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Skyrmions are nanoscale spin configurations with topological properties that hold great promise for

spintronic devices. Here, we establish their N�eel texture, helicity, and size in Ir/Fe/Co/Pt multilayer

films by constructing a multipole expansion to model their stray field signatures and applying it to

magnetic force microscopy images. Furthermore, the demonstrated sensitivity to inhomogeneity in

skyrmion properties, coupled with a unique capability to estimate the pinning force governing

dynamics, portend broad applicability in the burgeoning field of topological spin textures.

Published by AIP Publishing. https://doi.org/10.1063/1.5027602

The realization of nanoscale, magnetic skyrmions in

metallic multilayer films has generated a surge of research.1–4

Understanding the structure and behavior of these localized,

two-dimensional (2D) spin-textures is fundamental,5–7 with

implications for spintronic technologies. The unique proper-

ties of skyrmions stem from their topologically non-trivial

spin-configuration. The spin at the center of a skyrmion is

opposite to the out-of-plane (OP) spin direction of the back-

ground [Figs. 2(a)–2(d)] and reverses over a length-scale

defining the skyrmion radius (rSk), which can vary from a few

nanometers to microns.8,9 The in-plane (IP) spin component

winds chirally with helicity c,5 ranging from N�eel7 (c¼ 0, p)

to Bloch10 (c¼6p/2) texture [Figs. 2(a)–2(d)].

Skyrmions are generated by the anti-symmetric

Dzyaloshinskii-Moriya interaction (DMI) found in chiral

magnets10–14 and at ferromagnet/heavy-metal interfaces.15,16

Efforts to realize interfacial DMI have rapidly shifted from

epitaxial monolayers4 to sputtered multilayer films that host

columnar room-temperature (RT) skyrmions.2–4,17,18 The

properties of multilayer skyrmions show considerably more

variation than their epitaxial counterparts. First, rSk can be

inhomogeneous, with up to�2 variations over a lm-range.3

Next, the spin structure can evolve in all three dimensions

with columnar skyrmions potentially consisting of inertial

cores.3,4,19 Finally, the granularity of magnetic interactions

can result in varying skyrmion configurations,18 which affect

stability, dynamics, and switching properties.20 Any effort to

understand and exploit such skyrmions requires spatially

resolved information about their static properties (e.g., size,

helicity, and robustness to perturbations) and an understand-

ing of how these influence their dynamic behavior.

Here, we use magnetic force microscopy (MFM) to

investigate magnetic textures in a [Ir(1)/Fe(0.5)/Co(0.5)/

Pt(1)]20 (in parenthesis—thickness in nm) multilayer film

sputtered on a SiO2 substrate. Additional information on

sample fabrication is provided in the supplementary material.

Such multilayers host RT skyrmions,18 which we find persist

down to T¼ 5 K. MFM is an established technique for mag-

netic characterization on the nanoscale, with unique, yet-

untapped advantages for investigating skyrmions. First,

MFM allows for high-resolution imaging of magnetic tex-

tures in films and devices on substrates, enabling direct com-

parisons with transport and thermodynamic techniques.18

Next, while MFM has been used for direct/in-situ imaging of

skyrmion dynamics,20,21 using it in conjunction with a quan-

titative physical model enables determination of individual

skyrmion properties across the disordered magnetic land-

scape. Crucially, the magnetic MFM tip, when in close prox-

imity to skyrmions, provides a unique window into the

response of individual skyrmions to perturbations (cf. vorti-

ces22) which may facilitate experimentally driven modeling

of mobility and switching by charge and spin currents.

Motivated by the potential of quantitative MFM, we uti-

lize it here to investigate the characteristics of individual

skyrmions. To provide an accurate physical description of

the MFM signal, we develop a multipole expansion for the

magnetic field from skyrmions (MEFS) and use it to fit our

data with only two free parameters per skyrmion. Our fit

results enable us to determine (i) their N�eel texture and helic-

ity ðjcj < p=2Þ, (ii) to quantify rSk, (iii) to map the spatial

variation of their properties, and (iv) to estimate the force

required to move individual skyrmions.

