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A room-temperature skyrmion-hosting compound Co8Zn8Mn4 has been examined by means of soft
X-ray absorption spectroscopy, resonant small-angle scattering and extended reference holography.
An element-selective study was performed by exciting the 2p-to-3d transitions near Co and Mn L2,3

absorption edges. By utilizing the coherence of soft X-ray beams the element-specific real-space
distribution of local magnetization at different temperatures has been reconstructed using iterative
phase retrieval and holography with extended reference. It was shown that the magnetic moments
of Co and Mn are ferromagnetically coupled and exhibit similar magnetic patterns. Both imaging
methods provide a real-space resolution of 30 nm and allowed to record a magnetic texture in
the temperature range between T = 20 K and T = 120 K, demonstrating the elongation of the
skyrmions along the principal crystallographic axes at low temperatures. Micromagnetic simulations
have shown that such deformation is driven by decreasing ratio of symmetric exchange interaction
to antisymmetric Dzyaloshinskii-Moriya interaction in the system and effect of the cubic anisotropy.

I. INTRODUCTION17

Magnetic properties of transition metals (TM) are gen-18

erally determined by the 3d valence electrons. Res-19

onant soft X-ray scattering at L2,3 absorption edges20

of TM involves 2p-to-3d transitions, thus being an21

element-selective probe with possibility to distinguish22

magnetic signal from different elements in multicompo-23

nent magnets1. Moreover, the spatial coherence of the24

polarized soft X-ray beams provided by modern syn-25

chrotron radiation sources and free-electron lasers give26

vast opportunities for the lensless imaging using coherent27

diffraction imaging2–4, ptychography5,6, and holographic28

techniques7,8. Both coherent resonant soft X-ray scat-29

tering (RSXS) imaging and holography allow to perform30

real-space imaging of the magnetization distribution in31

thin samples with various environments, such as in high32

magnetic fields or at low temperatures. Flexibility of the33

environment and enhanced robustness of these methods34

against the specimen displacements are significant ad-35

vantage of the lensless techniques compared to scanning36

transmission magnetic X-ray microscopy (STXM)9, al-37

though the possibility of cryogenic STXM imaging also38

has been recently demonstrated10. Coherent diffraction39

allows the solution of classical crystallographic inverse40

problem of phase retrieval by using the iterative re-41

construction algorithms applied to the resonant diffrac-42

tion intensities11. X-ray magnetic holography is based43

on the utilization of the interference between magnetic44

scattering from the object under investigation and refer-45

ence wave generated by charge scattering from the pre-46

pared source. Imaging experiments using holographic ap-47

proaches can be realized in a few different ways: Fourier48

transform holography (FTH) is based on a reference wave49

scattered from one or multiple small (30 − 150 nm) pin-50

holes placed near the sample aperture7. Alternatively,51

holography with extended reference by autocorrelation52

linear differential operation (HERALDO)12 can be per-53

formed. In contrast to FTH, HERALDO technique im-54

plies the scattering from extended reference object, such55

as a narrow slit or a sharp corner, which allows to im-56

prove the contrast of the real-space image without com-57

promising the resolution13. Moreover, fabrication of the58

extended reference is less challenging than the array of59

the reference pinholes13,14. Previously, FTH and HER-60

ALDO techniques were successfully applied for imag-61

ing of the element-specific magnetic domain patterns in62

thin films and multilayers with perpendicular magnetic63

anisotropy15–17. Both FTH and HERALDO with refer-64

ences milled at an oblique angle into the masks also allow65

the imaging at a tilted angle, which is relevant for the66

spintronic devices with an in-plane magnetic anisotropy,67

such as spin-valves18, and magnetic nanoelements19–21.68

Thus the coherent soft X-ray scattering and imaging are69

powerful tools to study the spin ordering in multicompo-70

nent magnetic compounds with element selectivity.71
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Recently, several bulk materials that exhibit non-72

