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Monday. 8 July 2019

Session 1. Monoaxial chiral helimagnets
Chair: Kazuhisa Kakurai

- Jun-ichiro Kishine - Highly nonlinear dynamics of

- 9.30-10.15  Prof., The Open University = chiral solitons in a mono-axial

© ofjapanJapan  helimagnet
 Yoshihiko Togawa

10.15-11.00 Eg Dr., Osaka Prefecture Anomalous physical responses on ;

f chiral magnetic materials

g{ Alexander S. Ovchinnikov ¢
11.30-12.00 Prof., U1ja1 Federal ; T_he;ory of standmg waves in
5 : Umver31ty - finite-~size soliton lattice

E; Alexey Tereschenko 3
- Mr., Institute of - Magnitostriction effects in thin
X Natural Sciences and ~ flims of monoaxial chiral S
- Mathematics of Ural Federal = helimagnets: double sine-Gordon

12.00 - 12.15
- University, Ekaterinburg, ;: model

AAAAAAAAAAAAAAAAAA Russia
- Alexey Bykov, S Magnetlc phase dlagram of the
12.15- 12.30 - Dr., Petersburg Nuclear - uniaxial helimagnet Cr1/sNbS:
s ’ ¢ Physics Institute, Gatchina,  evidence from small angle

; Russia - neutron scattering

: Oleg Utesov - Spiral plane flops in frustrated

- 12.30 - 13.00 Dr., Petersburg Nuclear - helimagnets in external magnetic
¢ 5 Phy31cs Institute, S <
X ¢ : . - field X

- Gatchina, Russia 3 ;

1 13.00 - 14.00 Lunch
Session 2. DMI effect on the magnetic structure
Chair: Alexander S. Ovchinnikov

E; IgorLyubuun, ;;;;;;;;;;;;;;;
- Prof., Shubnikov Institute of

$ : - Helical Magnetic Structures in
14:00 - 14:30  Crystallography of FSRC

~ the Langasite Family Crystals
~ Related to the Dzyaloshinskii-

- “Crystallography and S

Photonics” RAS~ Mowalied
5 f Tetsuya Takeuchi, - Unique Magnetic Field versus
14:30-15:00  Dr. Low Temperature - Temperature Phase Diagrams in

- Center, Osaka University ~  Cubic Chiral Antiferromagnet
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EuPtSi1
S - Alexander Smirnov, - Spinons modified by uniform
15:00-15:30 - Prof. P. L. Kapitza Institute ~ Dzyaloshinskii-Moriya
S _for Physical Problems RAS  interaction
. 15 SO 16 OO “ Coffee break
16:00-16:30 Hisatomo Harlma. Fermi surfaces of cubic chiral
S ~ Prof., Kobe Umver31ty, Japan ullmanmte ~-type compounds
16:30-17:00 f Andrey Rogalev, if X-ray spectroscopy of chiral
A Dr., ESRF, France - molecular magnets
- Roman Morgunov, - Magnetization reversal in
17-00-17-30 - Prof. Dr., Institute of - KO.4(Cr(CN)6) (Mn(S)-pn) (5) -
s ' : Problems of Chemical - pnHO.6 chiral molecular
” Physics, Russia  ferrimagnet by FORC

- Magneto-elastic coupling in

- Organic-Inorganic Materials
- having Ferroelasticity and

- Magnetic Long Range Order

S Naoto Tsuchlya,
- 17:30-17:15  Mr., Hiroshima University,
. Japan

. . f Jun Akimitsu, L ;:f Trial to carrier-doping in Sr2IrOs4 f

~ 17:15-18:15  Prof., Okayama University, - with stron g spm —orbit couplmg X

A AN Japan e T
19.00 Welcome party

Tuesday. 9 July 2019

Session 3. Exotic spin structures (skyrmions).
Chalrman Jav1cr Campo

: :;{ Spin textures induced by :
- Isabelle Mirebeau - quenched disorder in a reentrant
- Prof., LLB, Saclay, France - spin glass: vortices versus '

9,30 10.00
- frustrated skyrmions

- Kazuhisa Kakurai,
- Prof. Dr., Comprehensive
10:00-10:30  Research Organization for

Skyrmion related neutron
- scattering research activities on
 Science and Society - TAIKAN in collaboration with

