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Radially dependent stray field signature of chiral magnetic skyrmions
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Magnetic skyrmions are topological spin structures that arise in chiral magnetic systems which exhibit
broken inversion symmetry and high spin-orbit coupling resulting in a sizable Dzyaloshinskii-Moriya inter-
action. Understanding the local spin texture of skyrmions is a vital metrological step in the development of
skyrmionic technologies required for novel logic or storage devices in addition to providing fundamental insight
into the nanoscale chiral interactions inherent to these systems. Here, we propose that there exists a radially
dependent stray field signature that emanates from magnetic skyrmions. We employ quantitative magnetic force
microscopy to experimentally explore this stray field signature. To corroborate the experimental observations a
semianalytical model is developed which is validated against micromagnetic simulations. This unique approach
provides a route to understand the unique radially dependent field signature from skyrmions, which allows
an understanding of the underlying local magnetization profile to be obtained. From a practical standpoint,
our results provide a rapid approach to validate outputs from numerical or micromagnetic simulations. This
approach could be employed to optimize the complex matrix of magnetic parameters required for fabricating
and modeling skyrmionic systems, in turn accelerating the technology readiness level of skyrmionic based

3

devices.
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I. INTRODUCTION

Skyrmions are topologically stable chiral twists of mag-
netization exhibiting quasiparticlelike properties [1-6]. They
have received significant attention from the research com-
munity due to their potential use in real-world technological
applications and the fundamental insights they can provide
into topological phenomena in condensed matter systems
[7]. Because skyrmions exhibit a nontrivial topology they
are inherently stable leading to several technologically ex-
ploitable and desirable attributes [8]. These include the ability
to circumvent repulsive pinning potentials created by imper-
fections in the host thin film [9-11], an energy barrier which
prevents the collapse to a field polarized state via a decay
path mediated by magnons [12,13], they can be manipu-
lated and moved by current induced spin-orbit torques at low
current densities [12—18], and they can be stabilized to sub-
10-nm dimensions [19]. These characteristics combined with
a decade of intense research activity have established several
promising applications [6,20]. Of these, skyrmion based neu-
romorphic spintronic computing is gaining significant traction
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with examples of skyrmion synaptic devices [21] and reser-
voir computing [22,23] recently being reported.

To reliably make use of skyrmions for potential appli-
cations, an understanding of the local spin structure and
how this can be affected by, for example, local variations
of properties within the material [24] is required. Therefore,
an understanding of the spin structure is vital in progress-
ing skyrmionic materials and devices into higher levels of
technology readiness. There are several measurement tech-
niques available to extract the spin structure of magnetization
textures and skyrmions, including spin-polarized scanning
tunneling microscopy (SPSTM), Lorentz transmission elec-
tron microscopy (LTEM), scanning probe nitrogen vacancy
(NV) magnetometry, and x-ray magnetic nanotomography.
However, despite their high resolving power, their ability to
resolve and determine local skyrmion magnetization or spin
texture and extract absolute measurements of the sample stray
field [19,25-31] is typically limited to very specific samples,
sample preparation, and/or measurement conditions such as
synchrotron beamlines [30,32].

An alternate solution is to use a flexible and versatile in-
direct approach such as magnetic force microscopy (MFM)
[33]. In MFM, the signal is due to the force gradient between
an oscillating magnetically coated atomic force probe and
the stray magnetic field from a sample [32]. The measured