trivial topological spin textures and contain two or73

more magnetic elements have been discovered: doped74

B20-type alloys22,23, Co-Zn-Mn compounds with β-75

Mn structure24, molybdenum nitrides25 and Heusler76

alloys26–28. Competition between the magnetic interac-77

tions in non-centrosymmetric compounds results in the78

complex phase diagram. The interplay between exchange79

interaction, antisymmetric Dzyaloshinskii-Moriya inter-80

action (DMI), and magnetocrystalline anisotropy may81

cause incommensurate spin phases such as helical, conical82

and Bloch-type skyrmion lattice states29,30. The typical83

size of a magnetic skyrmion varies in a range from a few to84

a few hundreds nm which makes them promising candi-85

dates for future spintronic applications such as skyrmion86

racetrack memory and logic devices31. The skyrmions87

can be manipulated by current pulses with ultra-low cur-88

rent densities32, electric33,34 and microwave fields35–37,89

and temperature gradients38–40. In the past decade90

skyrmion textures have been extensively studied by91

means of small-angle neutron scattering (SANS)41–43 and92

Lorentz transmission electron microscopy (LTEM)44,45.93

Also, several groups reported on the resonant X-ray94

diffraction46,47, small-angle scattering48–51 studies of95

Bloch-type skyrmions in the chiral magnets and imaging96

of Néel-type skyrmions stabilized by interfacial DMI52–55.97

Since X-ray magnetic circular dichroism (XMCD) is sen-98

sitive to the component of the magnetization parallel to99

the incident X-ray beam, transmission soft X-ray imaging100

is a complementary method to LTEM, which is sensitive101

to the in-plane magnetic flux inside the sample56. Hence102

for the Néel-type skyrmions, where the curl of magne-103

tization lies in the sample plane and produce no con-104

trast for LTEMwithout tilting the sample57,58, soft X-ray105

imaging, has been successfully employed for the room-106

temperature Néel-type skyrmion-hosting thin films52–55,107

but not yet for the thin plates of polar magnets, that108

order magnetically at cryogenic temperatures59,60.109

Room-temperature magnetic ordering of the chiral110

β-Mn-type Co-Zn-Mn alloy24 makes these materials111

promising for applications. The β-Mn-type compound112

Co8Zn8Mn4 exhibits a transition from the paramag-113

netic state to a helical or Bloch-type skyrmion lattice114

state at Tc ≈ 300K with a magnetic modulation pe-115

riod of 125 nm61, and undergoes a spin glass transi-116

tion at Tg ≈ 8K, probably due to freezing of Mn117

spins62. Frustration at the Mn site ultimately results in118

increment of a spin-glass transition temperature (Tg ≈119

30K) in the compound with higher Mn concentration120

Co7Zn7Mn6. Moreover, a low-temperature frustration-121

induced equilibrium skyrmion phase has been recently122

found in the latter62. In the present work we utilized123

the polarization-dependent soft X-ray magnetic spec-124

troscopy, coherent RSXS, and HERALDO techniques to125

perform an element-selective study of the magnetic in-126

teractions and long-range ordering in Co8Zn8Mn4 com-127

pound. The coherence of the synchrotron radiation al-128

lowed us to successfully combine small-angle scattering129

in transmission geometry with coherent diffraction imag-130

ing and employ the small-angle scattering patterns for131

the real-space reconstruction of the local magnetization132

distribution via iterative phase retrieval algorithm. The133

coherent diffraction imaging results were compared to134

the real-space reconstruction results provided by HER-135

ALDO.136

II. EXPERIMENTAL137

X-ray spectroscopy, scattering and imaging experi-138

ments were performed at the variable-polarization soft139

X-ray beamline BL-16A of the Photon Factory (KEK,140

Japan)63 and BL29 BOREAS of the ALBA synchrotron141

radiation laboratory (Cerdanyola del Vallés, Spain)64.142

Experimental geometry of soft X-ray absorption (XAS)143

and XMCD experiments are shown in Fig.1a. A bulk144

polycrystalline Co8Zn8Mn4 specimen was obtained from145

an ingot grown by Bridgman method as described in146

Ref.61. The sample was polished to remove the po-147

tentially oxidized surface layer prior to the experiment.148

Sample was placed to the vacuum chamber with pres-149

sure of 10−9 Torr equipped with a 5T superconducting150

magnet. XAS and XMCD signals were measured with151

energy resolution of 0.1 eV using the surface-sensitive to-152

tal electron yield (TEY) method near Co and Mn L2,3153

absorption edges with right and left circularly polarized154

(RCP and LCP) X-rays.155

RSXS and HERALDO experiments were performed in156

the transmission geometry (Figs. 1b,c). Commercial sil-157

icon nitride membranes from Silson Ltd (Southam, UK)158

were processed for soft X-ray experiments. The front side159

of each membrane was coated with ≈ 4µm-thick layer160

of gold to absorb the incoming X-ray beam. Further161

treatment of the membranes and thin plate fabrication162

were carried out by using focused ion beam (FIB) setup163

Hitachi NB5000 equipped with scanning electron micro-164

scope (SEM). Since the attenuation length for soft X-rays165

in Co8Zn8Mn4 alloy is of about 100 nm, the scattering166

and imaging experiments were carried out on thin plates167

of Co8Zn8Mn4 with thickness of 200 nm and 150 nm, re-168

spectively. Two FIB-thinned plates of a Co8Zn8Mn4 con-169

taining (001) plane were cut from the bulk single crystal.170

For the RSXS experiment a thin plate was attached di-171

rectly to the Si3N4 membrane (Figs. 1d,e). In case of the172

RSXS sample the aperture with a diameter of 4.5µm and173

asymmetric shape, which provides a better convergence174

of the phase retrieval algorithm65 was drilled in the gold175

coating (Fig. 1d).176

In the case of the HERALDO sample we fabricated177

the sample aperture by a different fabrication approach:178

a large hole with a diameter of 6µm was drilled in the179

gold-coated membrane, and covered by 1µm-thick gold180

plate fabricated by FIB from a bulk specimen. Then, a181

circular sample aperture with a diameter of 700 nm and a182

reference slit with a length of 1µm and width 40 nm were183

milled in the Au plate (Fig. 1f). The slit length and dis-184
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FIG. 1. (Color online) Sketch of the (a) XMCD, (b) RSXS and (c) HERALDO experiments. (d) SEM image of the RSXS
sample aperture. (e) Thin plate of the Co8Zn8Mn4 fixed onto the membrane. (f) SEM image of the sample aperture and the
reference slit drilled in the 1-µm-thick gold plate for HERALDO experiment. (g) Co8Zn8Mn4 thin plate fixed onto gold plate
by tungsten contact. The strong white/black contrast in the top/bottom parts of the panels (d–g) corresponds to the Au wires
sputtered onto the membrane49, that is irrelevant for this study.