In this work, skyrmions were stabilized at 5 K by the

finite OP magnetic field, l0H, after saturation at –0.5 T. MFM

imaging was performed by rastering a magnetic tip above the

planar (x–y) surface of the sample. The MFM signal arises

from the variation of the tip-sample interaction force (Fz)

induced by oscillating the height between h and hþ 2a above

the surface, as illustrated in Fig. 2(f), which we track by mea-

suring the change in resonant frequency (Df) of the cantilever

holding the tip.23 Such a response can be well described, pro-

vided that the cantilever motion is harmonic and that Df� f0,

the free resonant frequency.24 Adapting to MFM raster
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scanning, the 2D Fourier transform (FT) of Df is related

to the FT of @Fz / @h, by bDf qðhÞ ¼ T ðqaÞ d@Fz=@h, where

q¼ ðq2
x þ q2

yÞ
1=2

and T ðqaÞ ¼ �k�1
0 f0I1ðqaÞ exp ð�qaÞ=ðqaÞ.

Here, k0�1 N/m is the spring constant of the cantilever,

I1(x) is a Bessel function, f0�75 kHz, a�30 nm, and

h�50 nm for sufficiently high resolution. A full derivation for

arbitrary oscillation amplitude is presented in the supplemen-

tary material. As expected for a! 0; T ðqaÞ � �f0=2k0.23

Figure 1(a) shows a typical MFM image acquired at

–0.3 T. We identify the small round features as skyrmions.18

As the tip and sample were polarized together, the uniformly

magnetized background interacts weakly with the tip, with

small variations indicating disorder.25 In contrast, the sky-

rmions, magnetized opposite to the background, display a

much stronger interaction with the tip. The skyrmions are

randomly dispersed, suggesting that disorder is more impor-

tant than skyrmion-skyrmion interactions under these condi-

tions. The disorder reveals its role also in the zoom in Figs.

1(c) and 1(d), which show that the skyrmions are not

identical.

We now focus on understanding the signal profile of

individual skyrmions [cf. Figs. 1(c) and 1(e)]. Previously,

the profile was fit to a standard line-shape, e.g., an isotropic

Gaussian [cf. Fig. 1(e), right inset]. Here, we present an

improved framework for describing the profile [Fig. 1(e), left

inset], which is physically justified from a microscopic

model, is more accurate, and helps unveil useful skyrmion

characteristics.

In particular, we have found that the sum of a dipolar

field and a quadrupolar field describes the magnetic field of a

skyrmion well [cf. fit in Fig. 1(b)]. Below, we describe the

motivation for this description and examine the relationship

between the dipole (Pi) and quadrupole (Qij) moments and

the MFM signal.

The magnetic field generated by the skyrmion magneti-

zation (M) determines its MFM signature. For a uniformly

magnetized thin film hosting an axially symmetric skyrmion

with vorticity m magnetized along 6ẑ, M is given by5

Mðq; zÞ=MsðzÞ ¼ sin hðqÞ cos wðuÞx̂ þ sin hðqÞ sin wðuÞŷ
þ½61þ cos hðqÞ�ẑ. Here, w(u)¼muþ c, where u is the

axial angle, h is the polar angle, and q¼ 2pr/LD (where r is

the distance from the skyrmion center, LD � 4pA=jDj is the

domain wall thickness, A is the exchange stiffness, and D
is the micromagnetic DMI strength). Meanwhile, MsðzÞ
¼ M0

s ½Hðzþ d=2Þ �Hðz� d=2Þ�, where M0
s is the saturation

magnetization, d is the film thickness, and H(z) is the

Heaviside function. h(q) is a solution to well-known ordinary

differential equations27 with appropriate boundary condi-

tions. For h(0)¼p, h(1)¼ 0, and m¼ 1, we have5,6

h00 þ h0 þ 2 sin2h
q

� sin h cos h q�2 þ k
� �

� b sin h ¼ 0: (1)

