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= Skyrmior evolution

Ecnu Ha KkneTke crnoHa npouTellb HaANMUCb «OynBOS»,
He Bepb rfnasam CBOUM.
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{% Skyrmions. The story begins...
g o

Invgstigatiun of the transition of FeCO, from the
_antlferrnmagnatic to the paramagnetic state under the
influence of a strong magnetic field

K. L. Dudko, V. V. Eremenko, and V. M. Fridman

Phpsico-technical Low Temperature Institute, Ukrainian Academy of Sciences
(Submitted July 17, 1974)
Zh. Eksp. Teor. Fiz. 68, 659671 (February 1975)

FIG. 4. Distribution of the effec-

FECO3, 1975 tive exchange field produced by ions

with reversed spins in the (111) plane.

Formation of the periodic inhomogeneous state

(analogue to superconductors with o<0)
in vicinity of spin-flop transition.

M, kG
Thus the transition of FeCO; from the antiferromag- 08}k
netic to the paramagnetic state is similar to the transi- 16l
tion in which a magnetic field destroys type-II supercon-
ductivity. The energy of the interface between the anti- 04
ferromagnetic and paramagnetic states is negative. The el
transition occurs over a finite magnetic-field interval, ' L ;
where according to the model there is realized an in- 0 50 100 150 200

homogeneous periodic magnetic structure, reminiscent H,kOe

of the mixed state of type-II superconductors.
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{% Skyrmions. The story continues...
g o

Contribution to the theory ofinhomogeneous states of magnets in theregion
of magnetic-field-induced phase transitions. Mixed state of antiferromagnets

. A.N. BogdanovandD. A. Yablonskii
Zh. Eksp. Teor. Fiz. 96, 253- 260 (July 1989)

We demonstate the existence of an i iferromagnets in which an
inhomogeneous state similarto the mixed states of type-1I superconductorgis realized in a wide

range of fields and angles. A phenomenologicaltheory of the mixed state in easy-axis

antiferromagnets is developed.
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Crystals without inversion center! |

No mixed state
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sotropy in the basal plane. It was shown in Ref. 22 that in
easy-axis ferromagnets without inversion center, with sym-
metry higher than rhombic, a system of non-interacting vor-
tices has in a definite field interval a lower energy compared
with the homogeneous state and a spiral structure. We em-

08 G 17 h,

In the old times mixed state

was thought to consist of
Abrikosov-type vortixes.

22A. N. Bogdanov and D. A. Yablonskii, Zh. Eksp. Teor. Fiz. 95, 178
(1989) [Sov. Phys. JETP 68, 101 (1989)].
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{% Skyrmions. Now they are the knots in the vector field.
e

Nowadays “mixed” state is a skyrmion lattice (SL) state.
Skyrmion is a kind of knot in the magnetization vector field.

Theorists can imagine different types of skyrmions...

Simple case:
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(j%‘ﬁ Artificial skyrmions in film structures.
e

SCIENCE 17JULY 2015 « VOL 349 ISSUE 6245

RESEARCH ARTICLE

MAGNETISM

Blowing magnetic skyrmion bubbles >/LA </

Wanjun Jiang,' Pramey Upadhyaya,” Wei Zhang,' Guogiang Yu,”
M. Benjamin Jungfleisch,’ Frank Y. Fradin,' John E. Pearson,’ Yaroslav Tserkovnyak,”
Kang L. Wang,” Olle Heinonen,"*™® Suzanne G. E. te Velthuis,' Axel Hoffmann'*

Ta(5 nm)/CoapFeayBan(CoFeB)(L1 nm)/Ta0,(3 nm)

Jo = 45 x 10° A/am® —+—>
20 um

MOKE microscope image
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(j%?; Experimental evidences for skyrmions in MnSi (SANS).
,

SCIENCE VOL 323 13 FEBRUARY 2009

; : ; ; MnSi SANS
Skyrmion Lattice in a Chiral Magnet

S. Miihlbauer,*? B. Binz,> F. Jonietz,® C. Pfleiderer,* A. Rosch,?
A. Neubauer,® R. Georgii,*Z P. Boni*
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i% Experimental evidences for skyrmions in MnSi (THE).
,

| Selected for a Viewpoint in Physics T
PRL 102, 186602 (2009) PHYSICAL REVIEW LETTERS § MAY 2009

Topological Hall Effect in the A Phase of MnSi

A. Neubauer.! C. Pfleiderer.' B. Binz.> A. Rosch.? R. Ritz.! P.G. Niklowitz.! and P. Boni'
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{% Skyrmions and topological Hall effect.
e
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{% Experimental evidences for skyrmions in MnSi (LTEM).