©2023 American Physical Society
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quantity is the resonance phase (frequency) shift between the
measured oscillation and mechanical driving force [32,34],
which is related to the force gradient by the mechanical prop-
erties of the probe [34]. The phase is proportional to the
force gradient in the limit of small changes and oscillation
amplitudes [32,34]. However, due to the extended nature of
the tip, the measured phase contrast is not a direct measure
of the local sample magnetic field or magnetization and thus
only gives qualitative data. As simple physical models such
as point probe models do not, in general, describe the imag-
ing process adequately, a quantitative interpretation of the
force interaction to determine the underlying magnetization
requires a more complex analysis approach [32,34]. Quanti-
tative magnetic force microscopy (QMFM) allows for a full
quantitative description relating the measured force gradient
to the tip-sample interaction. Here, we follow the seminal tip
transfer function (TTF) approach developed by Hug er al.
[35] allowing the force exerted by the sample stray field on
the MFM tip to be calculated in Fourier space [34-37]. Ex-
ploiting a well characterized reference sample, a calibration
procedure leads to a model-independent and parameter-free
representation of the MFM tip’s point spread function (PSF)
[32,34]: the TTF. The TTF can be used to determine stray
fields from an unknown sample through deconvolution [34]
or, as here, the force gradient can be directly calculated using
a realistic model of a magnetization texture [37—40]. Recent
examples, where QMFM has proven to be an invaluable tool
for exploring the properties of magnetic skyrmions, include
local determination of the interfacial Dzyaloshinskii-Moriya
interaction (DMI) in multilayer [Ta/Co/Pt], thin-film sys-
tems [40], correlation of skyrmions to their topological Hall
effect in SrIrO3;/SrRuOs; bilayers [41], and a multipole ex-
pansion approach to distinguish skyrmions in [Ir/FeCo/Pt],
multilayers [42]. Furthermore, qMFM has recently entered the
metrological arena with validated results from round robin
measurements reaching consensus across European national
metrology institutes (NMIs) [34].

In this work, we present a study reporting on a unique
radial dependence of stray magnetic fields emanating from
skyrmions. A model is proposed, detailing how the evolu-
tion of the stray field spatial frequencies is fundamentally
a function of the radius of two-dimensional (2D) magnetic
skyrmions. The model is tested by exploring the influence of
skyrmion size on the measured MFM response for skyrmions
nucleated in a micron-wide stripe comprising of Co/Ru/Pt
chiral multilayers. The measured phase shift is correlated to
the skyrmion radius revealing a distinct functional depen-
dence. To validate this, qMFM is used to compute the MFM
phase shift for an analytical Néel type skyrmion model hosted
in a magnetic multilayer thin film, where the radius r and
skyrmion domain wall width w are treated as independent
variables.

In addition to determining the unique radial dependence of
stray magnetic fields emanating from skyrmions, a practical
use case is identified which allows us to extract the most
probable skyrmion domain wall width (w) and helicity (y),
which describes the local sense of the spin rotation within the
domain wall. Our results offer a route to a deeper understand-
ing of the local spin textures, which is of high interest to the
skyrmionic community, as reliable and rapid characterization

will be required to expedite the fabrication, modeling, and
optimization cycle, in turn reducing the timescales to realize
real-world devices.

II. QUANTITATIVE MAGNETIC FORCE
MICROSCOPY (qMFM)

qMFM relies upon a set of versatile transfer functions that
can be used to convert physical quantities such as the sample
magnetization to the sample stray field or the force on the
tip, via a tip transfer function, in the Fourier domain [34-37].
gMFM requires knowledge of the instrument’s transfer func-
tion (TF) which is obtained via a calibration procedure. The
TF is the product of an instrument calibration factor (ICF) and
the TTF, where the ICF introduces the mechanical properties
and the physical angle of the cantilever, ®, with respect to
the surface normal [34,36]. The TTF is the Fourier transform
of the z component of the magnetic field gradient of the tip,
HZ/ P j.e., it relates only to the magnetic properties of the tip
[34,35,43] and dictates the spatial resolution and sensitivity
of MFM. The TF is denoted as G(k, z), and is the product of
the ICF and TTE, i.e., {—22% . [LCF (k, ©))* - A, " (k, 2)},
where [LCF (k, ©)]*> describes the cantilever angle, k =
(ky, ky); Q and c are the cantilever oscillation quality factor

and stiffness constant, respectively; I—L " (K, z) is the TTF
and po is the vacuum permeability. The hat is the complex
conjugate. In this work, both the ICF and TTF are obtained via
measurements of the mechanical properties of the cantilever
for the ICF [34-39] and measurements of a well characterized
magnetic multilayer reference sample for the TTF [34-39],
hence, the total transfer function TF [34,35]. The phase in real
space, Ag, is described by a convolution integral of the tip
stray field and the sample magnetization. This is conveniently
described by a multiplication in Fourier space, where the
coordinates are mapped to a two-dimensional reciprocal space
(x,y,2) = (ky, ky, z), where the z component is retained (par-
tial Fourier space). In Fourier space, Ag is given by [34]