Here, b ¼ l0H=BD ðBD � D2=2AM0
s Þ, and k¼ 4AK/D2,

where K is the effective anisotropy. Figure 2(e) shows a solu-

tion for parameters typical for multilayers.26

The magnetic field from a localized magnetic structure

can be described by a multipole expansion.28 For this purpose,

we define a magnetic scalar potential H¼ –rU. The first term

of the resulting MEFS is proportional to Pi � �
Ð

rir �M dv
and the second to Qij � �

Ð
ð3rirj � r2dijÞr �M dv. For axi-

ally symmetric skyrmions with m¼ 1, P ¼ Pẑ and Qij is diag-

onal with Qxx¼Qyy¼ –Qzz/2� Q. Thus,

U r; hð Þ � 1

4p
PwðhÞ

r2 þ wðhÞ2
h i3=2

þ Q

2

r2 � 2wðhÞ2

r2 þ wðhÞ2
h i5=2

0
B@

1
CA; (2)

where w(h) � hþ d/2 and

P ¼ 2pM0
s d

LD

2p

� �2 ð1
0

dqq 61þ cos hðqÞ½ �
� �

; (3)

Q ¼ 2pM0
s d

LD

2p

� �3

cos c
ð1

0

dqq2 sin hðqÞ½ �: (4)

The full derivation of the multipole expansion is provided in

the supplementary material. The sign of P corresponds to the

OP magnetization of the skyrmion ð6ẑÞ. The sign of Q indi-

cates whether the IP magnetization points away (þ) or

FIG. 1. (a) MFM image for l0H¼ –0.3 T with h¼ 50 nm. White frames

show zoom areas for (c) and (e). (b) Result of the MEFS fit assuming that

each skyrmion is different. (c) Zoom in of visibly different skyrmions. (d)

Line-cuts through the two skyrmions in (c). (e) Zoom in of an individual

skyrmion. Arrows indicate the positions of line-cuts in (f). Insets: the differ-

ence between the data and the MEFS fit [left, detail from Fig. 3(b)] or a 2D

Gaussian fit (right). [Scale bars: 200 nm.] (f) Line-cuts through the data in

(e) offset for clarity (x’s) and the fit (lines).
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towards (–) the center, thus determining the helicity of N�eel

skyrmions, which is difficult to extract from other techni-

ques.29 Importantly, for Bloch skyrmions, Q¼ 0.

To estimate P and Q, we approximate the solution of

Eq. (1)8

p� hðqÞ � sin�1 tanh gþð Þ
� 	þ sin�1 tanh g�ð Þ

� 	
; (5)

where g6 � (q 6 q0)/r, r parameterizes the domain wall

thickness, and q0 is the skyrmion radius. For q0/r� 1,

Q=jPj � rSk cos c, where Mz(r¼ rSk)¼ 0. The derivation of

this approximation is provided in the supplementary mate-

rial. rSk is illustrated in Fig. 2(f). For Fig. 2(e), a fit to Eq. (5)

gives r¼ 0.140 and q0¼ 0.037.

The analytical model is substantiated by numerical cal-

culations of the magnetic field from a c¼ 0 skyrmion in a

film with d¼ 20 nm. Figure 2(f) provides a schematic illus-

tration of the film. A comparison between the exact solution

and MEFS, shown in Fig. 2(g), suggests that Eq. (2)

describes the stray field very well with the quadrupolar con-

tribution increasing gradually as w(h) is reduced. Figure 2(h)

shows the ratio between the quadrupole ðHQ
z Þ and the dipole

ðHP
z Þ contributions to Hz, from Eqs. (2)–(4) with c¼ 0, 6p/2,

p. As expected, for Bloch skyrmions (c¼6p/2), Q¼ 0, and

the sign of Q is opposite for the two kinds of N�eel skyrmions

(c¼ 0, p). Therefore, Q/P allows the direct determination of

skyrmion helicity.

