculation, it can be characterized
by, e.g., fast in-situ “Thermal Noise” methods (rel. uncertainty 7-10% [27,28]) or by us-
ing MEMS (rel. uncertainty 7%), or microbalance (rel. uncertainty 4%) based stiffness
measurement techniques [28-30]. However, the calibration step presented in Equation (2)

critically depends on how well the reference effective charge density distribution, 0’;;{[,

is known. Due to a lack of other quantitative imaging techniques with comparable reso-
lution that can be used to trace back magnetization distribution of a reference sample, a
suitable reference sample needs to be calculable. This requires a deep understanding of
its micromagnetic properties. A calculability is, in particular, given for the special case of
thickness-independent strictly perpendicular magnetization structures with either up or
down magnetized domains and well-defined domain transitions. Such a sample allows the

calculation of the effective magnetic surface charge, (szi;, from the measured MFM phase

ef

shift image using the material parameters saturation magnetization, Mg~ , total magnetic

layer thickness, dref, and domain wall width, (53{\,. To this end, up- and down-magnetized
areas of the sample are identified by a discrimination based on a threshold criterion, re-
sulting in a binary matrix (1, —1). This is followed by a convolution with a domain wall
operator [31,32] to introduce domain wall transitions, resulting in the normalized mag-

f

netization distribution: m(x) in real or m(k) in Fourier space. From the latter, (7:; f can be
calculated by using the relation [16]:
otk = m(k) - Ms - (1 - e*"d) @)
In this manuscript, we present a perpendicularly magnetized Ti/Pt/Co multilayer
stack thin film material as a suitable reference sample candidate for TF based calibrations
and will demonstrate that it fulfills the requirements discussed above. Well defined, high
quality interfaces combined with a controlled fabrication process ensure a well-known
stack geometry with low surface roughness. The stack shows a stripe domain pattern,
which gives a broad spatial feature spectrum. The Ti interlayer allows the reduction of the
averaged magnetization compared to Co/Pt stacks so that a stray field amplitude <60 mT is
found at a measurement height of 64 nm, typical for thin film characterizations, making it a
suitable reference sample material also for low coercivity tips. Micromagnetic simulations
reveal the magnetization structure and domain wall characteristics of the stack, which, in
combination with the highly reproducible fabrication process, make the properties of the
stack calculable. This is validated by a comparison with an existing reference sample. The
application area in terms of accessible magnetic structure sizes covered by a calibration
using the Ti/Pt/Co stack is discussed.

2. Results
2.1. Fabrication of the Multilayer Stack

The Ti/Pt/Co multilayer stack is grown by using magnetron sputtering with a layer
architecture of [Ti(0.3 nm)/Pt(1.5 nm)/Co(0.5 nm)/Pt(1.5 nm)]pp on a naturally oxidized
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Si(111) wafer. This sample will be referred to as Ti/Pt/Co or ‘tpc’ in the remainder of
this paper. The Ti, Pt, and Co layers were deposited by using pulsed DC, DC, and RF
power sources, respectively. The deposition chamber’s base pressure was 3 x 10~ mbar.
The substrates were annealed prior to the deposition to clean it from residual surface
contaminations as carbon and oxygen. The purity of the substrate and the targets were
checked by x-ray photoemission spectroscopy (XPS). The XPS system, mounted on the
same UHYV cluster as the deposition system, allows control of the quality of the deposition.
The deposition rates were calibrated by using XPS prior to the deposition and monitored
by a quartz crystal microbalance (QCM) during the deposition. The QCM is calibrated
according to the calibration values obtained from XPS. The calibrated deposition rates
are 0.018 nms~?, 0.019 nms~?!, and 0.037 nms~! for Ti, Pt, and Co, respectively. As a
result, the layer thicknesses are traceably defined and very reproducible. Alongside the
thickness calibration, XPS based monitoring of the fabrication allows reproduction of
the sample interface and layer structure in further depositions with very high accuracy.
Furthermore, as an advantage of the magnetron sputtering technique, samples can be
prepared on substrates with radii up to 5 cm. This guarantees a high availability of the
reference material. The detailed steps for the calibration of deposition and XPS control of
the samples can be found in the Appendices (Appendix A).