AD(K,z)
= —ZTQ - poHS*™' (K, z) - [LCF (k, ©)]* - H, P (K, 2)
=G(k,2) - H™" (K, 2). )]
H*™'(Kk,z) is the sample stray field, which can be

computed via a field transfer function from the Fourier
components of the magnetization [35]. Therefore, A®(k, z)
is uniquely related to the sample field in the limit of no
mutual tip-sample perturbations [32,34]. H/ " (K, z) is ob-
tained from a reference measurement of a calibration sample,
A®™ (K, z), and subsequent deconvolution of H:™(k, z),
from A®™f(k, 7). As the deconvolution is an ill-posed prob-
lem, regularization is introduced in the form of an inverse
Wiener filter [32,34,37-40]:

AO(k,z)  HI™(K,2)
TTF(k, z) = oF mz - —. @
|H™ (k, 2)|” + @

The regularization parameter o reduces the impact of
noise on the deconvolution at high spatial frequencies with
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low signal to noise ratio. Once H. P (k,z) is determined,
it is possible to deconvolve H. " (k,z) from a phase shift
measurement of a sample under test through further reg-
ularized deconvolution to extract the sample stray field
distribution [34]. Alternatively, one can compute the spatial
distribution of the force acting on the tip by convolving
A, % (k, z) with H™ which can be calculated from a
model magnetization pattern (through the field transfer func-
tion) [37-40] as employed here.

III. SKYRMION STRAY FIELD MODEL
AND RADIAL DEPENDENCE

First, we present a simple model for the skyrmion spin
texture and the corresponding magnetic stray field that em-
anates from the magnetic structure. Here, a purely Néel type
skyrmion [44] is assumed, where the core magnetization is
out of plane and the spins in the skyrmion domain wall rotate
away from or towards the core. As such, the in-plane spin
components wind chirally, fixing the helicity of the Néel type
skyrmion (y = 0, &), respectively [42], shown schematically
in Figs. 1(a) and 1(b). In this work, the spin profile is defined
following the work of Romming et al. [19], where the angle,
Ospin, at position p = /x2 + y? defines a 360 ° domain wall
profile given by Oyin(p, r, w) =) i{arcsin[tanh(%ﬂ)]} +
7. Here, r and w are the effective skyrmion radius and wall
width, respectively, and 6, defines the local magnetization
vector by

. —sin[Gyin (0., 1, w)lx/p
M(x,y) = M;{ —sin[Ospin (0, r, w)ly/p ¢, 3)
cos[Ogpin(p, 7, w)]
where M; is the saturation magnetization. Here, we use

M (x, y) to define a set of skyrmions where  spans 30-220 nm
to match the experimentally observed skyrmions in this work
and w spans 1-55 nm to cover a reasonable amount of param-
eter space in the model.

The mathematical description of the magnetic field is de-
fined by the field transfer function, and fully incorporates
the uniform magnetization along the z axis (perpendicular
to the sample plane) and the contribution from in-plane
magnetization components within the skyrmion domain wall,

ie, M(x,y) = (M., My, M;). As such, the contributions from
magnetic surface charges, ogyface = 1 - M(k), and volume
charges, pyo = —V - M(k), are both included in the calcu-
lation of the skyrmion stray magnetic field. The z component
of the stray magnetic field due to oy and pyo in Fourier
space is given by [34-37]
eka(l _ efkt) \v/
7 ( . )M k). @
Here, V(K) = (ik,, ik,, —k), is the magnetic potential op-
erator in Fourier space [35]. As skyrmions are hosted in a
magnetic multilayer in this work (see Supplemental Mate-
rial [45], and references therein [46-59]), a layered model
is constructed to compute H:""P(k, z), where the defined
skyrmion magnetization is restricted to the magnetic Co lay-
ers only. Furthermore, for the thicknesses of the individual

H™(k, 7) =
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FIG. 1. [(a), (b)] vector fields showing the two distinct skyrmion
types considered in this work. (c) Calculated H;ample for a skyrmion
defined by » = 130 nm, w = 16 nm, and y = 0. (d) shows the FFT
of the stray magnetic field data in (c). (¢) Radial dependence for
a selected range of spatial frequency amplitudes (blue dashed line)
indicates the trend in the peak data. (f) Radial dependence of the
calculated stray field spatial frequency amplitudes for k., ko =
3.0 (um~"), comparing the radial dependence for cases (I)—(III). [(g),
(h)] Line profiles though the separated H;‘“""le contributions from
the z component, in-plane (x), and total sum for all magnetization
components (green, yellow, and red lines, respectively). The spin
rotation corresponds to cases (II) and (IIl) (y =7 and y = 0) for
[(g), (h)], respectively.

magnetic layers considered in this work, py, is assumed
constant throughout the entirety of the magnetic Co layer of
thickness ?.