To fit the MFM data using Eq. (2), we model the tip as a

thin shell with axial symmetry, as illustrated in Fig. 2(f):

Mt
zðR; zÞ ¼ m0d½jRj � gðzÞ�. Here, m0¼M0 t, where M0 is the

tip magnetization and t is the thickness of the magnetic coat-

ing; z is along the tip axis and g(z) is the radius of the tip in a

constant-z cut. Given g(z), Eq. (2) implies

@Fz

@h
¼ �C

ð1
0

dq

ð1
0

dzq4 1� q
Q

2P

� �
� J0 gðzÞq½ �gðzÞJ0ðrqÞe�q wðhÞþz½ �; (6)

where we have used the FT of U(r, h¼ 0), J0(x) is a Bessel

function, and C is a constant proportional to P that deter-

mines the scale of the skyrmion-tip interaction. A full deriva-

tion of Eq. (6) for shell-like tips is provided in the

supplementary material. A fit using Eq. (6) is computation-

ally expensive. Therefore, we first determine the skyrmion

positions, peak magnitude (Dfmax), and full-width-at-half-

maximum (FWHM) by fitting to a simplified model of the

tip, which is provided in the supplementary material.

Next, we fit the signal from the skyrmions using a more

accurate model for the tip: gðzÞ ¼ aðz4 þ bzÞ1=4
, with

a¼ 0.24 and b¼ 2.7 � 106 nm3. Additional details about the

tip are provided in the supplementary material. This fit

includes only two free parameters per skyrmion (C and Q/P),

as the positions are set from the fit to the simplified tip

model, a and b are determined by scanning electron micros-

copy, and we measure d and h. Figure 3(a) shows the depen-

dence of v (root-mean-square of the error) on Q/P for a

representative skyrmion for three values of w, including the

actual value for the data in Fig. 1(a), w(h)¼ 82 nm. This

value includes 2 nm for a capping-layer and the d¼ 60 nm

magnetic part of the stack. For all skyrmions, we find a sin-

gle global minimum corresponding to the optimal Q/P that

becomes shallower for larger w(h). As expected, h and d
have a direct impact on how precisely Q/P can be deter-

mined. Based on such analysis, we conclude that Q=P � 0

for the skyrmions in our film, indicating N�eel texture with

c < jp=2j.

FIG. 3. (a) Plot of v(Q/P) for a representative skyrmion for the measured

w(h)¼ 82 nm. The other curves show the influence of w. For each Q/P, we

chose C that minimizes v in the area marked by the dashed rectangle in (b)

after subtracting the contributions of all other skyrmions, which were fit

using a simpler model. (b) The difference between data and fit in Figs. 1(a)

and 1(b). The dashed rectangle shows a 650 nm square, where v is calculated

for a representative skyrmion [in (a)]. The location of representative sky-

rmions showing discontinuous (circles) or negligible (rectangles) residual

are highlighted.

FIG. 2. (a)–(d) Schematic spin texture in N�eel [(a) and (b)] and Bloch [(c)

and (d)] skyrmions with m¼ 1. (e) Plot of h(q) for k¼ 1.536 and b¼ 1.474

(Ref. 26) from a numerical solution of Eq. (1) (circles) and a fit to Eq. (5)

(line), which gives r¼ 0.140 and q0¼ 0.037. The vertical lines show

q0 (solid) and q0þr (dashed). qSk¼ 2prSk/LD corresponds to h/p¼ 0.5.

(f) Illustration of the bottom of the tip, length-scales that we use, and a cut

through a c¼ 0 N�eel skyrmion. (g) l0Hz, in a cut through the center of a sky-

rmion in a d¼ 20 nm film for various values of w¼ hþ d/2, with the curves

offset for clarity. Shown are l0Hz values obtained from h(q) in (e) and from

the dipole and quadrupole fields ð� HP
z ; � HQ

z Þ from Eqs. (3) and (4) with

c¼ 0. (h) HQ
z =HP

z vs. w calculated using Eqs. (3) and (4) for c¼ 0, 6p/2,

with p as a function of w for R¼ 0.
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Figure 1(b) shows the fit and Fig. 3(b) the residual we

obtain upon repeating this fitting procedure for all skyrmions

in Fig. 3(a). This reveals several subtle features. First, the

nanoscale variations in the background are typical of the

inhomogeneous magnetic structure of sputtered multilayer

films.25 Second are discontinuities for some skyrmions [e.g.,

circles in Fig. 3(b)], likely due to MFM tip-induced sky-

rmion motion. Other explanations, such as irregular sky-

rmion shapes, cannot give such sharp fit residuals. These

observations, in conjunction with the variability in skyrmion

properties, are direct consequences of inhomogeneous mag-

netic interactions25 and reinforce the need for individual fit

parameters to accurately describe multilayer skyrmions.