2.2. Magnetic and Geometric Characterization of the Ti/Pt/Co Sample

In the first step, to assess the magnetic properties of the Ti/Pt/Co sample, it was
characterized with a vibrating-sample magnetometer (VSM, Quantum Design MPMS3).
The hysteresis loops, measured in fields perpendicular (L) or parallel to the sample surface
(||) (Figure 1a), show that the sample exhibits a perpendicular magnetic anisotropy (PMA),
i.e., an easy magnetization axis in the out-of-plane direction, resulting in a perpendicular
magnetization in the absence of external magnetic fields. The ratio of residual magne-
tization over saturation magnetization (Mg /M;) is approximately 1. As can be seen in
the zoomed-in plot (Figure 1b), for perpendicular fields the magnetization reversal from
the homogeneously magnetized state starts at about 2 mT, with an imminent drop in the
magnetization, followed by a tail when approaching saturation. This shape of the hysteresis
loop is typical for PMA samples with stripe domain structure [33] and can be attributed
to the dipolar stabilization of stripe domains in low fields and their stepwise annihilation
with increasing fields until full saturation is reached. The appearance of a stripe domain
structure is confirmed by MFM measurements (see inset in Figure 1b). A self-correlation-
based analysis (Appendix B) gives an average domain width of (DMfM) = 345 nm . The
saturation magnetization, Mj, is determined from the VSM measurements after correcting
for sample shape effects [34] as Ms; = 201 kAm™!. The uniaxial magnetic anisotropy
constant, K,;; = 81 k]m_3, is derived from the saturation magnetization field, Hyt, which
is extracted from the hard axis measurement (Appendix C) using the Stoner and Wohlfarth
approximation [35], as follows:

Hy,nM
K, = % (5)
where the anisotropy field is given by [36].
Hyu1 = Hoat + M (6)

The observed perpendicular magnetic anisotropy (PMA) indicates a high quality of
the Co-Pt interfaces because the PMA is induced by interface spin-orbit coupling that,
in turn, is influenced by surface roughness [37]. Recent studies on a Ti/Pt/Co tri-layer
material [38] showed, besides a sub-nm RMS roughness, a Ti underlayer promoted textured
fcc (111) growth, also enhancing the PMA (Appendix A).
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AFM characterizations of the here used Ti/Pt/Co stack show an RMS roughness of
R; = 0.6 nm of the total stack, also further confirming the good structural properties. Such
roughness values are negligible for stray field simulations. From the QCM calibration, we
estimate a pessimistic upper limit for the stack thickness uncertainty of d = 4 nm, which
is regarded in the stray field uncertainties calculated below (Appendices A and G). For
similar deposition rates and low sputtering powers, the thicknesses are confirmed [39,40].

200 -
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Figure 1. M-H hysteresis loop of the Ti/Pt/Co sample. (a) the easy axis and hard axis hysteresis
loops recorded by external field applied in plane, parallel to the sample surface (||, blue) and out of
plane, perpendicular to the sample surface L, red). Measurements were performed by using VSM at
room temperature (295 K). (b) Zoomed-in plot of the out-of-plane measurement shown in (a). The
inset in (b) shows an MFM image of the sample.

To further validate the usability of the Ti/Pt/Co sample as a stripe domain MFM
reference sample, in the following we will determine its equilibrium zero field magnetic
structure and magnetic stray field distribution by different means and compare the results
to demonstrate the calculability of the Ti/Pt/Co sample. The different approaches and
characterization routes that will be used are summarized in the validation flow diagram
(Figure 2).

o The domain pattern comparison is used to prove a good understanding of the micromag-
netics of the Ti/PtCo material.

o  The tpc stray field comparison serves the purpose of demonstrating that the reference
sample is well understood and thus calculable and that different approaches (micro-
magnetic simulations, discrimination + forward calculation, qMFM) give the same
magnetic stray field.

o  The IFW stray field comparison will show that the Ti/Pt/Co sample, when actually
used as a reference sample, gives correct quantitative stray field data in calibrated
measurements, as validated by a comparison of Ti/Pt/Co-calibrated qMFM data on
the Co/Pt sample with the results from discrimination and forward calculation.

e  Finally, the ICF comparison will show that, not merely a proper quantitative analysis
of “unknown” samples is achieved, but also a very good agreement of the ICF and
the thereof derived tip magnetic properties, compared to calibrations with another
reference sample.

We start with the topmost branch, the micromagnetic simulations, and progress with
qMFM based on a calibration using a pre-existing Co/Pt multilayer reference sample [23,32],
in the following depicted as ‘ref’. We will refer to the different branches of the flow diagram
where appropriate.
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Figure 2. Flowchart of the validation process. The flowchart shows the different simulation and measurement steps

used to validate the Ti/Pt/Co sample’s micromagnetic parameters. The comparisons that were performed based on the

measurement results are marked as grey shaded boxes.

2.3. Micromagnetic Simulations of the Ti/Pt/Co Sample’s Magnetization Structure

The magnetization structure of the Ti/Pt/Co sample is modeled by micromagnetic
simulations based on the Landau-Lifshitz-Gilbert (LLG) equation. The simulations
are performed on an open-source GPU-accelerated micromagnetic simulation software
MuMax? [41] over a 1024 x 1024 x 20 cell grid with a cell size of 5 X 5 x 3.8 nm?, starting
from a random magnetization distribution. The exchange stiffness, A.y, is slightly varied
throughout the simulations within the range of A.x values discussed in the literature
for similar magnetic multilayers (5 p]m*1 —15 p]rnfl) [42,43]. Considering an optimum
recovery of the experimentally observed domain width of (DMFM) = 345 nm, a value
for Aex = 6 pJm ™! is derived. A long-range Ruderman-Kittel-Kasuya-Yosida (RKKY)
exchange coupling was incorporated into the simulations, which arises due to the Ti/Pt
layers stacking. An effective RKKY exchange field, Jrxxy, was implemented to the simula-
tions by scaling the exchange coupling between each layer. The scaling factor is defined by

_ (Urkky-9cz)
AS = “0(4a))

average of A,y over the coupled layers [44]. Similar to what was done in the case of the
exchange stiffness, [rxxy was varied throughout the simulations, and the optimum value
was found to be Jrxxy = 0.07 mJm 2. The simulation results for optimized parameters are
summarized in Figure 3.