N ANO Nano Lett. 2012, 12, 1673-1677
LETTER 5) pubs acs org/NanoLett

Real-Space Observation of Skyrmion Lattice in Helimagnet MnSi
Thin Samples
LAl

Akira Tonomura, % Xiuzhen Yu,’ Keiichi Yanagisaw a,t Tsuyosln Matsuda," Yoshinori Onose,
¢ L
Naoya Kanazawa,! Hyun Soon Park,*" and Yoshinori Tokura"*"

MnSi thin films obtained from single crystal + Lorentz TEM

ﬂehn‘al sfructure'%;o; 5

(,_. 2%
Sl 7
.

2012: Skyrmion lattice directly observed in A-phase. No direct evidence
for single isolated skyrmions.
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(j%‘ﬁ Skyrmions in MnSi epitaxial films.
e

PRL 110, 117202 (2013) PHYSICAL REVIEW LETTERS S S B

Robust Formation of SKyrmions and Topological Hall Effect Anomaly
in Epitaxial Thin Films of MnSi Diso rd erins kyrm 1on l attice

Yufan Li,'” N. Kanazawa.' X. Z Yu." A. Tsukazaki,' M. Kawasaki.'"
M. Ichikawa,' X. E Jin,” F. Kagawa.' and Y. Tokura’
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Measuring magnetic structure at the nanoscale.

Lorentz TEM Magnetic force microscopy

mue  Real-space observation of a two-dimensional
skyrmion crystal

L F T T F R S X ZYu'", Y. Onose™, N, Kanazawa’, ). H, Park®, ) H Han', ¥, Matsul’, N, Nagaosa™ & Y. Tokwa™"
Vol 465/|17 June 2010|doi:10.1038/nature09124
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The contrast is due to deflection of the
electrons by local magnetic fields.

Somehow out of focus... Blurred image
IS unavoidable.

SP-STM??

e
P. Milde. D. Kohler, J. Seidel, L.M. Eng. A. Bauer. A. Chacon, J. Kindervater, S.l;\'llihlhuucr.
C. Pleiderer, S. Buhrandt, C. Schiite, A. Rosch, Science 340, 1076 (2013)




Y MHOIrMX KaTaHue Ha KOHbKax NPOu3BOAUT OTAbILIKY
N TpsiceHume.
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Grigoriev problem (SL vs. SL)

Pis'ma v ZhETF, vol. 100, iss. 3, pp. 238 - 243 (2014) SL is aresult of condensation
Hexagonal spin structure of A-phase in MnSi: of individual SkyrmlonS

densely packed skyrmion quasiparticles or two-dimensionally modulated (q u aSi pal’tiC|eS)
spin superlattice?

S. V. Grigoriev**!), N. M. Potapova™, E. V. Moskvin™* .
V. A. Dyadkin®*, Ch. Dewhurst®, S. V. Maleyev™ W F
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(j%?; Skyrmion stability problem (Monchesky et al. vs. Tokura et al.)
,

, 02N s AL BUD? XIUZHEN YU et al.
2D Helical Skyrmion crystal Ferromag. PHYSICAL REVIEW B 91, 054411 (2015)
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BapomeTp B 3eMnenenbL4eCKOM XO3UCTBE MOXET ObITb
C 60onbLUOK BbIrOAOK 3aMeHEeH YyCepaHYH NPUCIYTolo,
CTpagarolero Hapo4YnTbLIMMN peBMaTU3MaMM.
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(j%?; Experimental tools for SL study. Magnetic scattering in MnSi.
e

PHYSICAL REVIEW B8, 045131 (2012 In MnSi scattering on the localized

o

] 1

Magnetic phase diagram of MnSi in the high-field region m a‘g n et IC momen tS com p | etel y con t ro | S
S, V. Demishev.” V.V, Glushikov, L [ Lohanova,” MoA Amssimov, V. Yu. bvunov, TV, Ishehenko, M. S, Karasey, m ag n eto reS I Stan C e even I n th e
N. A, Samann, N.E. Sluchanko, V. M. Zimin, and A. V. Semeno
A. M. Prokhoros General Physicy Institite of the RAS, 38 Vavilow Street, 119991 Moscow, Rusva 1
et 2 Db 0 it 5 ey 02 paramagnetic phase.
2 2
M (MB/Mn) PHVSICAL REVIEW VOLUME 107, NUMBER 2 JULY 15, 1987
Anomalous Electrical Resistivity and Magnetoresistance Due to an s-d
Interaction in Cu-Mn Alloys
Km Yosma®
Degartmend of Phyrics, Uwiversity of Califarnis, Berkeley, Colifornia
(Recelved April &, 1957)

Yosida universal scaling in the paramagnetic

phase:

Apl p=-a,(M/M,)*

e

Peculiarities of the magnetoresistance may be

used for studying of the magnetic phase diagram.
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(j%‘ﬁ Experimental tools for SL study. Experimental setup.
e

Step rotation of the sample in magnetic field
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i% Mn, Fe Si sample with x=0.108. Magnetoresistance.
e

Use of magnetic scattering for establishing of the magnetic phase diagram.
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Paramagnetic phase is marked by universal scaling 4 6 8 10 12 141618
Aplp=- M(B,T )2 T (K)

Positions of negative magnetoresistance minima mark transitions into magnetically ordered phases.

Pis'ma v ZhETF, vol. 103, iss. 5, pp. 365 371 © 2016 March 10

Effect of magnetic field on the intermediate phase in Mn,_,Fe,Si:
spin-liquid vs. fluctuations scenario
S. V. Demishev®*!) | I.I. Lobanova®®, A. V. Bogach®, V. V. Glushkov®®, V. Yu.Ivanov®, T. V. Ischenko®,

N. A. Samarin®, N. E. Sluchanko®, S. Gabani®, E. Cizmar?, K. Flachbart®, N. M. Chubova®, V. A. Qvadkin“f.
S. V. Grigoriev®
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(j%?; Mn, Fe Si sample with x=0.108. SANS and susceptibility.
e

Susceptibility down

to very low temperatures

hg‘g;ﬁgﬁ;ﬁ;ure =3 and small angle neutron
spiral LRO phase B3 5 \ 0.62K 13 %» scattering (SANS) data.
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{;ﬁ";} Chiral spin-liquid in magnetic field. Two transitions into “Solid” phase 18
e

Singular point
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ok Paramagnetic phase
T,=27K,B,=0.17T
gl «Gas»
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< 5
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Spin liquid is more robust with respect to magnetic field than spiral phase
with the magnetic LRO.

There is singular point B~3.5 T and T~8.5 K on the magnetic phase diagram.
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(j%‘ﬁ Experimental results.
g o

www. nature com/sclentificreports

SCIENTIFIC REPLIRTS
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[1-10] o) B g Al Macroscopic evidence for
Abrikosov-type magnetic vortexes

in MnSi A-phase

I.). Lobanova', V. V. Glushkov'?, N. E. Sluchanko®? & 5.V, Demishev'-

SCIENTIFICREPORTS |6:22101 | DOI: 10.1038/srep22101

No hysteresis!
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(j%‘ﬁ Experimental results. MnSi magnetic phase diagram.
e

Magnetic phase diagram from
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magnetoresistance measurements 2a-CtoA
2b-AtoC

3-HtoC

apld

Bl [001]

SP v BII[001] sl
i A BII[1-10] el
! <4 BI[1-11] 0 TS IRECEE
376 B Peea
04 F 1 0.0 0.1 0.2 0.3 0.4
. B(T)
' Conical : :
! p Good agreement with magnetic
= . measurements.
oM 1
!

v V
0.2 .@¥ Y-v = Area, which is common for

B 11 [001], BII[110], BII[111]

-phase core!
P T = A-phase core

b

SR

|
Resistivity angular dependences
21 28 29 along sections a-d ??

0.0




»""’""\t
(j%‘ﬁ Angular dependences along different sections.
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(j%?; Magnetic transition between the A-phase and A-phase core.
e

Q: Is A-phase core a special magnetic phase different from the rest of A-phase?

Al: No. All what you see in angular dependences is nothing but anisotropic
phase boundaries.

In the case of Al there is no boundary between A-phase and A-phase core for BII[001].

In the case of A2 the boundary between A-phase and A-phase core for BII[001] must exist.

Experimentum crucis: Magnetic scattering suggests magnetic transition between

A-phase and A-phase core!
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{% Conclusions and comments. 23
a0

Conclusions:

Magnetic transition inside the A-phase is revealed by precise magnetoresistance
measurements.

A-phase core is decoupled from any magnetic anisotropy in crystal. Most likely it is
analogue of Abrikosov vortex state in superconductor, which is constructed from

condensated individual vortexes (skyrmions as quasiparticles, SL1).

Outer part of the A-phase is strongly coupled to magnetic anisotropies
(phase boundaries are anisotropic) and may be understood as triple-q structure
(complicated anisotropic magnetic phase, SL2), which may be metastable.

Comments:

Grigoriev problem: Abrikosov-type vortex state is unable to melt into individual
skyrmions as long as it is surrounded by another skyrmion-like phase, which is
unable to decay into separate quasiparticles.

Theory missed 2D magnetic transition between SL1 and SL2.

Stability problem: Current conclusions about skyrmions stability/metastability
are not grounded. Besides cone and paramagnetic phases the stability of SL1
should be considered with respect to SL2 (anisotropic triple-g phase).
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