:i - Element-specific soft X-ray
- Victor Ukleev - spectroscopy, scattering and

10:30-11:00 Dr., Paul Scherrer Institute, imaging studies of skyrmion-

11.00-11.30 Coffee break

N EvgenyAltynbaev, - Appearance of the skyrmlon o
- 11:30-12:00.  Dr., Petersburg Nuclear  lattice in Fe-doped MnGe
S - Physics Institute, Gatchina,  compounds
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Russia
AAAAAAAAAAAAAAAA To‘bias weber NAAANAANAANNNAANN g Polarlsatlon AnaIYSlS Of the ,,,,,,,,,,,,,,,
- 12.00 -12.30  Dr., Institut Laue-Langevin  Nonreciprocal Skyrmion
- (ILL), France - Dynamics in MnSi

- Andrey Tsypilnikov,
- Mr., Petersburg Nuclear
- Physics Institute, Gatchina,
Russia
- Ankit Labh
12.45-13.00  Mr., TUDelft, Delft,

- Netherlands

S ~ Calculation of the spectrum of

- 12.30-12.45 - magnons on the skyrmion lattice
S - in the Landau functions basis
Magnetic correlations in the

- frustrated antiferromagnet FeCls

13.00 - 14.00 Lunch
~ Session 4. Evolution of the magnetic structure in helimagnets under high

pressure.
Chairman Jun—lchlro Kishine

- Denis Salamatin,
S - Dr. Vereshchagm Institute
- 14:00-14:20  for High Pressure Physics,
- RAS, Moscow, Troitsk,

$ Magnetic ordering above 30 K in
- noncentrosymmetric YoCoCs

- Vladimir Sidorov,
- Dr.,Vereshchagin Institute
~ 14:20-14:40  for High Pressure Physics,
- RAS, Moscow, Troitsk,

- Anomalous magnetism and

- Kondo-lattice state in :
- noncentrosymmetric YbNiCz and
- their evolution at high pressure.

- Single Crystal Growth of Chiral

- Shigeo Ohara, ; .
. . < - - Magnet YbNizAly using Flux
14:40-15:05  Prof., Nagoya Institute of  Method in a Temperature

:; Technology, Nagoya Japan ~ Gradient

¢ Pressure-induced magnetic

- ordered phase in the chiral

- compound YbNizGas studied by
~ Hall effect and magneto-

- resistance under pressures up to
12 GPa

; Kazunori Umeo,
- 15:05-15:30  Dr., N-BARD, Hiroshima
2 - University, Japan

15:30-16:00 Coffee break
:  Yusuke Kousaka, ~ Neutron Scattering Experiments
- 16:00-16:20  Dr., Okayama Umversity, - of CsCuClz under High Magnetic
; Japan - Field and High Pressure ;

S - Hiroyasu Matsuura, - Theory of Magnetic Phase
- 16:20-16:40  Dr., The University of Tokyo, Diagram in Chiral Magnet X
JJapan " CsCuCls under High Pressures
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Wednesday 10 July 2019

' cession 5. Sp1n xeitations in hehmagnets with DM interaction
Chairman: Sergey Grlgorlev

- Javier Campo ¢
- Prof., Instituto de Ciencia de - The role of the thermal

9:30-10:00 Materlales de Aragon — g ﬂuct‘u.auo.ns in cubic helimagnets: S
S . ; - stabilization of new phases at low
- Universidad de Zaragoza, §
2 . - temperature

- Alla Petrova - The physical properties of
10:00-10:25 Dr., Institute for High - (Mno.ssFeo.15)S1 along the critical
' ' - Pressure Physics of RAS, ~ trajectory

- Moscow, Russia

- 5 minutes break

Nicolas Martin ; quu%d. crystallme.struc.tures and
 elasticity in a cubic chiral

- Dr., LLB, Saclay, France

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ helimagpet
- Ekaterina Iashina - Three-~dimensional neutron X
. - Mrs., Petersburg Nuclear - polarization analysis of the small-~
11:00-11:15 . ) ) §
- Physics Institute, - angle scattering from
- Gatchina, Russia ~ helimagnetic fluctuations

