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I. ENERGY DEPENDENCE OF X-RAY ABSORPTION AND MAGNETIC CIR-
CULAR DICHROISM

In the present study, the absorption coefficient (1 = —In(ly/Iy) with I; and Iy be-
ing the intensity of the transmitted and incident X-ray beam, respectively) for the left-
and right-handed circular polarized beam (ut and p~, respectively) was measured for
Mn; 4Ptg9Pdg.1Sn with the experimental setup as shown in Fig. 1c in the main text. Supple-
mentary Figs. la and b indicate the spectra of X-ray magnetic circular dichroism (XMCD)
Ap = (pt — p~) and polarization-averaged X-ray absorption i = (u* + p~)/2 measured at
+999 mT and -996 mT (i.e. the positively and negatively saturated uniform magnetic state,
respectively). To obtain the largest amplitude of XMCD contrast, the X-ray energy was
tuned at 11.572 keV in resonance with the L3 absorption edge of Pt in the scalar magnetic
tomography measurements. Note that the magnetism in this compound is mainly governed
by Mn sites, while the electrons of Pt sites are also magnetically polarized through the

hybridization between Pt 5d orbitals and Mn 3d orbitals.
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Supplementary Fig. 1: XMCD and X-ray absorption spectra. a,b Spectra of X-ray magnetic
circular dichroism (XMCD) Ay (a) and X-ray absorption fi (b) measured for Mn; 4Pt 9Pdg 1Sn.
The directions of incident X-ray beam and external magnetic field are parallel to the [001] axis.

The blue and red data points are measured with +999 mT and -996 mT.



II. DETAILED EXPERIMENTAL CONFIGURATION FOR SCALAR MAG-
NETIC X-RAY TOMOGRAPHY MEASUREMENTS

Supplementary Fig. 2 shows the detailed experimental setup for scalar magnetic X-ray
tomography measurements. The wedge-shaped Mn; 4Ptg9Pdg15n sample was placed on
the top of a projection-type electromagnet, and both were mounted on the same rotation
stage (f) and two-dimensional translation (X-Z) stages. In this system, the sample and
the electromagnet were rotated and moved while the relative orientation of the sample
crystal axis and the magnetic field was unchanged during tomographic data acquisition.
The magnetic field was generated by the coils inside the magnet body and drawn through
the outer pole to the sample position, magnetizing the sample in the horizontal direction.
Since the sample and the X-ray beam were at a height of about 1 mm above the surface of
the pole, the incident and transmitted X-ray beams were unobstructed in any of the 360°
directions. This setup made it possible to perform X-ray tomography measurements under

magnetic fields.

Sample on tungsten needle

X-rays ! To detector

Poles /%_\

Electromagnet body

>

£

Colis | X

L |

—  y Rotation stage (6)

Translation stage (X)

Translation stage (2)

Supplementary Fig. 2: An experimental setup of the scanning hard-X-ray microtomog-

raphy measurement under external magnetic fields.



III. COMPARISON OF MEASURED AND REPRODUCED XMCD IMAGES

To confirm the reliability of the 3D tomographic imaging approach, the measured (Supple-
mentary Figs. 3a-e) and reproduced (Supplementary Figs. 3f-j) XMCD images for selected
0 values are compared in Supplementary Fig. 3. Here, the latter images are simulated
based on the tomographically reconstructed m¢(r) profiles and Eq. (1) in the main text. We
can see that the measured and reproduced data agree well with each other for all 6 values,

demonstrating the validity of the present tomographic reconstruction process.
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Supplementary Fig. 3: Comparison of measured and reproduced XMCD projection im-
ages. a-e, XMCD images experimentally measured at B = 437 mT at different projection angles
#, which are the same as the ones presented in Fig. 2 in the main text. f-j, The corresponding
XMCD images simulated based on Eq. (1) in the main text and the tomographically reconstructed

m¢(r) profile.