tance from the aperture were chosen according to the sep-185

aration conditions preventing the overlapping of sample186

autocorrelation and sample-reference cross-correlation at187

the reconstruction66.188

To prevent the specimen damage by Ga+ ions in the189

aperture and reference milling process the thin plate was190

fixed to the membrane by means of a tungsten contact191

after the mask treatment (Fig. 1e). For both RSXS192

and HERALDO the thin plates were attached to the cor-193

responding membranes by the single tungsten contacts194

(Fig. 1g) to avoid the possible strain50,67.195

The RSXS setup at Photon Factory, Japan was196

equipped with a high-vacuum chamber with a back-197

ground pressure of 10−8 Torr48. The scattered inten-198

sity was collected by an in-vacuum charge-coupled device199

(CCD) area X-ray detector of 2048× 2048 pixels (Prince-200

ton Instruments, Trenton, New Jersey, USA). The RSXS201

endstation MARES was used at ALBA synchrotron64.202

Resonant diffraction intensity was collected by a custom-203

designed CCD detector of 2148 × 2052 pixels (XCAM204

Co, ltd, UK). Since small-angle scattering intensity is205

distributed near the transmitted direct beam, a tung-206

sten beamstop was introduced to protect the detector207

for RSXS experiment, while in case of HERALDO the208

smaller aperture size allowed us to measure the holo-209

grams without using any beamstop. The magnetic field210

was applied parallel to the incident X-ray beam and per-211

pendicular to the thin plate. A He-flow-type cryostat212

was used to control the sample temperature in range213

from ∼ 15K to ∼ 320K, as measured by the Si diode214

thermometers attached next to the sample holder and215

cryostat head68. A radiation shield was wrapped around216

the sample holder to reduce the heating of the specimen217

from the warm environment.218

III. RESULTS AND DISCUSSIONS219

The XAS signals averaged between RCP and LCP220

spectra near the L2,3 edges of Mn and Co at T = 130K221

are shown in Fig. 2a. Surprisingly, despite the metal-222

lic nature of the Co8Zn8Mn4 alloy, the Mn absorption223

shows a multiplet structure at the L3 and L2 edges. Well-224

resolved peaks at 1.3 and 3.5 eV above the absorption225

maxima at E = 641.0 eV and a doublet structure at the226

L2 edge, which splits into two maximums at E = 651.7 eV227

and E = 653.2 eV are clearly observable. Meanwhile,228

the Co L3 and L2 peak shapes at E = 780.0 eV and229

E = 794.1 eV are similar to the broad spectrum of metal-230

lic Co69–71. This suggests that the fine structures of Mn231

2p→ 3d transition should result from the localization of232

Mn 3d electrons rather than the oxidation of surface72–74:233

otherwise, the multiplet structure of Co L2,3 edges should234

be either observed75,76. To qualitatively illustrate the235

features of the measured XAS, simulations were per-236

formed using the small cluster approach in the Xclaim237

software tool77. Mn 3d5 was assumed as an initial state238

and Mn 2p5 3d6 was the final configuration. The simu-239

lated XAS lines were broadened with a Lorentz function240

with the full width Γ at half maximum (FWHM) of 1 eV.241

The spectrum for Co was calculated using initial 3d8 and242

final 2p5 3d9 configurations, which reproduces the mea-243

sured data despite some broadening of the latter. The244

observed fine structure of the XAS spectrum of Mn also245
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FIG. 2. (Color online) (a) XAS spectra of the bulk
Co8Zn8Mn4 near Co and Mn L2,3 absorption edges: mea-
sured points are shown as the solid lines; calculated spectra
are shown as the dashed lines. (b) XMCD signal. The mea-
surements were performed at temperature T = 130K at ap-
plied magnetic field B = 0.5T.