The simulated sample reflects the stripe-like domain structure as the stable equilib-
rium magnetization pattern (Figure 3a) which was found by MFM. The magnetization of
the sample was found to be homogeneous throughout the layer structure and independent
of the thickness within the domains (Figure 3c), while the domain transitions areas show
a slight layer dependence of the magnetization. Therefore, in Figure 3a, a normalized
averaged simulated z-component of the magnetization distribution, (m*"™), is shown.
The average domain width of the simulation is found to be (D) = 370 nm by using a
self-correlation transform of the magnetization distribution, being slightly higher than the
domain width found from MFM ((DMFM) = 345 nm). While the average domain sizes
found from the micromagnetic simulations and MFM differ slightly, the stripe domain pat-
tern is well reproduced so that we consider the simulations as credible. The discrepancies
can be attributed to simplifications in the simulations, e.g., neglecting grain structures, and
to the finite simulation volume and discretization.

, where dc; and (A.x) are the thickness of the single simulation cell and the
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Figure 3. Results of the MuMax3 micromagnetic simulations of the Ti/Pt/Co sample: The relaxed
magnetization pattern averaged over the stack thickness together with a zoomed in view (a). Per-
pendicular magnetization component of the top layer in a transition between two domains together
with a calculated transition using the standard Bloch wall model (b). Cross section of a cutout
of the magnetization of the Ti/Pt/Co sample showing all 20 layers (c). The magnetization in the
domains is homogeneous and independent of the layer number. The overall magnetization of the
domains is depicted by the arrows. The dashed line shows the angle of the magnetization that follows
a Bloch-like course of the domain wall transition. The dotted lines mark the domain wall width
calculated using the Lilley formula.

The good agreement justifies the determination of an effective domain wall transition
width from the simulations. Figure 3b shows a line-plot of the magnetization of the
Ti/Pt/Co top layer sample along the line in the zoomed-in part of Figure 3a. The white
dashed line shows the averaged angle of magnetization rotation. The domain wall width,
dpw, using the definition of Lilley [45], can be calculated from the micromagnetic material
parameters using;:

Spw = Ty | —— ()

where (5375\, = 27 nm, as indicated in Figure 3c with the dotted lines. Using 53’&,, the
simulation results can thus consistently be described with the standard 180° Bloch domain
wall model [46]. Figure 3b shows the simulated domain transition together with m, =

tanh ( ’g’xo) . The excellent agreement justifies the introduction of domain walls based on a

Bloch wall domain kernel (Appendix D), as discussed in [32].

Thus, all parameters required to calculate the reference effective magnetic charge
density and stray field from the discriminated MFM image are now available. They are
summarized in Table 1, together with the data of the Co/Pt reference sample.
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Table 1. Sample parameters required for the calculation of the effective magnetic charge density of
the Ti/Pt/Co sample and the Co/Pt reference sample.

Ti/Pt/Co Multilayer Stack Co/Pt Stack
Saturation Magnetization M; 201 kA/m 500 kA /m
Stack Thickness ¢ 20 x 3.8 nm 100 x 1.3 nm
Domain Wall Width 53’5\, 27 nm 16 nm

2.4. Validation with gMFM and Stray Field Simulations

To further validate the calculability of the Ti/Pt/Co sample, we characterize the sam-
ple with gMFM measurements based on a calibration with another reference sample (i)
and compare the results with simulations based on the domain pattern determined from
the MFM measurements using the material parameters found from the micromagnetic sim-
ulations and the VSM characterizations (ii), as well as with the results from micromagnetic
simulations with predefined initial magnetization (iii). These comparisons are depicted in
Figure 2 as "‘Domain Pattern Comparison” and ‘TPC Stray Field Comparison’, respectively.

(i) gMFM characterization of the Ti/Pt/Co sample

For a calibrated qMFM characterization, we used the pre-existing Co/Pt multilayer
reference sample for the ICF calibration. It has a layer architecture of Ta(5 nm)/Pt(5 nm)/
[Pt(0.9 nm)/Co(0.4 nm)];90/Pt(2 nm). Similar to the Ti/Pt/Co sample, it shows a stripe

domain pattern, at zero field with, however, a lower average domain size, <DMP Miref \ —