Figure 1(c) introduces the archetypal output from Eq. (4)
applied to our layered system demonstrating the stray field
for a (y = 0) skyrmion with a core pointing in the negative z
direction (into the page) defined by our convention to match
the experimental case (see Supplemental Material [45]). To
expand the model further the spatial frequency content of the
stray magnetic field is explored in more detail. Figure 1(d)
displays an example fast Fourier transform (FFT) of the data
presented in Fig. 1(c) which is used to assess the spatial
frequency content for different skyrmion radii and domain

104409-3



CRAIG BARTON et al.

PHYSICAL REVIEW B 108, 104409 (2023)

wall widths. To ascertain the role of r and y on the total
stray field, we isolate dominant low spatial frequencies, those
with the largest amplitudes in frequency space, that are ex-
pected to provide the dominant features of the final stray
field profile. Figure 1(e) details the radial dependence of six
low spatial frequencies k, = 2.0—4.5 um~'. These data show
a distinct functional form, including in a peak in the stray
field over the range of radii (r) calculated. The amplitude
of the peak decreases as k, increases, highlighting the shift
in the peak position and the reduced role of higher spatial
frequencies in the overall field profile. To explore the effects
of pver and y, a single spatial frequency (k, = 3.0 um~') was
simulated for three cases: (I) surface charge only, ogyface; and
two cases including the volume charges pyq, i.e., (II) spin
rotation toward the skyrmion core [clockwise (CW) chirality)]
(y = m); and (IIT) spin rotation away from the skyrmion core
[counterclockwise (CCW) chirality] (y = 0). The functional
form, shown in Fig. 1(e), is further modified, and is found
to be dependent on the specific spin texture and their dis-
tinct contributions to the spatial frequency components of
the stray field. With case (I) as a baseline, it can be seen
that cases (II) and (III) either reduce or increase the spatial
frequency amplitudes around the peak position, as shown in
Fig. 1(f). The perturbation to case (I) results from the nonzero
stray field, pyoy = —V -M(k), included in the calculation
which is either subtractive from or additive to the field from
surface charges (ogyrace) alone for (II) or (III), respectively.
Figures 1(g) and 1(h) demonstrate this effect in detail where
the calculated real-space stray field for cases (II) and (III)
are shown in relation to case (I). These data show that the
total field is highly dependent on the additional contribu-
tion provided by pvo = —V - M(K) which modifies the stray
field originating from ogygsce, SUppressing or amplifying the
stray field due to ogyrace for cases (II) or (III), respectively.
This results in a stray field signature that is unique and dis-
tinguishable and fully dependent on the skyrmion helicity
(y =0,m).

It is also interesting to note that reducing the skyrmion
radius will lead to an increase in the peak stray field above
the skyrmion, as expected. However, analysis of the spectral
content shows that there is distinct increase in the amplitude
of the dominant spatial frequencies in the range 30 nm <
r < 120 nm. This unique radial dependence in the spatial
frequency amplitudes demonstrates a trade-off between the
skyrmion aspect ratio (diameter/thickness) and the skyrmion
volume which modifies the spatial frequency content of the
skyrmion stray field with r. Furthermore, the dependence
with r will ultimately limit the smallest skyrmions measur-
able by MFM, providing a practical implication of this radial
response.

As such, it is hypothesized that the radial functional de-
pendence of dominant stray field spatial frequencies could
be experimentally realized using MFM. Through quantitative
approaches it is further proposed that contributions from pvy,
within the skyrmion domain wall, would also be observable by
a sufficiently high resolution MFM measurement. Therefore,
it is conceivable that gMFM could be employed to ascertain
the skyrmion helicity y and, further, the domain wall width
w. To test this, an experiment has been designed to verify the
results obtained from the model above.
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FIG. 2. (a) Magnetic force micrograph detailing the nucleated
skyrmions identified for further analysis in this study. Dashed
boxes are the scan areas used to minimize the impact of the
stripe edge on the measured data. The applied field range to tune
the skyrmion size was woH,,, =19.9, 15.0, and 10.0 mT. Inset
shows the applied current pulse used to nucleate skyrmions; where
HoHypp = 45.5 mT. (b) H;“mple at the sample surface for skyrmion
2 with poHyp, = 19.9 mT. Superimposed onto the data is the ex-
tracted perimeter (blue open circles) and the elliptical implicit fit
(green line). (¢) Maximum phase response for skyrmions vs r,
where the color bar indicates the measurement field for each data
point. Inset shows the raw size analysis data with applied field for
skyrmion 1.