nicely corresponds to the one calculated from the multi-246

plet effects (Fig. 2a).247

XMCD signal measured in a magnetic field of B =248

0.5T well above the saturation is shown in Fig. 2b for249

both elements. Despite the magnitude of the XMCD250

measured at L2,3 edges of Mn is about 1⁄5 times smaller251

than XMCD measured at Co L2,3 edges, it is clear that252

the signs of the dichroic signals are the same. XMCD253

signal at Mn L2 edge is notably suppressed, indicat-254

ing quenching of the orbital moment. The sum rule255

analysis78 allows to estimate the orbital to spin mo-256

ment ratio for Mn and Co as µl(Mn)/µs(Mn)=0.03 and257

µl(Co)/µs(Co)=0.0025. Magnetic field dependence of258

the element-selective XMCD signals measured at 135K259

can be found in the Supplementary materials79. The260

signs and magnitudes of the XMCD signals indicate a261

ferromagnetic coupling of Co and Mn moments and a262

partial cancellation of Mn magnetization. This is in a263

good agreement with the magnetization measurements,264

which have shown the reduction of magnetization and265

critical temperature with increment of Mn concentration266

in β-Mn-type Co-Zn-Mn compounds24. One can assume267

that while the Co-Co and Co-Mn couplings are ferro-268

magnetic, the Mn-Mn interaction should be antiferro-269

magnetic. This scenario is also suggested by recent neu-270

tron diffraction study of the Co-Zn-Mn alloys in a wide271

composition range accompanied by the density functional272

theory (DFT) calculations80. This is in contrast to the273

case of Co-Mn alloys where Mn moments tend to align274

antiparralel to the host Co magnetization81–83. On the275

other hand, the parent β-Mn compound shows strongly276

antiferromagnetic nearest-neighbor correlations in the277

12d Mn sublattice, while strong ferromagnetic correla-278

tions between next-nearest-neighbors were found84. Fur-279

ther, recent DFT calculations of the β−Mn-type Co-Zn-280

Mn suggested larger localization of the Mn atoms at 12d281

site than at 8c, being consistent with our observations80.282

For further quantitative discussions on the XAS and283

XMCD features, such as origin of multiplet spectrum of284

Mn, and determination of spin and orbital contributions,285

additional measurements of different Co-Zn-Mn concen-286

trations and spectra calculations from ab initio theory287

are highly desired.288

Complex scattering factor f for resonant magnetic X-289

ray scattering can be described as290

f = (s ·s′)fc + i(s×s′) ·Mf1m + (s ·M)(s′ ·M)f2m, (1)

where s and s′ are polarizations of the incident and scat-291

tered X-rays, respectively; fc is the charge scattering292

factor; M is the local magnetization; f1m and f2m are293

factors attributed to the magnetic scattering maximized294

at the resonant condition. The last term in Eq. (1)295

containing scattering factor f2m is quadratic in M and296

generally smaller than the other two terms85. There-297

fore the scattering patterns (|f |2) measured at resonant298

conditions mainly consist of the squares of charge and299

magnetic scattering factors |fc|2 and |f1m|2, and their in-300

terference (|f∗c f1m|). For linear polarization the measured301

intensities are dominated by the pure charge and mag-302

netic scattering terms, while those measured using circu-303

lar polarization contain charge-magnetic cross term86,87.304

Consequently, the intensity of magnetic scattering can305

be simply distinguished from the charge scattering by306

subtracting the diffraction pattern measured 1) at off-307

resonant condition and appropriately normalized or 2)308

in the field-induced polarized state of the sample or 3)309

above the critical temperature.310

RSXS experiments were carried out at Mn (E =311

640.5 eV) and Co (E = 779 eV) L3 edges, where the312

magnetic scattering intensity was maximized. Far-field313

RSXS patterns were acquired with an exposition time314

of 1 second (excluding readout time ∼ 0.4 s) and total315

200 expositions were averaged. In case of the off-resonant316

conditions, the absorption was reduced and the measure-317

ment time was consequently reduced by a factor of two.318

RSXS was measured in the temperature range between319

T = 25K and T = 270K during a field -warming-after-320
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FIG. 3. (Color online) (a) Schematic phase diagram of Co8Zn8Mn4 and the procedure of the resonant soft x-ray scattering
(RSXS) measurements. The sample is field-cooled (FC) in the applied magnetic field B = 70mT from room temperature
down to 25K (indicated by blue arrow) and then warmed back to 300K in the same field (indicated by red arrow). Coherent
RSXS speckle patterns measured for Co8Zn8Mn4 sample at E = 779 eV corresponding to L3 absorption edge of Co at different
temperatures (b) T = 25K, (c) T = 120K, (d) T = 150K and applied field B = 70mT. White scale bar corresponds to
0.05 nm−1.

FIG. 4. (Color online) Temperature dependence of the mod-
ulation vector of skyrmion lattice qSk. Inset shows magnetic
field dependence of qSk measured at T = 25K and T = 50K.