IV. MICROMAGNETIC SIMULATION OF SPATIAL DISTRIBUTION OF LO-
CAL MAGNETIZATION AND EMERGENT MAGNETIC FIELD

To estimate the 3D spatial distribution of vector magnetization m(r) = m, in the system
with the Dy, crystal lattice symmetry, we performed the micromagnetic simulation based

on Landau-Lifshitz-Gilbert (LLG) equation with the magnetic Hamiltonian described as
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a, b and & are the unit vectors along the [100], [010] and [001] directions, and m¢ is the
[001] component of m,. J, D, and B represent the amplitude of exchange interaction,
Dzyaloshinskii-Moriya (DM) interaction, and external magnetic field along the [001] direc-
tion, respectively. The single-ion magnetic anisotropy Kjup is introduced on the random
sites r € A, which effectively represents the crystallographic defects[S2] (i.e. Mn-site va-
cancy and Pt/Pd anti-site disorder reported in Ref. [S1] as well as the defects introduced
through the FIB fabrication process) expected in the present Mny 4Pt oPdg1Sn crystals. It
contributes to keep the metastable states (such as Y-shaped or interrupted skyrmion string

structures) from relaxing into more stable states, leading to the long lifetime of distorted
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Supplementary Fig. 4: Simulated spatial distribution of local magnetization and emer-
gent magnetic field. a-c, Simulated spatial distribution of local magnetic moment m for the
genuine (a), interrupted (b), and Y-shaped (c) skyrmion strings. Here, the hue and brightness of
background color represent the in-plane and out-of-plane component of m, respectively, and the
length of magnetic moment is fixed to [m(r)| = 1. Note that we do not put color for m¢ > 0.5., i.e.
the outside of the skyrmion string, to make the three-dimensional magnetic texture clear. d-f, The
corresponding spatial distribution of emergent magnetic field bey,. The color of the arrows reflect

the in-plane component of bey,. See the text for the detailed parameters used in the simulation.



or interrupted skyrmion string structure. The length of local magnetic moment is fixed to
lm,| = 1, and the detailed parameter sets in the present simulation is provided in Methods
section in the main text.

Supplementary Fig. 4a indicates the typical magnetic moment distribution m(r) for a
genuine skyrmion string obtained in the simulation. Here, skyrmion string core is charac-
terized by the magnetic moment antiparallel to B, which is embedded in the ferromagnetic
background with moment parallel to B. At the intermediate region, the in-plane component
of magnetic moment (m® and m®) shows anti-vortex-type arrangement, reflecting the Dog
symmetry of DM interaction. The spin swirling manner obtained in this simulation is the
same as the one experimentally observed in Ref. [S1], which is often called anti-skyrmion. In
the similar manner, the interrupted (Supplementary Fig. 4b) and Y-shaped (Supplementary
Fig. 4c) skyrmion string can be also obtained in the simulation as the metastable states.

In general, the conduction electrons interacting with such spin textures feel the the emer-

gent magnetic field by, (r) associated with quantum Berry phase[S3], which is given by

b2 (r) = (77 /4)n, - (9pm, x Iyn,). (S2)

em

€7 is the totally antisymmetric tensor in the three dimensions. In Supplementary Figs. 4d-
f, the spatial distribution of b, (r) for each spin texture is indicated. In case of the genuine
skyrmion string (Supplementary Figs. 4a and d), the local emergent magnetic field is aligned
along the direction of string. On the other hand, the interrupted (Supplementary Figs. 4b
and e) and Y-shaped (Supplementary Figs. 4c and f) skyrmion strings are characterized by
the divergence of emergent magnetic field V - be,, # 0 at the termination or merging point
of string, which can be considered as the monopole of emergent magnetic flux (i.e. emergent
magnetic monopole). The appearance of similar emergent magnetic monopole has also been

predicted theoretically for Bloch-type skyrmions in the chiral lattice system[S4, S5].