IV. RADIALLY DEPENDENT PHASE RESPONSE

To establish a set of skyrmions upon which to test our
model and hypothesis, we measure a multilayer sample
comprising of asymmetric [Co/Ru/Pt];( trilayers patterned
into a 2 um wide wire (see Supplemental Material [45]).
The asymmetric trilayer structure results in a noncancel-
ing Dzyaloshinskii-Moriya interaction (DMI) [60—63] at the
interfaces between the magnetic layer and the two heavy
metal layers present in our system [64,65]. The DMI and
the perpendicular magnetic anisotropy allow the stabilization
of skyrmions in perpendicular external magnetic fields. For
skyrmion nucleation a combination of an in situ perpendicu-
larly applied magnetic field and a rectangular current pulse of
width 200 ns [44] is used. Figure 2(a) introduces the skyrmion
landscape explored by MFM (see Supplemental Material [45])
and shows an overview of six skyrmions selected to study
in this work. Figure 2(a) (inset) shows the current pulse
used to nucleate the skyrmions. Tuning the skyrmion size
was achieved by varying the in situ applied magnetic field
throughout the measurement sequence. Three out of plane
applied fields, of decreasing magnitude, were chosen resulting
in a range of skyrmion sizes. At each field, the regions were
scanned ten times to minimize local metastability and to fully
relax the skyrmions such that local pinning and tip-sample
interactions would not affect further quantitative analysis.
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Possible radially dependent phenomena are identified by
correlating the maximum phase response from all skyrmions
as a function of r at each applied measurement field. The field
dependent skyrmion size was extracted using the skyrmion
stray field distribution H:*™", which is obtained through
a regularized deconvolution of the measured force gradient
data with the TTF, Eq. (2) (see Supplemental Material [45]).
Image processing was employed to extract the perimeter of
the skyrmion using a Laplacian edge detection filter to de-
fine a contour from H:*™. Figure 2(b) shows example data
from the edge detection, where H"™ is overlaid with the
extracted edge data and implicit fit to the elliptical profile. The
semimajor and semiminor axes of the implicit elliptical fits
were averaged resulting in r (the effective skyrmion radius).
The peak phase response was approximated by a single or
double Gaussian function using nonlinear least square fitting
to find the overall maximum value. The data were numerically
ordered with respect to the effective radius r, Fig. 2(c). A
clear relationship between the maximum phase response and
r is observed, where a maximum interaction (minimum in
the data) occurs at an effective radius of ~120 nm. A strong
resemblance to the proposed radial dependence data (Sec. III),
is observed and is explored in more detail (Sec. V). The
color mapped data detail the progression of the skyrmion size
as a function of decreasing applied field magnitude for the
two regions of interest, Fig. 2(a). At these length scales, the
skyrmion radius r is mostly determined by the competition
between Zeeman energy due to 11oHapp, Which contracts r, and
the magnetostatic energy due to internal dipolar interactions,
which tends to increase r or even cause it to “blow up” to
a stripe domain phase [12]. Therefore, a reduced Zeeman
energy, decreasing ftoHapp, leads to an increase in 7, inset of
Fig. 2(c). However, due to the local pinning landscape which
varies for each skyrmion [21,24,40], there are varying degrees
to the expansion. This is evident in the variance in the data
presented in Fig. 2(c), where some smaller skyrmions occur
at lower applied fields, indicating that skyrmion expansion is
hindered by local pinning.

Analysis of the peak phase signal for a range of skyrmion
sizes yields a distinct set of data with a functional form that is
comparable to that presented in the spatial frequency analysis
from our model. To expound on the experimentally observed
radially dependent signature, the proposed model has been ex-
tended to calculate the expected MFM signal and comparisons
made to the experimental data (below).