::f Magnetic Fluctuation and First-

11:15-11:45  Dr., IMR, Tohoku University, S;‘éiii?é‘;ﬁgggsgggggy

J apan ~ 151Eu Mossbauer Spectroscopy

Homma Yoshiya,

Thursday. 11 July 2019

Session 6. Neutron scattering for non-collinear magnetism
Chairperson: Isabelle MJrebeau

- Arsene Goukassov,
9:30-10:00  Dr., LLB CEA- CNRS Saclay
X France

Polarlzed Neutrons studies of
weak magnetization densities

X Vladimir Hutanu, Determmmg the 31gn ‘of DMI in
10:00-10:30  Dr., RWTH Aachen - MnCOs by polarised neutron
S University, Institute of - diffraction.
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f Yusuke Araki, : ngh ~field optical study of
< . - metamagnetic transitions
~Mr., The Umver31ty of < nital vol

:: Tokyo Japan - 1n a chiral polar magnet

X - Ni2InSbOs

: Kirill Pschenlchnyl ¢ Spin-wave stiffness of

- Mr., Petersburg Nuclear - Dzyaloshinskii-Moriya

: Physics Institute, - helimagnets Fe;— Co,Si studied

~ Gatchina, Russ1a by small-angle neutron scattering

- Catherine Pappas
- Prof., TUDelft, Delft,
X Netherlands

g{ Mikhail Chuev

- Mr., Valiev Instltute of

X Physics and Technology of
 RAS, Russia

S Mlguel Pardo

- Mr., Instituto de Ciencia de

: Materiales de Aragdn
(ICMA), Spain
- Igor Zobkalo,

- Dr., Petersburg Nuclear

- Physics Institute,

- Gatchina, Russia

f Tilted conical phase and multiple
S skyrmionie phases in CLIzOSCOs S

S }f The Morin Transition and

- 12:00-12:15 - Dzyaloshinskii-Morya Effect in

¢ - Hematite Nanoparticles

~ Non collinear magnetic phases in

12:15-12:50 - spinel MnCrz04

~ On the 4f-3d coupling in

12:30-15:00 - orthomanganites DyxHoxMnOs

13.00 - 14.00

- Session 7. Thin films and surface effects in cubic ferromagnets without center of -
4 symmetry

S Sergey Maleyev

- Prof. Dr., Petersburg Nuclear Surface magnetic layer and
- Physics Instltute

S Effect of focused ion beam

- irradiation on the interface DMI

-~ and magnetic anisotropy thin
films

s Magnetlc refrlgeratlon by tunmg S
- of exchange spring, helix, fan in

Ho/W films

15:00-15:20

- Gatchina, Russia

: Alexey Ognev,
- Dr., Far Eastern Federal
:g Umversrry, Russia

Ei Oksana Koplak

- Dr., IPCP RAS, Russia

10

;g magnetic field



DMI-2019, Petrozavodsk, 8—12 July

S - Dmitriy Tatarskiy - Nanofabrication of Bloch and
15:20-15:40 - Dr., Institute for physics of  Néel skyrmions in Co/Pt
S mlcrostructures RAS, Russia ~ multilayers

f{ Effect of mterplay of ¢
- Dzyaloshinskii~-Moria and dipolar
_ interactions ;;
“on internal skyrmion structure in -

Ksenia Chichay

- , - Immanuel Kant Baltic

§5:40-16:00 - Federal University, 236004,
- Kaliningrad, Russia

[ 6.00 — 17.00 Poster session and Coffee break
ST SV P AT A

) ) S . ::}{ interaction as an agent to
17:00-17:30  Dr., Laboratory of Information *free the bound entangled

g Technology, JINR Dubna, Russia.  states »

K. Sharma

17:30-18:00 Dr., Grad-Kitezh University, 2518}[’151 of life Htl terms of the
S - Grad-Kitezh, Russia - Iractal concept ,

19:00-22-00 Gala dinner

Friday 12 July 2019

9SO~1ZOO X Departure from Petrozavodsk
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Poster session
- (16:00 ~18:00 Thursday 11 July 2019)