field-cooling (FWAFC) in B = 70mT. The sample posi-321

tion was realigned after each temperature change to com-322

pensate the effect of the thermal contraction (expansion)323

of the sample manipulator with a buffer time between324

the measurements (in average ≈ 40minutes) for stabi-325

lization. In the present experiment the linear polariza-326

tion was used to minimize the influence of the charge-327

magnetic scattering interference term. In order to iso-328

late the charge scattering contribution we have measured329

the scattering intensity at off-resonance (E = 645 eV and330

E = 785 eV) conditions.331332

Typical coherent RSXS speckle patterns measured at333

E = 779 eV at temperatures T = 25K, T = 120K,334

and T = 150K are shown in Fig.3. The missing area335

in the left part of each panel is due to the beamstop336

shadow. Tuning the energy to the Mn L3 edge results in337

the scaling of the scattering pattern due to the difference338

in the photons wavelength. Magnetic scattering inten-339

sity is weaker at Mn edge, which can be explained by340

the lower Mn concentration in this compound, stronger341

absorption, and magnetization reduction, as expected342

from XMCD experiment. At room temperature and343

T = 150K the small-angle scattering patterns demon-344

strate six-fold symmetry indicating single-domain trian-345

gular skyrmion lattice. As it has been already shown346

by SANS and LTEM experiments, the skyrmion lattice347

phase can be supercooled by a field cooling process down348

to the low temperatures61,88,89. According to the pre-349

vious LTEM observations on a Co8Zn8Mn4 thin plate,350

hexagonal skyrmion lattice to amorphous state transi-351

tion is reversible and accompanied by the elongation of352

individual skyrmions along one of the principal crystallo-353

graphic axes, while the skyrmion density is conserved89.354

Upon the field cooling (or FWAFC), the RSXS trans-355

forms to a homogeneous ring-like pattern corresponding356

to the intermediate "amorphous" phase at the tempera-357

ture T ≈ 100K. Below T ≈ 100K four wide peaks ap-358

pear at the coherent diffraction speckle pattern. More-359

over, below the transition temperature, the skyrmion lat-360

tice parameter gradually decreases from aSk = 112 nm361

(T = 100K) to aSk = 76nm (T = 25K). Temperature362

dependence of the magnetic modulation qSk is shown in363

Fig. 4. qSk-vector is also dependent on magnetic field364

similar to the bulk case61 (inset in Fig. 4). Elongation365

of the qSk vector is, presumably, caused by increasing366

antiferromagnetic interaction between Mn ions superim-367

posed on the helical order. Upon cooling from T = 100K368

to T = 25K a coherent RSXS speckle pattern with four-369

fold symmetry can be observed. According to the previ-370

ous results, the hexagonal skyrmion lattice61 is recovered371

by applying stronger magnetic field of 300-500mT at low372

temperature. Indeed, the magnitude of the qSk vector373

tends to shrink upon increment of the magnetic field (in-374

set in Fig. 4). However, in present experiment the mag-375

netic scattering intensity arising from isolated skyrmions376

is hardly distinguishable in presence of the background377

even when the charge scattering is subtracted. Corre-378

sponding RSXS patterns can be found in the Supple-379

mentary materials79.380
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FIG. 5. (Color online) Differential scattering patterns between LCP and RCP X-rays of energies (a) E = 779 eV and (b)
E = 640.5 eV the taken at T = 20K. The colorbar is given for both patterns in arbitrary units. Note that the strong linear
patterns inclined upward right should be due to the incomplete subtraction of the charge scattering from the reference slit.
(c) Fourier transform of (a) after applying linear differential filter and rotation of the image by 39◦. (d), (e) Magnetic texture
recorded at Co and Mn L3 edges, respectively. The colorbar is given for both images in arbitrary units. The region outside the
field of view is filled with the black background manually for clarity. (f) Fourier ring correlation analysis of the reconstructed
images for Co and Mn. Orange line represents calculated half-bit threshold and the dashed line indicates irreversible cross-point
between the FRC function and half-bit threshold.

The integrated speckle pattern intensities are demon-381

strating similar features for Co and Mn except the dif-382

ference in signal-to-noise ratio, which is better at E =383

779 eV. Radially integrated azimuthal profiles of the scat-384

tering patterns measured using soft X-rays with energies385

E = 779 eV and E = 640.5 eV can be found in the Sup-386

plementary materials79.387

Fourier transform holography with extended reference388

allows to reconstruct the real-space image by single389

Fourier transform of the measured pattern multiplied by390

the linear differential operator in direction parallel to the391

reference slit. Circularly polarized soft X-rays with en-392

ergies matching to Co and Mn L3 edges were used for393

HERALDO experiment. Far-field diffraction patterns394

were collected with RCP and LCP to produce the in-395

terference pattern and reconstruct the magnetic texture.396

In this case information about the magnetic texture was397

simply encoded in the interference term f∗c f
1
m between398

charge scattering arising from the reference slit and mag-399

netic scattering from the Co8Zn8Mn4 sample. The differ-400

ence between the holograms taken with the two opposite401

X-ray helicities provided the isolated interference term402

which could be inverted to the real-space image via sin-403

gle Fourier transform and linear differential operator12.404

HERALDO patterns were acquired with an exposition405

time of 6 s (excluding readout time ∼ 0.4 s), and total406

200 expositions were averaged, resulting in a total acqui-407

sition time of 20 minutes for each hologram. The sample408

was cooled down to the temperature T = 20K while the409

magnetic field of B = 70mT was applied along [001] di-410

rection parallel to incident soft X-ray beam propagation411

vector.412

Differences between the diffraction patterns taken with413

the two opposite X-ray polarizations at photon energies414

E = 779 eV and E = 640.5 eV are shown in Figs. 5a415

and b, respectively. The highest harmonics of the inter-416

ference pattern can be found at qmax = 0.2 nm−1 which417

corresponds to the real-space resolution of 32 nm. The418

difference between Fourier transform images taken with419

RCP and LCP at Co L3 edge after applying the differen-420

tial filter in the slit direction is shown in Fig. 5c. Recon-421

structed real-space image shows the sample autocorrela-422

tion and two object-reference cross-correlations delivered423

by both ends of the slits, as well as their complex conju-424

gates. Magnetic contrast is inverted between the recon-425

structed object and conjugate. By taking into account426

the widths of magnetic domains where the local magne-427

tization points antiparallel (parallel) to the applied field428
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FIG. 6. (Color online) Real-space magnetic textures imaged at Co L3 edge (E = 779 eV) at temperatures (a) T = 20K, (b)
T = 100K and (c) T = 120K and applied magnetic field B = 70mT.