V. MICROMAGNETIC SIMULATION WITH DEMAGNETIZATION FIELDS

According to the recent MFM experiments[S6], the skyrmion diameter Ay in
Mn; 4Ptg9Pdg.1Sn linearly increases as a function of the sample thickness ¢, and Ay ~ 1
pm for ¢t ~ 4 um has been reported in consistent with our present observation. The associ-

ated theoretical analysis in Ref. [S6] suggests that the skyrmion diameter in this compound
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Supplementary Fig. 5: Micromagnetic simulation considering demagnetization fields. a,
Schematic illustration of system dimensions employed for micromagnetic simulation. The simula-
tion was performed with external magnetic field Bext = 400 mT. b, ac-plane cross section of the
simulation results, which cuts a straight skyrmion string running along the Beyy || [001] direction.
The background color represents the c-component of local magnetization m (m¢). c,d ab-plane
cross section of the simulation results, which corresponds to the dashed line in b. The background
color represents the m¢ and ma (i.e. m® and mb) components, respectively. For the latter case,
the hue and brightness represent the orientation and amplitude of m® component, respectively, as
indicated by the color wheel. For clarity, the corresponding spin orientation is also presented by
white arrows. e.f, Line profile of m¢ and |m?|(= |m® + im®|), obtained for the dashed lines in c

and d.



is affected not only by exchange and DM interaction, but also by magnetic dipole-dipole
interaction (i.e. demagnetization field) and uniaxial anisotropy.

To understand the stable spin texture in the Mn; 4Pty ¢Pdg.1Sn sample with the thickness
in order of 5 um (as employed in our experiments in the main text), we have performed addi-
tional micromagnetic simulation considering demagnetization fields and uniaxial anisotropy
based on LLG equation by using MuMax3 software, which was modified to include an
anisotropic DM interaction[S7]. The stable magnetization distribution m(r) was deduced

by minimizing the magnetic free energy E = [ ¢(r)dr with energy density given by
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where B and By represent the external magnetic field and demagnetization field, respec-
tively. We tentatively employed the exchange stiffness constant A = 3 x 1071t J m—,

anisotropic DM interaction constant D = 2 x 1072 J m—2

, uniaxial anisotropy constant
K, =2 x10° J m~3, and saturated magnetization M, = 445 x 10> A m~!, which are close
to the parameters previously proposed for Mnj 4PtgoPd1Sn[S1, S6, S8]. The simulation
was performed for the system size of 6.25 x 6.25 x 5um?® with mesh sizes of 25 x 25 x 25
nm? under periodic boundary conditions along the a and b directions and Gilbert damping
constant a = 0.3.

Supplementary Fig. 5 summarizes the result of micromagnetic simulation for isolated
skyrmion string, obtained with |Bey| = 400 mT applied along the c-direction. The spatial
distribution of m* for the ac-plane cross section is shown in Supplementary Fig. 5b, where
the skyrmion string with the core diameter ~ 1 um runs along the c-axis. Supplementary
Figs. 5c and d indicate the ab-plane cross section showing the spatial distribution of out-of-
plane (m¢) and in-plane (m® and m®) magnetization components, respectively. The in-plane
magnetization component shows anti-vortex-like arrangement, in consistent with the Doy
symmetry of DM interaction. The corresponding line profiles along the dashed line in each
figure are indicated in Supplementary Figs. 5e and f, which suggests that the thickness of
the wall region with in-plane magnetization component |m®| = |m® + im®| is less than 100
nm.

The above results confirm that the skyrmion string structure with up to 1 pum core di-

ameter can be stabilized for the 5 pm-thick sample, in consistent with our experimental



observations. The expected thickness of the wall region with in-plane magnetization compo-
nent (< 100 nm) is much smaller than the skyrmion core diameter (~ 1um), which supports
the validity of our tomographic reconstruction approach focusing on the m® component.
The present simulation also confirms that the swirling manner of in-plane magnetization
component is still governed by DM interaction, suggesting that the overall feature of bey,
distribution shown in Supplementary Fig. 4 remains unchanged even with demagnetization
fields. In the process of the relaxation into the stable state as shown in Supplementary Fig.
5, the skyrmion string structure with slightly distorted (i.e. not circular) core shape tem-
porarily appears, whose arrangement of in-plane magnetization component is also confirmed

to be anti-vortex-type in consistent with the Dy; symmetry of DM interaction.