V. CALCULATED PHASE RESPONSE: ROLE OF r AND w

To assess the validity of the assumptions (Sec. III) and ex-
pound on the functional form of the experimentally observed
peak, Fig. 2, the expected MFM phase shift is explored for a
range of values of r, w, and y. To achieve this, we convolve
the calculated skyrmion stray field H:""P* (k, z) [Eq. (4)] with
the experimentally determined TF (see Supplemental Material
[45]) such that the underlying magnetization (spin texture) is
mapped to the theoretical experimental phase. Figure 3(a) de-
tails example data of the maximum calculated phase response
for case (III). It is observed that the maximum phase response
exhibits a peak in the tip-sample interaction (minima in the

w (nm) MoHapp (MT)
10 20 30 40 50 01520
220 00 B Peak phase data
200 —| b e 2 o — = MFM noise floor (expt.)
180 - = = MFM noise floor (calc.)
— 0.1 - ] case (I) w=7.4 nm
160 — 5 | case (Il) w=7.4 nm
,é 140 — o " ——case (lll) w=7.4 nm
£ 120 g-02 - 4
= 100 S
o
80 03 " —
— L)
60 7b) A 5 |
40 —{(a i .
-0.4
phase (deg) 0 100 200
0.0 -0.1-0.2-0.3-0.4-0.5 r (nm)
> Expt.Data
—— Calc.Data
02 =+ 1 1 1.6 T T
q skyrmion6 | o {-—m— case (1) z-component -|
> 0 O 12 |- case (Il) "spins-in"  _|
g 0.0 Y : A | —A— case (Ill) "spins-out" |
- 3 1(d) a At
® g o8 PN
a o 8 4 A
©-02 : o & u
o Qg L 04 - / N
. A
(c) O w Eoa7 \a
04 Ll 1oy 3 Y O
06 09 12 15 18 0 50 100 150 200

Profile (um) r (nm)

FIG. 3. (a) Maximum calculated phase vs r and w, case (III).
(b) Comparison of the calculated maximum skyrmion phase for
cases (1), (I), and (III), respectively. The experimental data (squares)
are replotted with the calculated phase vs r for the best-fit value
of w =7.4 nm. Red and blue dashed lines show the experimen-
tal and calculated noise floor. (c) Comparison of skyrmion line
profile for experimental (black circles) and calculated (red line)
data, for skyrmion 6, where w = 7.4 nm [case (III)]. (d) Radial
dependence of the calculated phase spatial frequency amplitudes for
ke, ky—o = 3.0 (um™"), comparing the radial dependence for cases
()—(11).

data) with r. The functional form of these data closely follows
that of the experimentally determined radially dependent data,
Fig. 2(c), and is indicative of the underlying radial response
exhibited by dominant spatial frequencies demonstrated by
our stray field calculations, Fig. 1. Interestingly, w is also
found to play an important role in the expected phase response
and modifies the amplitude and width of the observed peak
values. Therefore, the amplitude and width of the experimen-
tally observed radially dependent peak phase data will contain
information on the underlying domain wall width.

To test this, the experimentally determined radial response,
Fig. 2(c), is compared against the calculated phase response
for cases (I)—(IIT) where the role of w, hence pyy, is explored,
Fig. 3(b). Here, we use the residual sum of squares with w
as the fitting parameter to find the best-fit case to the data
(see Supplemental Material [45]). For the measurement setup
and sample combination used in this work, case (III) and
w = 7.4 nm yields the best fit to the data, red line Fig. 3(b).
This agrees with the expected sign of the DMI physically
imposed by the stacking order in the asymmetric [Co/Ru/Pt]
trilayer, which dictates that for the skyrmion core pointing in
the —z direction, a helicity of y = 0 will arise.

Along with the best-fit case we also plot the corresponding
calculated curves for cases (I) and (II), yellow and green lines,
respectively. We find that accounting for the stray field from
case (I) only is overly simplistic to capture the full magnitude
of the maximum experimental phase. This is reflected in the
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residual sum of squares data which has a flat response with
w (see Supplemental Material [45]). However, this simplified
model does capture the radial dependence which reflects the
evolution of the spatial frequencies from the skyrmion that
contribute to the convolution with the TF. Considering case
(I), we observe a suppression in the phase response from the
spins within the domain wall. Additionally, the residual sum
of squares quickly diverges with respect to case (III) due to the
helicity considered for case (II) and provides strong evidence
that case (II) (y = 0) best represents the physical system
studied in this work. As highlighted previously, it is apparent
that for cases (II) or (III), the maximum phase response is sup-
pressed or amplified, respectively, when compared to case (I).
This results from the nonzero stray field, pyo; = —V - M(K),
which is either subtractive from or additive to the field from
Osurface fOT (ID) or (III), respectively [35].