B = 70mT at different temperatures (Fig. 6), we con-429

clude that the regions with the negative (positive) values430

in Figs. 5d and e correspond to magnetization pointing431

antiparallel (parallel) to the field.432

Figures 5d and e show magnification of the sample-433

reference cross-correlations taken from reconstructions434

of holograms taken for Co and Mn, respectively. Due435

to the difference of the wavelengths, the real-space im-436

age corresponding to magnetic texture of Mn ions was437

scaled by factor E1/E2 = 779/640.5 ≈ 1.22. The mag-438

netic structures exhibited by magnetic elements Mn and439

Co are similar to each other within the resolution limit.440

Signal-to-noise ratio is worse in case of the measurement441

at Mn L3 edge due to the higher absorption of soft X-442

rays at E = 640.5 eV and smaller concentration of Mn443

atoms compared to Co. Different magnitude of the mag-444

netic moment between Co and Mn is also a reason for445

this. Therefore, the real-space image reconstructed for446

Mn atoms is slightly blurred (Fig. 5e). Additionally the447

reconstruction resolution is estimated from the Fourier448

ring correlation (FRC)90. By using FRC the spatial fre-449

quency dependence of the cross-correlation of two real-450

space magnetic textures obtained from the reconstruc-451

tions of Co and Mn HERALDO patterns (Fig. 5f) is an-452

alyzed. The resolution was calculated at the point where453

the FRC curves irreversibly cross the half-bit threshold91.454

The real-space resolution that was found according to455

this criteria is similar to the resolution of 32 nm deter-456

mined from the highest interference harmonics observed457

at the Fourier-space pattern.458

Elongated skyrmions can be observed at the holograms459

taken both at E = 779 eV and E = 640.5 eV indicat-460

ing similar magnetic texture of Co and Mn sub-lattices,461

which coincides with the XMCD and RSXS data. Mag-462

netic holograms were recorded during a FWAFC proce-463

dure up to 120K at which the magnetic scattering is464

highly reduced due to the thermal shrinkage of the mag-465

netic moments. Corresponding evolution of the magnetic466

texture measured at Co absorption edge is shown in Fig.467

6. The transformation of the elongated skyrmions to468

more conventional shape with corresponding expansion469

takes place at T = 120K (Fig. 6c). Unfortunately, due to470

a thermal shrinkage of magnetic moments the real-space471

reconstruction of magnetic texture at higher tempera-472

tures can be hardly distinguished from the background473

fluctuations.474

Since the sample area probed by HERALDO was lim-475

ited by the aperture size, we additionally performed a476

real-space inversion off the measured RSXS patterns by477

the iterative phase retrieval. Square root of the measured478

magnetic scattering intensity
√
Im shown in Fig. 3 iso-479

lated from the charge scattering as described in Ref.4, was480

used as real part of the Fourier-space constraint. Fixed481

sample aperture size, shape and orientation were used482

as real-space support. Pixels, that were missing at the483

center of diffraction pattern due to the beamstop shadow484

and subtracted charge scattering, were substituted by the485

Fourier transform of the support. This approach is sim-486

ilar to the substitution used in the guided hybrid input-487

output (HIO) algorithm92. We used the implementation488

of HIO algorithm93 with a feedback parameter β = 0.9489

with assuming positivity and reality constraints for the490

real-space pattern. Phase-retrieval algorithm tended to491

stagnate to the local minima after 500 iterations. For492

each coherent scattering pattern the final real-space im-493

age was calculated from average of 500 algorithm tri-494

als with random initial phases. Reliability of the recon-495

structed real-space images was qualitatively and quanti-496

tatively examined by comparing the reconstructions per-497

formed for the data measured at Co and Mn L3 edges,498

respectively. Indeed, based on the results of the XMCD499

and HERALDO experiments the same orientation of the500

local magnetic moments of Co and Mn atoms was ex-501

pected.502

To quantitatively estimate the reliability of the recon-
structions performed for Co and Mn we have introduced
the two-dimensional function

R(i, j) = 1−
|ψ∗(i,j)E1

− ψ∗(i,j)E2
|

|ψ∗(i,j)E1
|

,

where ψ∗(i,j)E1
and ψ∗(i,j)E2

are values of (i, j) pixels of the503
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FIG. 7. (Color online) Reconstruction of coherent RSXS patterns at (a) T = 25K, (b) T = 55K and (c) T = 120K collected
at Co L3 edge. The colorbar for intensity (z-scale) is given in arbitrary units. (d) Magnification of the region highlighted by
the blue square in (a) is shown for the the different temperatures.