235 nm. The magnetic parameters of the sample are summarized in Table 1. The MFM
measurements were performed with a Nanoscope Illa with a Dimension head using a NT-
MDT Low Moment MFM tip, following the procedure discussed in [32]. The measurement
heights were 2"/ = 64 nm and zP° = 64 nm for calibration and validation measurements,
respectively, with a pixel size of 54 = 10 x 10 nm? on a 512 x 512 spatial pixel grid. The
quality factor, Q = 250, was determined by fitting the resonance curve of the tip with a
Lorentzian function. The full width of the resonance curve at 0.707 of the maximum was
used as the Q [32]. The cantilever stiffness, c = 3 N/m , was provided by the manufacturer.
The ICF"ef will be further discussed below. The TTF"*/, i.e., the z-component of the stray
d

ti
field gradient, g Ijgp, of the tip at the sample surface, calculated from the ICF™f using
Equation (1). Before the calibrated measurement, i.e., the deconvolution as described in

tip
Equation (3), the dlt_f; distribution is circularly averaged around the center in order to

eliminate artefacts arising from fast Fourier transforms (FFT).
In Figure 4a, an MFM image of the Ti/Pt/Co sample taken with the calibrated system,
exhibiting the expected stripe domain pattern, is shown. Figure 4b shows the stray field

distribution of the Ti/Pt/Co sample, yoHép “atz/ = 64 nm , which is calculated from the
MFM data by a deconvolution using the TTF"*/ yielding calibrated (7;}]; data. The stray

field projected to the measurement is then calculated from these calibrated (7;}7; data using
the following relation [13]:

!

tpc n _ tpc 1 —kz
uoH (k,z') = 0,57 (k) 5¢ (8)

where z' = z/P¢ = 64 nm. The gMFM measured stray field of the Ti/Pt/Co sample is found
to vary between £60 mT.

(i) MFM domain pattern-based simulations

Beyond using the MFM measurements to reveal calibrated stray field data, the MFM
data allows for an educated guess of the underlying domain pattern, which can then be
exploited to simulate the sample effective magnetization and stray field using the above
determined material parameters. In this approach, the domain pattern is found from the
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magnetization configuration derived by the discrimination of the MFM data, followed by a
convolution with a domain wall kernel, as discussed above, resulting in the normalized
magnetization distribution, mS? (x) (Figure 4c). The resulting stray field distribution is
again calculated from the effective surface charge density using Equations (4) and (8) and

is shown in Figure 4d.

(i) ref sample (ii) Discrimination & (iii) Micromagnetic
calibrated gMFM calculation simulation

A ° mcal a.u msim a.u
%() 1 -1 zo( )1—1 zo( )

MFM image or
magnetization
distrubution

Stray field
distrubution

HoHZeE (mT) HoHE (mT) HoHS™ (MT)

204 (9)
20

—20-
—40
—60 -

HoHz (mT)

= Deconvolved (i) = Calculated (ii) === Simulated (iii)

-2 -1 0 1
X (um)
Figure 4. Comparison of simulated and experimental Ti/Pt/Co sample data: (a) measured MFM
phase shift data and (b) perpendicular stray field components B, data calculated using the Co/Pt
sample calibrated gMFM; (c) z component of the magnetization calculated from a discrimination of
the MFM phase shift data from (a); (d) the thereof calculated perpendicular stray field components
B, data using the Ti/Pt/Co micromagnetic material parameters; (e) z-component of the magnetiza-
tion from the micromagnetic simulation and (f) the perpendicular stray field components B, data
calculated thereof using a layer by layer approach; (g) the stray field data with uncertainty bands
from the data marked by the dashed lines in the stray field images in (b,d,f).

(iii) Micromagnetic simulations

For better comparability with the MFM data, the micromagnetic simulations were
repeated with the same material parameters as used for the simulation in Figure 3a. While
a statistical initial magnetization is used in Section 2.3 to prove the good agreement of
the domain sizes of the simulation with the experiment, we here use the magnetization
pattern, mS% (x), derived from the MFM image as initial magnetization. The effective
surface charge density and stray field of the simulated sample is here calculated using
a multilayer approach that sums up the simulated magnetization distributions of all
individual Ti/Pt/Co/Pt layers by:

poHE™ (k') = 2 Comsm (k) - M- (1K) ok = ol ok ()
i

where dc; = 0.5 nm is the thickness of each Co layer, m$™ is the relaxed magnetization

distribution of the i*’ layer, and z; is the distance between the i*" layer and the measurement
height, z/ = 64 nm. Figure 4e,f shows the averaged relaxed magnetization distribution,
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mS™ (x), and the resulting stray field, respectively. The simulation results well-reflect the
characteristics of the experimentally observed domain structures.

In Figure 4g, the results of all the approaches are compared in the form of line plots
through the calculated stray field distributions along the dotted lines in Figure 4b,d,f. The
shaded bands show the uncertainties, calculated by a GUM (Guide to the expression of
uncertainty in measurement [47]) conform approach propagating variances [48]. The same
approach is used throughout the manuscript for uncertainty calculations. The ingoing
variances are summarized in Appendix E. The magnetic field amplitudes of all three
approaches agree very well. The discrepancies not covered by the uncertainty margins can
be attributed to imperfections of the real sample, like domains and pinning centers. This
demonstrates that the material parameters of our Ti/Pt/Co sample are well understood.
The micromagnetic simulations and their agreement with the qgMFM measurements also
validate the assumption of a homogeneous perpendicular magnetization in the domains
all over the stack. Therefore, we consider the Ti/Pt/Co multilayer stack a well calculable
reference material for gMFM.