Figure 3(c) shows example phase data for r¢ye. = 150 nm
and rexpe = 147.6 nm, respectively, for the best-fit case w =
7.4 nm. Here, excellent agreement is obtained between the
experimental and calculated phase data and provides addi-
tional evidence to support the skyrmion model developed in
this work.

To assess how the measurement process could affect the
radially dependent signature, the spatial frequency amplitudes
(k, = 3.0 um~") for the calculated phase are plotted for cases
(D-{1I), Fig. 3(d). It is found that the functional form is close
to identical to that shown for the spatial frequency ampli-
tudes for the calculated stray field, Fig. 1(f). This corroborates
the proposal that the underlying skyrmion magnetization
leads to a radially dependent stray field signature. It further
confirms that the measured trend is due to the skyrmion
stray field and precludes any potential field induced modi-
fication due to the measurement process (see Supplemental
Material [45].

It is also possible to extract the minimum detectable
skyrmion, for our measurement setup and sample
combination, using the data in Fig. 3(b). It is found
that  rpin & 27nm, for w =7.4nm, and agrees well
with our noise analysis for the MFM measurement
and setup (see Supplemental Material [45]). As such,
our data demonstrate the applicability of qMFM as a
technique to study highly technologically relevant sub-30-nm
skyrmions in ambient measurement conditions, subject to
energy stability considerations [44].

To draw conclusions regarding the results from Fig. 3,
the skyrmion model is extended to calculate the expected
experimental phase employing gqMFM techniques. Following
this approach, the underlying magnetization texture of the
skyrmion is revealed with remarkable detail, allowing the
skyrmion helicity (y) and the domain wall width (w) to be
extracted. The results indicate that the evolution of the un-
derlying spatial frequency content of the skyrmion stray field
with r modifies the tip-sample interaction and not potential
field induced changes to the MFM tip.

VI. MICROMAGNETIC SIMULATIONS

To explore the validity of the simple model and cal-
culated MFM phase response, micromagnetic simulations
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FIG. 4. (a) Micromagnetic results showing r, left axis (black
squares), and w, right axis (red circles), as a function of applied
magnetic field. (b) shows example profile data (black circles) for the
m, component of magnetization at ftoH,p, = 82 mT. Red line is a fit
to the data using Eq. (3). (c) i and ii show stack averaged line profiles
for the m,, m, components of magnetization, respectively. (d) i and ii
show x, y slices through the spin vector field, respectively, showing
the domain wall transition (color scale indicates m.). (e) shows the
stack averaged Q with H,,, and the inset is the spin vector field for
a ~(.25 section of the skyrmion in layer 1.

have been performed using the open-source micromagnetic
framework MUMAX3 (see Supplemental Material [45], and
[66]). Figure 4(a) shows extracted r and w values from a set
of simulations, black squares and red circles, respectively. To
tune the range of skyrmion sizes, an applied field was used to
match the range of r from the experimentally measured data.
The dashed lines show domain wall widths for the expected
magnetic parameters considered and the value obtained from
the gMFM experiments, Fig. 3(b). Over the radii considered in
our micromagnetic simulations, 18—150 nm, w remains con-
stant, w &~ 7.9 £ 0.5 nm. This value is in excellent agreement
with the extracted best-fit case, w = 7.4 nm, and corroborates
our simple model approximation where r and w are treated
independently and w is fixed over the full range of r. As
such it is evidenced that the simple model approximation
is valid within the experimental range considered here. Fur-
thermore, quantitative LTEM measurements on very similar
films yield values of w =5 =41 nm [67], which is highly
comparable to the measurements made here using qMFM.
Figure 4(b) shows the averaged z component of the magneti-
zation and expounds on the approach to extract r and w using
Eq. (3).