S Anatoly Tsvyashchenko,
- Dr., HPPI RAS, Russia

Daria Skanchenko,
- Ms. Petersburg Nuclear Physics Institute,

S Denis Salamatm

- Dr. Vereshchagm Institute for High

- Pressure Physics, RAS, Moscow, Troitsk,
- Russia

S Alexander Ovsyamkov,

- Mr., Petersburg Nuclear Physics Institute, -
Gatch1r1a,Ru351a R

- Okumura Shun,
- Mr., The University of Tokyo, Japan

 Viktor Timofeev,

gf Mr., Petersburg Nuclear Physics Institute,
Gatchina,Russia

Anna Matveeva
- Ms., Petersburg Nuclear Physics Institute,
5 Gatchina, Russia

S Quadrupole and magnetlc hyperfme <
~ interaction arising on nuclei of 181Ta
~and 111Cd in noncentrosymmetric

- RhGe _
Investigation of the magnetic structure -
of Rh1 .xFexGe by small-angle neutron -
diffraction.

5 Magnetlc propertles and Phase

- Separation in the

~ noncentrosymmetric narrow band

- semiconductors Ru1-xCoxGe (B20),

S Spm waves in the hlgh temperature
- phase in a rare-~earth orthoferrite
HoFeOs

2 Numerical study of magnetlc :
~hedgehog lattices in itinerant electron

- Comparative study of skyrmion crystal .
and triple helix states in non- :
centrosymmetric magnets

Evolution of magnetic structure in
- NdMn205 and Nd0.8Tb0.2Mn205
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Session 1. Monoaxial chiral helimagnets
Chairman: Kazuhisa Kakurai
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Highly Nonlinear Dynamics of Chiral Solitons in a Mono-axial
Helimagnet

Jun-ichiro Kishine'? and Alexander S. Ovchinnikov>*

'The Open Univ. Japan, Chiba, 261-8586, Japan;
2Institute for Molecular Science, Okazaki, 444-8585, Japan,
3Ural Federal University, Ekaterinburg 620002,
4Russia; Institute of Metal Physics, Ekaterinburg 620219, Russia
Corresponding Author’s Email: kishine@ouj.ac.jp

Since theoretical prediction [1] and experimental verification [2] met together in 2012, so
called chiral a soliton lattice (CSL) in a mono-axial chiral helimagnet such as CrNb3Se has attracted
much attention. Honestly, physics contained in this incommensurate non-linear magnetic order is
much richer than we expected [3]. This richness comes from its coherent nature with nonlinear
and asymmetric structure.

It is also a surprise that a global phase diagram of CrNb3Se has become clearer only recently
[4,5,6]. A conceptual diagram is shown in the figure. In Ref.[6], Laliena and Campo first paid
attention to a classification of the continuous Hyc
transitions in chiral helimagnet. According to
De Gennes [7], there are two types of
transitions, i.e., “nucleation transitions” and
“Instability transitions.” In the former case, the
period of the incommensurate modulated state
diverges at the transition point being

Continuous transition
of “nucleation” type

Forced-Ferro
[fal
|
(e

approached from the modulated phase. In the o
latter case, the phase transition takes place in & Continuous transition
such a manner that the intensity of the Fourier =~ = of “instability” type
component with nonzero wave vector tends to £ | [¢ decreases as
. .. ... . Sl | Hy. increases
zero. The instability transition is usual 2
Landau-type continuous transition. =
.The mechanisms .for thege two kinds of Simple spiral - Para T
transitions are qualitatively different. In the q=qo ¢c g=0

monoaxial helimagnet, the transition between the CSL and the forced-ferromagnetic (FFM) states
where a perpendicular magnetic field increases at sufficiently low temperature is of nucleation
type. On the other hand, a mean-field theory predicts an instability type continuous transition at
the ordering temperature. The transition to the FFM in presence of a parallel magnetic field is also
of second-order instability type phase transition. It is quite a challenging topic to fully understand
global nature of the phase diagram of mono-axial chiral helimagnet on the H-T plane. For example,
nucleation of a soliton share physical origins with superconductive vortex [8]. This fact suggests
this problem may play universal roles in condensed matter physics.

Apart from thermodynamic properties, its dynamical responses to external probes disclose
the nature of collective excitations in condensed matters. In this respect, we expect the nucleation
of solitons may cause peculiar nonlinear response, which has not been found in conventional
Landau-type phase transition. Nonlinear responses of materials to an external field manifest hidden
richness of their internal degrees of freedom. In condensed matter physics, generally, there may
be two sources of nonlinear responses. One is large amplitude fluctuations around the long-range-
ordered state such as soliton or domain wall motion. Another is higher-order many-body
correlation such as three body or four body correlations of microscopic quantities.