2.5. Cross Validation of the Co/Pt Reference Sample by Ti/Pt/Co Calibrated gMFM

In a final validation step, we switch the roles of the Ti/Pt/Co sample and the Co/Pt
reference sample, i.e., we use the Ti/Pt/Co sample as the reference sample to calibrate the
MEM setup, as it is the actual objective of this manuscript, and use the thus determined
ICF!P¢ (“tpc Based ICF” in Figure 2) for a quantitative qMFM characterization of the pre-
existing reference sample. These resulting stray field data are then compared to stray field
data calculated from a discrimination of the MFM phase shift data (Figure 5a) using the
known material parameters, allowing for the “IFW Stray field comparison” in Figure 2.

(mT)

dec
z

Ag (°)
HoH

m, (a.u)
HoHE (mT)

=
S
N
I
o
3
(e) —— Deconvolved = Calculated
T T T T T
=2 -1 0 1 2
X (Hm)

Figure 5. (a) MFM phase shift data of the [Pt/Coljgp sample and (b) quantitative perpendicular
stray field components, B, data, calculated thereof using Ti/Pt/Co calibrated qMFM; (c) sample
magnetization pattern from discrimination of the phase shift data followed by a convolution with
a domain wall kernel and (d) perpendicular stray field components, B,, data, calculated thereof
by forward simulation using the known micromagnetic material parameters; (e) plotlines of the
perpendicular stray field components, B;, taken along the dashed lines of the stray field images
together with uncertainty bands.

This analysis uses the same MFM measurement data as for the qgMFM characterization
of the Ti/Pt/Co sample discussed above and thus the same measurement parameters.
Accordingly, the instrument’s ICF!?¢ (Figure 6a) is now derived from the Ti/Pt/Co sample
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measurement using a domain guess and a subsequent calculation of the reference aet?; by
using the now validated Ti/Pt/Co material parameters, as listed in Table 1.

ICFTef (kT/m)  ICF®< (kT/m)

( (b)
5 m 500 nm

a)
00 n
04  -02 (um) 0.2

-20
—40

-60

— ref
-60-(c) —_— tpc

dB,/dz (kT/m)

T T T T T

0 10 20 30 40 50
k(um~1))

Figure 6. Comparison of ICFs and reference sample spectra: (a,b) show the ICFs calculated from
calibration measurements using the Co/Pt (ICF') and the Ti/Pt/Co (ICE'¢) reference sample,
respectively; (c) shows plotlines through the maxima of the TTFs for both calibrations, TTF" (red)
and TTF7¢ (blue) for a distance of 64 nm from the tip apex; (d) shows plotlines through the Fourier
spectra of the effective surface charge density of the Co/Pt reference sample (red) and Ti/Pt/Co
sample. Dotted line marks the area of k-values accessible after calibration with the respective

reference sample (see text).

The TTF!¥¢ calculated thereof is shown as the blue line in Figure 6¢. For comparability,
both TTFs in the figure are calculated for the same distance from the tip apex of 64 nm. The
TTFs, reflecting the tip’s magnetic properties, which thus ideally should be independent
of the used reference sample, show very good agreement; the small discrepancy might be
attributed to the differences in the Fourier spectra of the two reference samples.

The quantitative [Pt/Co]jgp sample stray field data that result from applying the
TTF'¥¢ to the MFM phase shift data (Figure 5a) shown in Figure 5b—d show the magnetiza-
tion distribution from the discrimination of the phase shift data and the thereof calculated
stray field data, respectively. Line plots of both stray field data distributions, taken along
the dashed lines and plotted together with their uncertainty bands, are compared in
Figure 5f. The Ti/Pt/Co-calibrated qMFM data show excellent agreement with the simula-
tions, mostly within the uncertainty margins. Again, small discrepancies can be explained
by imperfections in the real sample that were not regarded in the uncertainty calculations.