reconstructed real-space patterns normalized by max-504

imum value for corresponding image at Co(E1) and505

Mn(E2) L3 edges. This normalization is needed to com-506

pensate the difference in total magnetic contrast for Mn507

and Co patterns and transmission coefficient for the pho-508

tons with different energies. Figure 7 shows the real-509

space magnetic patterns reconstructed from data taken510

at Co absorption edge at different temperatures. At511

T = 25K and T = 55K (Figs. 7a,b) an array of magnetic512

skyrmions elongated along one of the crystallographic513

axes can be observed. As the temperature increases,514

some of the elongated skyrmions transform to the con-515

ventional circular-shaped (Fig. 7c), denoted as amor-516

phous state. Unfortunately, similarly to the HERALDO517

experiment, the magnetic scattering intensity gradually518

decreases upon warming due to the thermal shrinkage of519

the magnetic moments. As a result, the signal to noise520

ratio is insufficient to reliably reconstruct the real-space521

image of the single-domain triangular skyrmion lattice522

at T > 120K. In the Supplementary information79 we523

show a few examples of the reconstructions performed524

for the skyrmion lattice and multidomain helical phases525

at higher temperatures. However, the real-space images526

obtained for these conditions correspond to the local min-527

ima in the solution space and vary sufficiently for the dif-528

ferent starting phases. Two-dimensional reliability maps529

R(i, j) for successful reconstructions can be found in the530

Supplementary information79. Here we just note that the531

averaged reliability value R = 1
N

∑
R(i, j), where N is532

the sample area in pixels, is not less than 89% for the533

datasets measured at 25K.534

From this aspect, the results of lensless imaging by iter-535

ative phase retrieval and HERALDO are consistent with536

each other. Both techniques provide a spatial resolution537

of 30 nm and sensitive to the signal-to-noise ratio. Data538

analysis in case of coherent diffraction imaging is more539

sophisticated compared to HERALDO, but the latter re-540

quires advanced sample fabrication. Further attempts to541

improve the nanofabrication routine are required to ob-542

tain better real-space resolution.543

The experimental results for the temperature- and
field-dependent transformation of the skyrmion lat-
tice obtained by soft X-ray scattering and imaging
agree well with the results of Landau-Lifshitz-Gilbert
(LLG) simulations calculated with realistic parameters
for Co8Zn8Mn4 thin plate by using mumax3 package94.
As hinted by present XMCD experiment and previous
magnetization measurements24, the effective ferromag-
netic exchange interaction in Co8Zn8Mn4 system may de-
crease with temperature due to antiferromagnetic corre-
lations of Mn sub-lattice. Moreover, manifestation of the
cubic anisotropy is considerable at low temperatures. For
the simulation we used exchange stiffness Aex = 9.2 pJ/m
and DMI constant D = 0.00053 J/m measured exper-
imentally by microwave spin-wave spectroscopy95, and
cubic anisotropy in the form of an effective field94:

Banis = −2Kc/Ms

(
((c1 ·m)c1)((c2 ·m)2 + (c3 ·m)2)+

((c2 ·m)c2)((c1 ·m)2 + (c3 ·m)2)+

((c3 ·m)c3)((c1 ·m)2 + (c2 ·m)2)
)
,

where Kc = 5000 J/m3 is the 1st-order cubic anisotropy544
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FIG. 8. (Color online) Micromagnetic simulations of Co8Zn8Mn4 10× 10µm2 thin plate: z−projection of the magnetic texture
is shown for various exchange from stiffness parameters Aex = 9.2 · 10−12 J/m (a), 5.8 · 10−12 J/m (b), 3.2 · 10−12 J/m (c).
Bottom panels show magnification of the rectangular regions highlighted by the corresponding red boxes.

FIG. 9. (Color online) Measured dependence of qSk over tem-
perature (symbols) and calculated dependence of qSk over the
exchange stiffness (Aex) parameter.

constant determined from electron spin resonance (ESR)545

experiment96; c1, c2 and c3 is a set of mutually per-546

pendicular unit vectors indicating the anisotropy direc-547

tions (cubic axes), and Ms = 350 kA/m is the saturation548

magnetization95. A two-dimensional 200 nm-thick plate549

with area of 10× 10µm2 with open boundary conditions550

and elementary cell size 5×5×200 nm3 was simulated. To551

follow the experimental field-cooling protocol, we started552

the simulation with random initial spin configuration in553

the applied field along [001] direction. The field needed554

for robust SkX formation was set to B = 150mT. The555

discrepancy between the observed and calculated field556

values is, presumably, caused by demagnetization ef-557

fects. The characteristic helical pitch λ = 4πAex/D558

and skyrmion size are determined by the ratio of the559

exchange stiffness Aex and the Dzyaloshinskii constant560

D29. Therefore it is reasonable to assume two possible561

scenarios: 1) the temperature-dependent q-vector vari-562

ation is caused by changing exchange integral due to563

the antiferromagnetic correlations in Mn sub-lattice to-564

wards lower temperatures; 2) the emergence of the q-565

vector elongation can be also caused by enhancement566

of antisymmetric DMI due to the local non-complanar567
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FIG. 10. (Color online) Magnetic field evolution of the z−projection of magnetization derived from the micromagnetic simulation
of Co8Zn8Mn4 thin plate in magnetic field B = 150mT (a), B = 250mT (b), B = 300mT (c), B = 350mT (d), B = 400mT
(e), B = 450mT (f) showing the hexagonal SkX restoration.

structure of frustrated Mn. At the moment, the experi-568

mental data does not allow to unambiguously distinguish569

between variations of Aex and D. To mimic the first570

scenario, we reduced the exchange stiffness parameter571

Aex from the measured value 9.2pJ/m to 3.2pJ/m in572

a linear fashion, while the magnetic field B = 150mT573

remained constant. Relaxation time of 10 ns was intro-574

duced between each step for magnetic texture stabiliza-575

tion. Upon gradual decrease of the exchange interac-576

tion in the system, the skyrmion lattice exhibits defor-577

mation similar to the LTEM and soft X-ray experiments578

(Figs. 7a–c). Elongation of the skyrmions is manifested579

due to the overall reduction of the exchange interaction,580

while its directionality along the cubic axes is dictated581

by the cubic anisotropy. Notably, this deformation takes582

place via directional expansion of each topological vor-583

tex, but not by merging of the neighboring skyrmions –584

in the latter case the total topological charge of the sys-585

tem would decrease, which is opposite to the topological586

charge conservation scenario reported earlier89. Radial587

averages of the two-dimensional fast Fourier transforma-588

tion (FFT) patterns of out-of-plane projection of mag-589

netization distribution was used to calculate the q-vector590

magnitude dependence for the resultant magnetic tex-591

tures. The simulated variation in qSk induced by change592

in the exchange stiffness parameter Aex is in the very593

good qualitative agreement with the temperature depen-594

dence (Fig. 9). The shoulder in Fig. 9 at Aex between 5595

– 6 pJ/m corresponds to the smooth transition from the596

disk-shaped to elongated skyrmions. Therefore we as-597

sume that the linear decrease of the exchange interaction598

in Co8Zn8Mn4 takes place with decreasing temperature.599

In general, this consideration is consistent with the previ-600

ous studies of the β−Mn alloys, that have shown presence601

of antiferromagnetic correlation of moments in the 12d602

Mn sublattice80,84,97–99. We plan to directly address to603

this question in our future studies. For example, recently604

developed spin-wave sensitive SANS technique allows to605

directly probe Aex of a bulk specimen as a function of606

temperature100.607

LLG simulation was either used to probe the magnetic608

field evolution of the elongated skyrmion texture. The609

"field-cooled" magnetic texture shown in Fig. 10c with610

Aex = 3.2 pJ/m was used. Except the discrepancy be-611

tween the field magnitude values, the result is consistent612

with present X-ray and previous LTEM experiments –613

restoration of the hexagonal lattice of circular skyrmions614

from the deformed state by ramping the magnetic field615
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was successfully reproduced (Figs. 10a–f).616

IV. CONCLUSION617

In conclusion, by means of element-selective soft X-ray618

circular magnetic dichroism we have revealed the ferro-619

magnetic arrangement of Co and Mn ions in a room-620

temperature skyrmion-hosting compound Co8Zn8Mn4.621

Moreover, by using the coherent resonant small-angle soft622

X-ray scattering and holography with extended reference623

we can conclude that the topological magnetic texture624

is the same for both type of atoms in whole temper-625

ature range above Tg that is reliable for real-space re-626

construction. Our results are consistent with each other627

and with the previous neutron scattering and Lorentz628

microscopy experiments and shows the transition from629

hexagonal skyrmion crystal to elongated skyrmion state630

that is accompanied by deformation of the individual631

vortices. Micromagnetic simulation suggests that such632

transition is driven by decreasing exchange interaction633

in the system and effect of the cubic anisotropy. This634

effective decrease of the ratio of symmetric exchange in-635

teraction to antisymmetric Dzyaloshinskii-Moriya mim-636

ics low-temperature antiferromagnetic frustration of Mn637

sub-lattice. At lower temperature, antiferromagnetic cor-638

relations of Mn atoms is superimposed onto the long-639

range helical (skyrmion) modulation, resulting in short-640

ening of the helical pitch and deformation of skyrmions.641

However, this effect is reversible and hexagonal skyrmion642

lattice from elongated skyrmion state can be restored by643

increasing magnetic field even when the exchange stiff-644

ness is reduced, as learned from the micromagnetic sim-645

ulation and previous experiments61,89.646

We have demonstrated first to our knowledge lensless647

soft X-ray imaging of the magnetic texture at cryogenic648

temperatures and applied magnetic fields. HERALDO649

imaging was used with the circularly polarized soft X-650

rays, while coherent diffraction imaging was performed651

with a linearly polarized beam. Both methods did not re-652

quire focusing X-ray optics to perform magnetic imaging653

with resolution of few tens of nanometers. Practically,654

the signal to noise ratio sufficient for the successful re-655

construction was achieved only in the temperature range656

from T = 20K to T = 120K due to the overall decay657

of the intensity of the magnetic scattering and charge-658

magnetic interference with increasing temperature.659

Soft X-ray imaging methods allow to simultaneously660

obtain element-selective real-space information and will661

be useful for further investigations of non-trivial mag-662

netic textures in thin plates of polar magnets, since Néel-663

type skyrmions produce no contrast in Lorentz transmis-664

sion electron microscopy.665
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