Figure 4 shows histograms of the individual skyrmion

parameters we obtain from the fit to Fig. 1(a). Figure 4(a)

shows that FWHM, which includes tip effects, varies by

	20% (100–120 nm). Its larger magnitude compared to RT

values for similar films18 is likely due to the changed mag-

netic parameters at 5 K. Notably, however, the uniform

FWHM [Fig. 4(a)] is in contrast to the considerable variabil-

ity of Dfmax [Fig. 4(b)], indicating a significant variation in

the stray field strength of the skyrmions.

The model allows us to go beyond conventional MFM

to extract a typical length scale (Q/P) that, unlike FWHM, is

dissociated from both the tip shape and the effect of h and

can therefore be lower. This ability to extract information on

true length scales indicates the power of MEFS. Figure 4(c)

shows histograms for Q/P. The narrow histogram is for the

actual fit results, but as the fit uncertainty is large [cf. C vs.

Q/P and Fig. 3(a)], we generated the wider histogram. For

this, we assumed that each value of Q/P is drawn from a nor-

mal distribution with the width d Q
P given by the error shown

in the C(Q/P) plot. We conclude that Q/P� 34 nm (standard

deviation, 27 nm). This number represents the size of sky-

rmions that do not exhibit discontinuities. By comparing to

scans with larger h, we conclude that changes induced by the

field from the tip are too subtle for us to observe. Integrating

the wide histogram, we find that Q/P> 0 with probability

0.9. This likely rules out Bloch skyrmions and implies that

our skyrmions have N�eel texture with helicity jcj < p=2.

While this is consistent with N�eel skyrmions with helicity

c¼ 0 [Figs. 2(a) and 2(f)], we cannot rule out the presence of

a partial Bloch component.30

Figures 4(c) and 4(d) show no correlation between C
and Q/P and that the relative spread of C is smaller

(C¼ 61 6 9 nN nm2). The contrasting spreads are likely due

to the inherent sensitivity of C to P rather than to Q/P. Q/P
provides finer information on the skyrmion structure and is

therefore more sensitive to disorder, which in turn contrib-

utes to the spread. A more thorough analysis of the influence

of the fit parameters is provided in the supplementary mate-

rial. Crucially, a key utility of our model is the ability to cal-

culate the force exerted by the tip on skyrmions. We

estimate that a skyrmion with the mean Q/P and C experien-

ces a lateral force of Ftip � 1 pN as a result of the interaction

with the MFM tip. The full calculation of the force is pro-

vided in the supplementary material. As this force was suffi-

cient to move 13 of the 104 skyrmions in the scan shown in

Fig. 1(a), but not in previous scans with larger h (and hence

smaller Ftip), we estimate that the scale for Fpin is 1 pN.

Using the Lorentz force to estimate a critical current for adi-

abatic manipulation of skyrmions, we obtain31 J¼ (Fpin/d)/

(h/e)� 4 � 109A/m2. This 5 K value is smaller than RT val-

ues reported previously on similar samples3 and indicates

that accounting for non-adiabatic processes and interlayer

interactions may provide an improved estimate for bottom-

up predictive modeling of skyrmion dynamics.32

In summary, we have shown that MFM images of sky-

rmions can be quantitatively reproduced by modeling the

magnetic field from a skyrmion using a closed expression

from a multipole expansion with two free parameters per

skyrmion, with several conclusions. First, based on

jQ=Pj� 0, we can rule out with�90% certainty the sky-

rmions in our Ir/Fe/Co/Pt multilayers as purely Bloch tex-

tured. The sign of Q/P independently establishes that these

skyrmions are N�eel textured with helicity jcj < p=2, consis-

tent with micromagnetic calculations.18 Second, the magni-

tude of Q/P provides the estimate rSk ¼ 34 6 27 nm for

c¼ 0. Third, the spread of rSk and Dfmax can be directly used

to estimate the corresponding inhomogeneity of magnetic

interactions. In particular, Dfmax [Fig. 4(b)] is expected to be

sensitive to variations in D,25 and rSk is expected to be sensi-

tive to variations in Keff.
33 Fourth, we have estimated the

pinning force skyrmions experience and the critical current

density for skyrmion motion. Finally, the utility of the physi-

cal analysis we presented beyond MFM, the compatibility

with device configurations, and the relative computational

simplicity that allows us to apply it easily to large arrays of

skyrmions, all bode well for future use towards both applica-

tions and basic science.