Our simulations reveal that when fixing the skyrmion core
in the —z direction, the rotation of the spins in the domain
wall point outward for the magnetic parameters used in the
simulation. This agrees with the conclusion reached from the
best-fit case, Fig. 3(b) where the stacking order of the layers
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used in this work, and hence the sign of the DMI, lead to a
skyrmion described by case (II) (y = 0). Figures 4(ci) and
4(cii) show profiles of the averaged x and y components of
magnetization revealing a predominantly Néel type skyrmion
which is in good agreement with the skyrmion ansatz assumed
in this work.

Closer examination of the local magnetic moments in the
wall shows that the Néel type behavior deviates from this
trend close to the sample surface (layers 1 and 2). This is
shown by the corresponding x, y slices of the spin vectors,
Figs. 4(di) and 4(dii), respectively. Twists away from the Néel
type character are evidenced as detailed in the top two surface
layers. This agrees with the work presented by Legrand et al.
[27,44], where it is demonstrated that competition between in-
terlayer magnetostatic and interfacial Dzyaloshinskii-Moriya
interactions (iDMI) leads to hybrid chiral walls for iDMI val-
ues below a threshold value, ~2.5mJ m~? for a comparable
multilayer system, as used here [27]. To quantify the devi-
ation from the ideal model the layer dependent topological
charge O = ﬁ Sam - (0xm x d,m)dA with applied magnetic
field is plotted, Fig. 4(e). Here, the average field dependent
Q is found to be constant and is approximately —1 within
numerical errors. We do find a reduction in Q in the layers
at the sample surface commensurate with the cross-sectional
views, Fig. 4(d). This is more pronounced for the last layer,
for intermediate fields, and further highlights the reduced
integrity of the uniform domain wall transition that appears
in the topmost layers. This is shown in more detail by the
spin vector field for layer 1, Fig. 4(e), inset, where only one
quadrant is shown. For the parameters simulated, evidence of
Bloch lines [68] in this topmost layer are found. However,
these do not significantly impact the stack averaged Q.

The results from the micromagnetic simulations validate
that the simple, purely Néel type, spin texture that is uniform
throughout the layered stack is an accurate approximation to
model skyrmions in the [Co/Ru/Pt];, multilayer system used
in this work.

VII. SUMMARY

A simple model for the stray field from a skyrmion hosted
in a magnetic multilayer thin film is proposed. By explor-
ing the parameter space of the model, we have found a
unique radial functional dependence of the amplitudes of
dominant stray field spatial frequencies. We have shown that
this response could be experimentally observed by MFM. Fur-
thermore, we have also shown that it has practical implications
for skyrmion metrology, such that it is possible to extract the
skyrmion helicity and domain wall width with relative ease.
To do this a set of experiments employing gqMFM has been
used to investigate the radially dependent phase response from
a set of skyrmions in a chiral magnetic multilayer comprising
of [Co/Ru/Pt]g trilayers. Following this approach, we find
that a distinct and unique relationship between the skyrmion

radius r and maximum MFM phase response exists. This
unique response is due to the evolution of the underlying
spatial frequency content of the skyrmion stray field as a
function of its radius, which, as we have demonstrated here,
modifies and dominates the tip-sample interaction.

We extend our analysis to explore the role of r and w in the
calculated expected phase shift and compare the model results
with the experimental data. Following this approach, we find
a practical implication of the fundamental understanding of
the radial dependence and show that we can distinguish the
skyrmion type, which for our system is a Néel type with CCW
chirality (y = 0). Additionally, this methodology provides a
unique way to extract the domain wall width of the skyrmions
in a multilayer based system. By utilizing a residual sum
of squares approach, we find a domain wall width of w ~
7.4 nm. As such, this method provides a simple experimental
analog to determine parameters, such as w, in comparison to
other approaches such as numerical modeling [40,42,69].

Our results show how the unique evolution of unique stray
field signatures from novel nanoscale magnetic solitons can
be utilized to interrogate the underlying magnetization struc-
ture of technologically relevant skyrmion systems. As shown
here, this can be achieved experimentally such that the results
could be exploited to validate or inform results from nu-
merical or micromagnetic simulations and other experimental
techniques.

We anticipate that this work will provide a high through-
put methodology to help to expedite the process to optimize
the magnetic parameters used for modeling and fabricating
skyrmionic systems, in turn expediting skyrmion based tech-
nological development to higher readiness levels.
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