2.6. Feature Size Spectra

While the above discussion demonstrates the usability of the Ti/Pt/Co stack from the
standpoint of calculability and field range, the application range of the Ti/Pt/Co stack for
qMFEM based measurements of the sample under test (SUT) must also be discussed in terms
of the accessible feature size spectrum since magnetic features, i.e., characteristic magnetic
structures of the sample under test, on length scales not covered by the reference material,
are suppressed in the calibrated measurement. The covered feature size of the reference
sample can be quantified in the form of the Fourier spectrum of the sample’s effective
charge distribution as a function of spatial frequency (Figure 6d). However, the spectral
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spectrum accessible after calibration also depends on the used tip and the respective
MEFEM system, because the tip’s magnetic stray field gradient distribution enters into the
measurement sensitivity and the MEM detection system determines the measurement
noise floor. A detailed discussion can be found in Appendix F. Figure 6d features the
Fourier spectra of both the Ti/Pt/Co and the Co/Pt sample. Both reference samples show
a significant overlap of their spectra, retrospectively justifying the qMFM characterization
of the Ti/Pt/Co stack, even though the dominant components in the spectra of both
samples are not identical. The lower amplitude of the Ti/Pt/Co spectrum is due to its
lower saturation magnetization and lower thickness. The characteristic structure sizes
accessible after calibration for a Gaussian white noise with 0.2° standard deviation are
found as (149 nm-5.12 pum) for the Ti/Pt/Co sample and (124 nm-5.12 pm) for the Co/Pt
sample (indicated as dotted lines in Figure 6d). A lower noise floor (as, e.g., achievable
in vacuum MFM) with 0.02° standard deviation would allow access to smaller structures
sizes (112 nm-5.12 um for Ti/Pt/Co and 99 nm-5.12 um for Co/Pt).

The observed accessible structure size range thus renders the Ti/Pt/Co sample suitable
for gMEM calibrations for quantitative measurements on magnetic micro- and nanostruc-
tures such as stripe and bubble domains, skyrmions, and antiferromagnetic domains.

3. Conclusions

The Ti/Pt/Co sample has been proven to be a suitable reference sample for qgMFM
calibrations, covering feature sizes from the 10 um to the 100 nm range, and is thus
applicable to the quantitative characterization of relevant micromagnetic materials. For the
first time, a systematic step-by-step reference sample validation process was established
and pursued. The Ti/Pt/Co sample has a very low surface roughness and well-defined
interfaces. The magnetic properties of the sample were defined by using micromagnetic
simulations and macroscopically measured magnetic parameters. The magnetic structure
found from the simulations was validated by qMFM measurements. The maximum
stray field of the sample at 64 nm was found around +60 mT , where the IFW reference
sample has a maximum field strength of more than +130 mT . The low field strength
makes the Ti/Pt/Co sample a good candidate to be used as a reference sample for the
calibration of low coercivity tips. The Ti/Pt/Co sample was successfully used as a reference
sample for a gqMFM stray field measurement of a pre-existing reference sample. The highly
reproducible fabrication process guarantees a high availability of the reference material. The
sample’s inherent stripe domain pattern provides a broad spectrum of Fourier components
with sufficiently high amplitudes. While artificially patterned samples might give higher
flexibility in controlling the FFT spectra, patterning attributed artefacts make the effective
magnetization and topography of patterned samples hard to control. Adapting the Ti layer
thickness and the repetitions of the Ti/Pt/Co building block of the stack, thus exploiting the
high stability of the deposition process, may, in future work, allow for further adjustment of
the sample stray field amplitude and the width of the domain pattern, thus opening a path
towards a fabrication of reference samples with properties tailored for specific applications.

Author Contributions: B.S. and 1.0. deposited and provided the TPC multilayer stack. A.F.S. and
S.S. provided VSM and MFM data. B.S. and E.G.-S. carried out the micromagnetic simulations. B.S.
and S.S. discussed and performed the numerical analysis. O.O. and H.W.S. initiated and coordinated
the study. B.S. and S.S. wrote the manuscript. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Scientific and Technological Research Council of Turkey
(119M287). B.S. acknowledges support from the Scientific and Technological Research Council of
Turkey, International Research Fellowship Program for PhD Students (2214-A /1059B141800226).

Data Availability Statement: The data that support the findings of this study are available on request
from the corresponding author (B.S.).

Acknowledgments: We thank Volker Neu from Leibniz IFW Dresden for providing the Co/Pt
reference sample and material parameter data.



Magnetochemistry 2021, 7, 78

13 of 20

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

Appendix A. XPS Study and Calibration of Deposition

Deposition rates of the magnetron sputter depositions are calibrated by using the
XPS technique. Rates are calculated by means of intensity change of the XPS signal over
deposition time. In this calibration, the change of the substrate’s XPS signal was analyzed
for specific deposition parameters (i.e., Ar flow, Target-Substrate distance, Sputtering
Power etc.).

The substrates are Ag foil for Pt and Ti and Au foil for Co calibrations. Substrates
are mechanically polished beforehand. After loading into vacuum, the sequential Ar
plasma etching and XPS scan was used, ensuring the purity of the substrates. For each
material, XPS main peak intensities of the substrate (Au4f for Co, Ag3d for Pt and Ti) was
measured after each definite sputtering duration, as was the pristine state of the substrate
(Figure Ala—c). Thickness calculation of the deposited film at each sputtering step was
done by using the well-known modified Beer—-Lambert equation [49];