Actually, there have been some important reports on nonlinear responses of CrNbzS¢[]. In
this presentation, we will make a report on the above-mentioned topics, including,

1. Global phase diagram of a mono-axial chiral helimagnet

15
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2. Universality of nucleation processes
3. Highly nonlinear regime and soliton dynamics
4. Domain formation and slow dynamics in broader viewpoints.
We put stress on a single soliton dynamics by taking account of its internal deformation. As
a result, we will show that the highly nonlinear response naturally appears. We will show
theoretical frame work of how to solve an equation of motion for a single soliton and make
comparison with recent experimental findings.

Acknowledgement: This work was supported by a Grant-in-Aid for Scientific Research
(B) (No. 17H02923) from the MEXT of the Japanese Government and the JSPS Core-to-Core
Program, A. Advanced Research Networks. A.S.O. acknowledges funding by the RFBR, Grant
No. 17-52-50013, by the Foundation for the Advancement of Theoretical Physics and
Mathematics BASIS Grant No. 17-11-107, and by Act 211 Government of the Russian
Federation, contract No. 02.A03.21.0006. A.S.O. thanks the Ministry of Education and Science
of the Russian Federation, Project No. 3.2916.2017/4.6.
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Anomalous Physical Responses on Chiral Magnetic Materials

Yoshihiko Togawa'

'Osaka Prefecture University, Sakai, Osaka 599-8531, JAPAN
Corresponding Author’s Email: y-togawa@pe.osakafu-u.ac.jp

Chiral crystalline and magnetic structures provide a variety of striking physical responses.
These phenomena are triggered by the coupling with electromagnetic fields or conduction
electrons and the influence of thermal fluctuations. In this presentation, we discuss melting
phenomena of chiral magnetic order in thin-film lamellae of a chiral monoaxial CrNbsSe crystal
[1] together with nontrivial transport phenomena on it [2]. The experimental data were obtained
by means of electrical transport and magnetic resonance measurements as well as magnetic
imaging using electron beams.

CrNbsSs crystals show magnetic phase transitions among several kinds of chiral magnetic
order [3]. A chiral helimagnetic order exhibits a cascade of transitions of its periodicity as a
function of temperature, which is worth discussing in terms of melting in two dimensions [1]. The
chiral soliton lattice appears under a magnetic field perpendicular to the helical principal axis. It
is very robust and stable with phase coherence on macroscopic lengthscale [4]. The tunable and
topological nature of the chiral soliton lattice give rise to discretized responses of the interlayer
magnetoresistance [5,6] and magnetic resonance frequency [7]. These responses are strongly
influenced by the existence of a surface barrier against the chiral soliton penetration [§]
accompanying a surface twist structure at the boundary [6].

Chiral magnetic materials exhibit nonreciprocal transport properties of the conduction
electrons, frequently called the electrical magnetochiral (EMC) effect. Interestingly, in addition to
the conventional EMC signals due to structural chirality being dominant in a paramagnetic state
above the magnetic phase transition temperature, an anomalous enhancement of the EMC response
occurs upon the formation of the chiral magnetic phase [2]. The magnetic coefficient of the EMC
turns out to be about 3 orders of magnitude larger than the crystalline counterpart.

These observations will provide a new insight on the interplay between structural and
magnetic chirality on nontrivial transport phenomena and lead to further understanding of a wide
variety of chirality-related phenomena in chiral materials.
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Theory of standing spin waves in finite-size chiral spin soliton lattice

J. Kishine!, VL.E. Sinitsyn?, I.G. Bostrem?, Igor Proskurin®?,
F.J. T. Goncalves*, Y. Togawa* and A.S. Ovchinnikov*®

!Division of Natural and Environmental Sciences, The Open University of Japan,
Chiba 261-8586, Japan,
2Institute of Natural Science, Ural Federal University, Ekaterinburg 620002, Russia;
3Department of Physics and Astronomy, University of Manitoba, Winnipeg,
Manitoba R3T 2N2, