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Outline Outline 



Пояснительные выражения объясняют тёмные мысли.  

 

К.Прутков 



Blurred images and nice simulated pictures Blurred images and nice simulated pictures 



Melting of a skyrmion lattice Melting of a skyrmion lattice 



Если на клетке слона прочтешь надпись «буйвол»,  

не верь глазам своим. 

К.Прутков 



1 Skyrmions. The story begins… 

FeCO3, 1975 

Formation of the periodic inhomogeneous state  

(analogue to superconductors with <0)  

in vicinity of spin-flop transition. 



Crystals without inversion center! 
Mixed state 

No mixed state 

In the old times mixed state 

was thought to consist of 

Abrikosov-type vortixes. 

2 Skyrmions. The story continues… 



Theorists can imagine different types of skyrmions… 

Texture propagating 

along x Skyrmion with |m|=const Skyrmion with |m()|0 

Simple case: 

Nowadays “mixed” state is a skyrmion lattice (SL) state.  

Skyrmion is a kind of knot in the magnetization vector field. 

3 Skyrmions. Now they are the knots in the vector field. 



4 Artificial skyrmions in film structures.  

700 nm – 2 m 
20 m 

MOKE microscope image 



Всякая вещь есть форма проявления беспредельного  

разнообразия. 

К.Прутков 
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5 Chiral magnets  Mn1-xFexSi.  
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6 Experimental evidences for skyrmions in MnSi (SANS). 

MnSi SANS 

A phase = Dense skyrmion phase 

                   skyrmion lattice (SL) 

SL=Triple-q structure + Thermal (Gaussian)  

                                              fluctuations 

q1 

q2 

q3 



Topological Hall effect (THE) in 

A-phase of MnSi due to SL state 

7 Experimental evidences for skyrmions in MnSi (THE). 



8 Skyrmions and topological Hall effect. 

Band electron  

polarization rate 



MnSi thin films obtained from single crystal + Lorentz TEM  

2012: Skyrmion lattice directly observed in A-phase. No direct evidence  

for single isolated skyrmions. 

9 Experimental evidences for skyrmions in MnSi (LTEM).  



10 Skyrmions in MnSi epitaxial films.  

Progress in thin  

film technology! 

Enhancement of 

THE region. 

Skyrmions develops in THE area. 

Disorder in skyrmion lattice 



11 Measuring magnetic structure at the nanoscale. 

The contrast is due to deflection of the 

electrons by local magnetic fields. 

Somehow out of focus… Blurred image  

is unavoidable.  

Thin films only! 

Lorentz TEM Magnetic force microscopy 

SP-STM?? 

Fe1-xCoxSi 

x=0.5 



У многих катание на коньках производит отдышку  

и трясение.  

К.Прутков 



(2014) 

12 Grigoriev problem (SL vs. SL)  

Triple-q SL= complicated 

magnetic phase with 

anisotropic phase 

boundaries (coupled 

to crystal magnetic anisotropy) 

SL is a result of condensation  

of individual skyrmions  

(quasiparticles) 

SL 

Individual 

skyrmions 

H, T 



13 Skyrmion stability problem (Monchesky et al. vs. Tokura et al.)  

2D 

Heisenberg 

2D?? 

A-phase in bulk MnSi is totally metastable,  

and is not real magnetic phase. 

Metastability is evidenced by magnetoresistance  

hysteresis. 

3D?? 

Stability in 

45-75  

   nm 

75-120  

    nm 

<45 nm 

(111) (110) (001) 

Wedge- 

shaped  

sample 



Барометр в земледельческом хозяйстве может быть  

с большою выгодою заменен усердную прислугою,  

страдающею нарочитыми ревматизмами.  

К.Прутков 
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14 Experimental tools for SL study. Magnetic scattering in MnSi.  

Peculiarities of the magnetoresistance may be  

used for studying of the magnetic phase diagram. 

In MnSi scattering on the localized  

magnetic moments completely controls   

magnetoresistance even in the  

paramagnetic phase. 

Yosida universal scaling in the paramagnetic  

phase: 

2

0 )/(/  MMa

V+(M) 

V-(M) 



Step rotation of the sample in magnetic field 

H 

I 

U 

UH 

n 

 

multimeters 

He4 

controlling 
unit 

temperature 
controller 

nanovoltmeter 
Keithley 2182 

SC magnet 
source 

step 

motor 

=1.8 

sample 

temperature 
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Hall sensor 

15 Experimental tools for SL study. Experimental setup. 

Magnetic field: 8 T (14 T)  

Field stability 210-5 

Temperature: 1.8-300 K 

Temperature stability: 1 mK (T<40 K)  

Sample rotation: ±3600 

Resistivity relative accuracy: 10-5 (DC) 10-6 (AC) 



16 Mn1-xFexSi sample with x=0.108. Magnetoresistance. 
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Use of magnetic scattering for establishing of the magnetic phase diagram. 

Paramagnetic phase is marked by universal scaling  

/= - M(B,T )2. 

Positions of negative magnetoresistance minima mark transitions into magnetically ordered phases. 
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17 Mn1-xFexSi sample with x=0.108. SANS and susceptibility. 

Fluctuations vs.  

spin liquid 

Low temperature  

transition into  

spiral LRO phase    

Correlation length 

Helix pitch 

Qualitative change  

of the SANS map 

Susceptibility down  

to very low temperatures  

and small angle neutron  

scattering (SANS) data. 
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18 Chiral spin-liquid in magnetic field. Two transitions into “Solid” phase  

Spin-polarized phase 

Paramagnetic phase 

Spin-liquid 

«Solid» 

«Liquid» 

«Gas» 

Spiral phase 

Singular point 

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. 

T 17.0 K, 7.2

)/log(

00

00





BT

BBTTSP

Temperature of the transition  

into spin-polarized phase  

growing logarithmically  

with magnetic field.  

New QC 

point? 



Не в совокупности ищи единства, но более  

в единообразии разделения. 

К.Прутков 



19 Experimental results.  
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Experimental geometry 

Magnetoresistance along principal axes No hysteresis! 

Magnetoresistance kinks  

may be used for  

establishing  

magnetic phase diagram 

B-T region where resistivity  

coincide for three directions 



20 Experimental results. MnSi magnetic phase diagram.  
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Magnetic phase diagram from 

magnetoresistance measurements 

Area, which is common for  

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

        = A-phase core 

Resistivity angular dependences 

along sections a-d ?? 

Good agreement with magnetic  

measurements. 



21 Angular dependences along different sections. 
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Abrupt qualitative change of  
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22 Magnetic transition between the A-phase and A-phase core. 
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Q: Is A-phase core a special magnetic phase different from the rest of A-phase? 

A1: No. All what you see in angular dependences is nothing but anisotropic  

phase boundaries. 
A2: Yes.  

In the case of A1 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. 
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Magnetic scattering suggests magnetic transition between  

A-phase and A-phase core! 



23 Conclusions and comments. 

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. 

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-q phase). 

Comments: 

Conclusions: 



Condensation of  

quasiparticles (skyrmions) 

Abrikosov-type vortex phase 

Isotropic 

24 Conclusions and comments. 

SL1 SL2 

A-phase in MnSi 

q1 

q2 

q3 

Triple-q structure 

Skyrmion-like complicated  

magnetic phase 

Anisotropic 
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