L=1I-eMdi (A1)

where Ij and [; are the peak intensity of the relevant substrate and energy level before and
after the i deposition, A(E) is the inelastic mean free path of the electron emitted from the
substrate’s relevant energy level while passing through the deposited material, and d; is the
thickness of the material grown on the substrate at the i deposition. The inelastic mean
free path values obtained from NIST’s database, Tanuma model, were Ap;(1118.47 eV) =
14.17 A, A7;(1118.47 eV) = 2527 A, and A¢,(1169.55eV) = 17.38 A [50]. In order to
calculate the deposition rate, thickness dependence on the deposition time was linear fitted
(Figure Ald). These rates were used to calibrate the quartz crystal microbalance (QCM)
thickness monitor (Maxtech Inc., Santa Fe Springs, CA, USA, 6 kHZ reference crystal). The
QCM was placed next to the sample holder and used to monitor the thickness during the
deposition. In the study reported by Melek et al. [38], the effect of a 0.3 nm Ti layer on
magnetic anisotropy was investigated in a similar sample architecture and it was found that
Ti promotes the Pt to grow in a fiber texture structure. In the same study, it was reported
that, in the presence of a Ti underlayer, the surface morphology changed dramatically and
the surface/interface roughness decreased.

Ti Calibration on Ag

Pt Calibration on Ag
— os | Ag3d

Co Calibration on Au

Intensity (au)

T T T T T T T — T T T T T
80 85 90 363 367 371 375 379 363 367 371 375 379

L a1 ./ gttt e /-. . Y NI ...../- casaeme s causnnee®®y -.-...‘-...‘...........
A A &
wamnnnt At At
0 PP/ 2k Ty A )
T casassanas l

Deposition Time (s)

Figure A1. X-ray photoemission spectra of Au4f and Ag3d used for calibration of Co (a), Pt (b), and
Ti (c) depositions. Thickness-deposition time graph and deposition rates for Co, Pt, and Ti targets (d).
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An XPS spectrum of the samples is used to ensure that the sample fabrication was
as desired. XPS is a highly surface sensitive characterization technique and can detect
any change in the electronical or morphological change in the films. The change in the
interfaces would also change the cross-section of photoemission and would be detected in
the spectrum.

In Figure A2a, the wide range survey spectrum of the sample recorded after the
deposition of the first Co layer is shown. Survey spectrum is recorded with an energy
step of AE = 1 eV. High-resolution windows of each element in the survey spectrum
are recorded with a resolution of AE = 0.1 eV. Figure A2b—g shows the recorded high-
resolution spectra of deposited platinum 4f, titanium 2p, and cobalt 2p levels; the substrate’s
silicon and oxygen 2s levels; and also the zero-binding energy region (Fermi region). These
XPS spectra for repeated tpc block provide a “fingerprint” that ensures the high accuracy

of the reproducibility.
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-315 913 67 75 83 144 152 160 451 455 459 526 530 534 767 795 823
5 1 1 1 1 1 1 1 85 1 1 1 1 1 1 1 1 1 1 1 1
& 25 -
/4 (b) s (c) (d) (e) 16 (f) (9)
PR B 8.0 9.0 154 22
— [\ 35
g |\ 7.5 14 7
g 3 [ \ 251 8.5 164
x J i 13
n e | 15 7.0 13
S 2 8.0 12
< 5 6.5 114 10
>
= (a) = FermiR. == Ti(2p)
£ 40+ — Pu4n  — 0(29)
9 — Si(2s) Co(2p)
£
] ___)_/
0- — T T T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000

Binding Energy (eV)

Figure A2. X-ray photoemission spectra of tpc sample recorded from the top of first Co layer. The
survey spectrum is used to detect any contamination on the sample and check the general structure
of the sample (a). High resolution windows of each layers and substrate is used to check the
consistency of the photoemission cross section and the change in the chemical state of any layer (or

substrate) (b-g).

Appendix B. A Self-Correlation-Based Analysis of Domain Wall Widths

The average domain size of a magnetization pattern is calculated from a self-correlation
transform of the MFM data. The distance between the first and the second maximum gives
twice the average domain size [51]. Plotlines through the self-correlation transforms for
the Co/Pt reference sample, the tpc reference sample, and the simulated MFM image of
the micromagnetic simulation results are shown in Figure A3. The MFM image of the
simulated magnetization pattern was calculated by first determining its effective surface
charge density, followed by a convolution with the ICF, as determined by a calibration
measurement with the Co/Pt reference sample.
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Figure A3. Plotlines through (a,c,e) the self-correlation transforms for the Co/Pt reference sample
(ref) (b), the tpc reference sample (TPC (dec)) (d), and the simulated MFM image of the micromagnetic
simulation results (TPC (sim)) (f).

Appendix C. Determination of the Ti/Pt/Co Sample’s Uniaxial Anisotropy Constant,
K, from the VSM Data

To calculate the anisotropy constants from the VSM measurements, the hard axis
in-plane M-H data are analyzed following the Stoner-Wohlfarth model. Thereto, the low-
field linear part of the M-H curves is linearly fitted (Figure A4a), and the fitted function
is extrapolated to find the intersection with the M = M, dotted horizontal line. The
corresponding g H value gives pgHgqt = 0.6 T (Figure A4b).
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Figure A4. VSM measured M-H curves of the Ti/Pt/Co reference sample: (a) shows a zoomed-in
version of (b). The red line shows the fit to the low-field linear part of the curve; (b) also shows the
construction of the pyHgys value from the intersection of the fit with M = M.
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Appendix D. Domain Wall Kernel

Domain wall transitions are introduced to the binary magnetization patterns from
discrimination by a convolution with a domain wall kernel. The kernel used to introduce
tanh-like domain wall transition following the standard 180° Bloch wall model is:

V22
f(x,y) = sech? (n ;vax ) (A2)

Opw is the domain wall width of the 180° Bloch domain wall.