VI. THICKNESS GRADIENT OF THE SAMPLE

To clarify the position dependence of the sample thickness, the line profiles of X-ray

absorption intensity are summarized in Supplementary Fig. 6. They indicate that the
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Supplementary Fig. 6: Line profiles of sample thickness. a, X-ray absorption (XAS) image of
the plate-shaped Mn;j 4Pt 9Pdg.1Sn sample viewed from the out-of-plane [001] direction, which is
the same as Fig. 1g in the main text. b, Line profiles of X-ray absorption intensity along the lines

A-E in a, which corresponds to the position dependence of the sample thickness.



present plate-shaped Mn 4Ptg9Pdg1Sn sample has the thickness gradient not only along
the long axis but also along the short axis. The sample becomes thinner in the upper right
region, in which the magnetic contrast is blurred as confirmed in the XMCD images in
Figs. 2a-g in the main text. The observed loss of XMCD contrast is probably because the
magnetic modulation period Ayag in the thinner part (Amag ~ 130 nm according to Refs.
[S1, S6]) is smaller than the spatial resolution of the XMCD measurements. In addition, the
focused ion beam (FIB) micro-fabrication process always makes some damaged layer at the

sample surface, which also causes the loss of magnetic contrast in the thinner part.

VII. VALIDITY OF TOMOGRAPHIC RECONSTRUCTION PROCEDURE FO-
CUSING ON m¢

In this section, we discuss the validity of our tomographic reconstruction procedure em-
ployed in the main text. In the present experiments, the XMCD image is taken in the
X-Y-Z coordinates fixed to the measurement system (Supplementary Fig. 7a and Figs. 1c
and d in the main text). The direction of incident X-ray beam is defined as the Y-axis, and
6 represents the angle between the Y-axis and the [001] axis of the sample. The rotation axis
of the sample is defined as the Z-axis, which is set parallel to the [100] crystallographic axis.
Here, we define the magnetization distribution in the coordinates r = Za + xb + yc fixed
to the crystallographic axes of the sample. For the specific value of Z and 6, the relation
between the magnetization distribution m(z,y) and the XMCD contrast Ap(X, ) is given
by

Au(X,0) = /[ma(x, y)sin @ + m(z,y) cos 0]dY. (S4)

According to the recent single crystal magnetization measurements[S1, S9, S10], our target
compound is characterized by easy-axis magnetic anisotropy, where magnetic moment favors
to be aligned parallel to the [001] axis. This is consistent with the experimentally observed
XMCD contrast for § = 0 (Figs. 2a-g in the main text), where the peripheral and core
region of circular or stripe-like pattern are characterized by the almost saturated amplitude
of +m® and —m?¢, respectively. On the basis of the above knowledge, we assumed that the

m. component is dominant, and performed the tomographic reconstruction based on the

10



approximate expression
Au(X,0) ~ /[mc(x,y) cosf]dY, (S5)

which is identical with Eq. (1) in the main text.
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Supplementary Fig. 7: Simulation of tomographic reconstruction process for an isolated
skyrmion string. a, Schematic illustration of the configuration used for the simulation, which
mimics the one shown in Fig. 1lc in the main text. b, Magnetization distribution defined by Eq.
S6, viewed from the [001] direction. The arrows and background color represent the in-plane (m?®
and m®) and out-of-plane (m¢) component of m, respectively. ¢, The corresponding line profile of
m¢ (blue) and |m®| = |m® + im®| (red) along the dashed line in b. d-g, The simulated XMCD
images, calculated based on Eq. S4 with the various view angle 6 for the spin texture in b. The
color scale represents the XMCD contrast Au. h,i, The spatial distribution of m¢ for the original
model defined by Eq. S6 (b), viewed from the direction parallel (h) and perpendicular (i) to the
[001] axis, respectively. Here, each cross section corresponds to the dashed line in the other image.
j,k The m¢ distribution reconstructed based on Eq. S5, from a series of simulated XMCD images