See supplementary material for details regarding sample

fabrication, explicit calculations, and further information on

the MFM tip.

We are grateful for input from D. Arovas, K. Kuchuk,

Shi-Zeng Lin, D. Podolsky, Y. Shechner, I. Schlesinger, U.

FIG. 4. Histograms and plots of skyrmion parameters from the fit to Fig.

1(a). Dots: mean and horizontal bars: 70% confidence intervals. [(a) and (b)]

FWHM and Dfmax. (c) Histograms of Q/P and a plot of C vs. Q/P. The large

error bars reflect our proximity to the resolution limit. The narrow distribu-

tion in (c) is directly from the fit, while the wide distribution is derived by

accounting for the large error bars by assuming that they are normally dis-

tributed. (d) Histogram of C. [The data in (a)–(d) were taken from 91 of 104

skyrmions which did not exhibit residual discontinuities, cf. Fig. 3(b)].
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T. O. Menteş, A. Sala, L. D. Buda-Prejbeanu, O. Klein, M. Belmeguenai,

Y. Roussign�e, A. Stashkevich, S. M. Ch�erif, L. Aballe, M. Foerster, M.

Chshiev, S. Auffret, I. M. Miron, and G. Gaudin, Nat. Nanotechnol. 11,

449 (2016).
5N. Nagaosa and Y. Tokura, Nat. Nanotechnol. 8, 899 (2013).
6A. Soumyanarayanan, N. Reyren, A. Fert, and C. Panagopoulos, Nature

539, 509 (2016).
7R. Wiesendanger, Nat. Rev. Mater. 1, 16044 (2016).
8N. Romming, A. Kubetzka, C. Hanneken, K. von Bergmann, and R.

Wiesendanger, Phys. Rev. Lett. 114, 177203 (2015).
9W. Jiang, P. Upadhyaya, W. Zhang, G. Yu, M. B. Jungfleisch, F. Y.

Fradin, J. E. Pearson, Y. Tserkovnyak, K. L. Wang, O. Heinonen, S. G. E.

te Velthuis, and A. Hoffmann, Science 349, 283 (2015).
10X.-Z. Yu, Y. Onose, N. Kanazawa, J. H. Park, J. H. Han, Y. Matsui, N.

Nagaosa, and Y. Tokura, Nature 465, 901 (2010).
11S. M€uhlbauer, B. Binz, F. Jonietz, C. Pfleiderer, A. Rosch, A. Neubauer,

R. Georgii, and P. B€oni, Science 323, 915 (2009).
12M. Lee, W. Kang, Y. Onose, Y. Tokura, and N. P. Ong, Phys. Rev. Lett.

102, 186601 (2009).
13N. S. Kiselev, A. N. Bogdanov, R. Sch€afer, and U. K. R€oßler, J. Phys. D:

Appl. Phys. 44, 392001 (2011).

14P. Milde, D. K€ohler, J. Seidel, L. M. Eng, A. Bauer, A. Chacon, J.

Kindervater, S. M€uhlbauer, C. Pfleiderer, S. Buhrandt, C. Sch€utte, and A.

Rosch, Science 340, 1076 (2013).
15A. Fert, Mater. Sci. Forum 59–60, 439 (1990).
16M. Bode, M. Heide, K. von Bergmann, P. Ferriani, S. Heinze, G.

Bihlmayer, A. Kubetzka, O. Pietzsch, S. Bl€ugel, and R. Wiesendanger,

Nature 447, 190 (2007).
17A. K. Nandy, N. S. Kiselev, and S. Bl€ugel, Phys. Rev. Lett. 116, 177202

(2016).
18A. Soumyanarayanan, M. Raju, A. L. Gonzalez Oyarce, A. K. C. Tan, M.-
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