Appendix E. Uncertainties Used in Uncertainty Calculations

Uncertainty bands are calculated by a propagation of uncertainties following a GUM
conform approach [47]. The relative uncertainties used are summarized in Table Al.

Table A1. Uncertainties used for the calculation of the uncertainty bands.

Parameter Uncertainty
MEFM phase shift A u_Ap =02
regularization parameter, u_o: 1%

stack thickness tpc sample, dtre u_d=2nm

stack thickness ref sample, ae u_d=4nm

saturation magnetization tpc sample, M;ef u_Mgef 1 6%

saturation magnetization Co/Pt sample, Mgp ¢ u_MtSp “: 6%
measurement height, h u_h:10%

Appendix F. Estimation of Accessible Spatial Frequency Range

The spatial frequency range accessible for gMFM after a calibration with the Ti/Pt/Co
is not solely a property of the reference sample’s effective charge density, o, £ f(k), but rather
depends on the combined contributions of the reference sample, the MFM tip, and the
used MFM system. This follows from the fact that the tip stray field gradient distribution
determines the MFM sensitivity following (the lever correction is neglected):

QB
c dz

AD(k,z') = — orf (k) (A3)

During the calibration measurement, the MFM detection system determines the phase
shift data noise level, which in turn determines the sensitivity of the system. To estimate
the spatial frequency range accessible to a calibration, we employ a generic tip with a stray
field gradient distribution modeled as a Gaussian function (see inset in Figure A5a), with
typical values as found for real-world tips (Amplitude 60 kT/m, sigmay = sigmay = 50 nm).

The tip mediated sensitivity, %, in Fourier space is plotted in Figure Aba, together
with the circularly averaged samples, o,f¢. A cut-out of the cross-section of the resulting
phase shift Fourier spectrum, A®(k), of the Ti/Pt/Co sample (using Q = 250, c =3 N/m)
is plotted in Figure A5c. Additionally, the plot shows noise levels calculated for a Gaussian
white noise with standard deviations of 0.2° (typical for ambient condition MFM, black
horizontal line) and 0.02° (e.g., vacuum MFM, green horizontal line), respectively. The
interception of the phase shift spectrum with the noise levels defines the low (kj,;,) and
high (kp;gy ) wave-vector cut-off frequencies. Figure 5b,c shows the analog analysis for the
Co/Pt sample. In all cases, the lower cut-off frequencies are limited by the sample size.
Table A2 summarizes the derived k-vector and corresponding wavelength data, calculated
as A = 27” ; i.e., the range of characteristic structure sizes detectable with the MFM after
calibration with the respective reference sample.
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Figure A5. Estimation of accessible wave vector range after calibration; tip mediated sensitivity,

9B. and circularly averaged sample, o, % distribution in Fourier space for the Ti/Pt/Co (a) and the

dz
Co/Pt sample (b). The inset shows the generic tips, ddiz , in real space; (c,d) show the phase shift

distribution of a simulated reference sample measurement using the generic tip for the Ti/Pt/Co and
the Co/Pt sample, respectively. The horizontal lines show the noise floor for white Gaussian noise
with 0.2° (black) and 0.02° (green) standard deviation.

Table A2. Cut-off wave vector and corresponding wavelength data for the Ti/Pt/Co and the Co/Pt
sample for two different noise levels.

Low Cut-Off High Cut-Off
ad Frequency Wavelength Frequency Wavelength
Ti/Pt/Co multilayer Stack (tpc)
0.02° <1.22 um™1 >5.12 um 42.256 um~! 149 nm
0.2° <1.22 um™1 >5.12 um 56.295 pm ! 112 nm
Co/Pt Stack (ref)
0.02° <1.22 um™1 >5.12 um 50.726 pm 1 124 nm
0.2° <1.22 pm~1 >5.12 um 63.231 um_l 99 nm

Appendix G. Estimation of the Ti/Pt/Co Sample Surface Roughness

To characterize the surface roughness, the Ti/Pt/Co sample was characterized with
atomic force microscopy in a Park Nx-Hivac system using a PPP-NCHR tip.

Figure A6a shows the measured surface topography. Aside from some contaminations,
the sample surface is flat on a sub-nm scale. This can also be seen in the histogram in
Figure A6b. For this sample area, a RMS surface roughness of R; = 0.6 nm is found.
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Figure A6. Surface roughness analysis: AFM topography image of the Ti/Pt/Co sample (a) and
histogram plot of the height distribution (b).
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