as shown in d-g. This reconstruction process is the same as the one employed in the main text.
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In the following, we discuss how this approximation affects the reconstruction process. As
a simple example, we assumed a straight skyrmion string with anti-vortex-type arrangement
of in-plane magnetization component embedded in the ferromagnetic background as shown

in Supplementary Fig. 7b, whose magnetization distribution m(r) is described by

(0707 _1) (Tin < P)
(m*, m®,m°) = (sin ¢psine, cos psinyy, —cosyy) (P <1y < P+ Q) (S6)
(0,0,1) (P+Q <)

Here, we defined r = Za+xb+yc = [y, cos ¢la+ [ri, sin ¢|b+yc and ¢ = (P —ryy,)/Q. In
this model, the uniform —m¢ component is dominant for the cylindrical region with ry, < P,
and in-plane magnetization component (i.e. m® and m®) appears only for the intermediate
region with the thickness of ). For P + @) < ry,, the uniform +m® component is dominant
(Supplementary Fig. 7c). In the present model, we assumed the cubic-shaped sample with
the dimension 80 x 80 x 80, where a single skyrmion string with P = 15 and Q = 15 is
embedded.

First, we have numerically simulated its XMCD patterns for various view angles 6
(—90° < 0 < 90° with 5° steps) based on Egs. S4 and S6 as shown in Supplementary
Figs. 7d-g. Next, based on these simulated XMCD images, we have performed the tomo-
graphic reconstruction of m¢(r) using Eq. S5. In Supplementary Figs. 7h-k, the original and
reconstructed me(r) profiles are compared. The overall three-dimensional shape of skyrmion
string is well reproduced, which confirms the validity of our tomographic reconstruction ap-
proach based on Eq. S5 (i.e. the one employed in the main text). Note that the reconstructed
me(r) profile contains small amount of artifacts, which reflects the ignorance of m® compo-
nent in the reconstruction process. Considering the result of micromagnetic simulation in
Supplementary Note V and Supplementary Fig. 5, the @/ P ratio (i.e. the relative thickness
of the wall region with in-plane magnetization component) in our Mn; 4Pt 9Pdg;Sn sample
is probably smaller than the above model, suggesting that the artifacts in the actual exper-
iments would be more suppressed. Since the spot size of X-ray beam in our experiment is
150 x 150 nm? in full width at half maximum (FWHM), the spatial resolution of the present

scalar magnetic tomography would be in order of a few hundred nanometers.
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VIII. ANALYSIS OF NOISE IN THE RECONSTRUCTED m¢(r) PROFILE

In the following, we discuss the noise in the reconstructed m¢(r) profiles. As discussed in
Supplementary Note VII and Supplementary Fig. 7, the present tomographic reconstruction
process ignores the m®(r) component and often leads to some minor artifacts. Additionally,
scratch-like noise can be seen in Supplementary Fig. 7k, which is mainly due to the limited
number of projection angles 6.

To evaluate the possible noise contribution, we have applied binomial smoothing[S11] to
the original m¢(r) profile to suppress the high-frequency components. Here, a bionominal
filter with a 5 x 5 x 5 kernel (n = 2) was adopted for the reconstructed data with a voxel
size of 50 x 50 x 50 nm?, giving a cut-off frequency of ¢, = 3.64um™" in the [100], [010], and
[001] directions. The corresponding spatial resolution of the filtered image was 1/2¢g. = 137

[100]
[010]

Filtered  Original Filtered

Supplementary Fig. 8: Skyrmion string shapes obtained from the original and filtered
mC(r) profiles. a,c, The 3D shape of skyrmion strings obtained from the original m¢(r) profile
at 437 mT. b,d, The corresponding images obtained from the filtered m®(r) profile, where the
higher frequency component (with the period shorter than the X-ray beam spot size ~ 150 nm) is
removed to suppress the possible noise contribution. These filtered images are shown as Figs. 4e

and h in the main text.
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nm, i.e. almost equivalent to the X-ray beam spot size (~ 150 nm).

In Supplementary Fig. 8, skyrmion string shapes obtained from the original and filtered
me(r) profiles are compared. While the filtered one is characterized by a smoother surface,
there remains a considerable depth dependence of the cross-sectional outline of skyrmion
strings. Therefore, we expect that the observed deformation of the skyrmion string shape is
probably intrinsic and reflects the frequent pinning of the skyrmion wall region by crystal-
lographic defects.

In the present study, we employed the standard algorithm of the algebraic reconstruction
technique (ART)[S12] to obtain the m¢(r) profile from the experimental data. Alternatively,
it might be possible to obtain highly accurate reconstructed images from a small number of
projections using the compressed-sensing algorithms recently proposed[S13]. To the best of
our knowledge, the compressed-sensing algorithm has not been applied to X-ray magnetic
tomography. The further improvement of the tomographic reconstruction algorithm and the

better analysis of the depth profile of skyrmion string shapes are the issue for future study.

IX. POSSIBLE TEXTURES OF THE IN-PLANE MAGNETIZATION COMPO-
NENT

For Mn; 4Pty oPdg.1Sn with Dy, crystal lattice symmetry, the appearance of anti-skyrmion
spin texture (i.e. skyrmion with anti-vortex-like arrangement of in-plane magnetization
component) has been reported for B || [001], and we expect that the similar spin swirling
manner is realized in our present sample. This is also supported by the micromagnetic
simulation results in Supplementary Fig. 5, where the arrangement of in-plane magnetization
component is confirmed to be governed by DM interaction even under the existence of
demagnetization fields.

Note that the recent Lorentz transmission electron microscopy experiments suggest that
the tilting of the magnetic field from the [001] axis often induces the transition from the
anti-skyrmion to Bloch skyrmion (characterized by the vortex-like arrangement of in-plane
magnetization component)[S8, S14]. This phenomena is related with the induction of the
chirality by the in-plane B component, which is commonly observed in the crystal sys-
tem with Dy, symmetry[S15]. In case of such Bloch skyrmions induced by tilted magnetic
field, the m¢ distribution turns into elliptical and their long-axis is aligned along the (100)

14



direction[S8, S14].

In our present XMCD images (Figs. 4a-d in the main text), the observed shape of
skyrmion core is not always circular, while their distortion manner seems rather random.
As discussed in the main text, the crystal structure of Mnj 4Pt 9Pdg1Sn contains many va-
cancy and randomly occupied sites[S1], and the FIB micro-fabrication process using Ga-ion
irradiation also causes some unintentional defects. Therefore, we expect that the observed
distortion of skyrmion core shape is mainly governed by the random pinning of skyrmion
wall region, rather than the tilting of magnetic field from the [001] axis.

According to the micromagnetic simulation results in Supplementary Fig. 5, the expected
thickness of the wall region with in-plane magnetization component (< 100 nm) is smaller
than the spatial resolution of our present experimental setup (~ a few hundred nanometers).
Therefore, the reliable reconstruction of the in-plane magnetization component is not pos-
sible at this stage. To experimentally reconstruct the all three magnetization components
(i.e. vector magnetic tomography), the further development of two-axes rotation system
with tunable magnetic field source as well as better spatial resolution would be required,
which is the issue for the future study. In principle, our present scalar magnetic X-ray to-
mography technique with tunable magnetic field can visualize the three-dimensional shape
of any types of skyrmion string structures, which will contribute to the further investigation

of the creation, annihilation and transfer process of these topological objects.
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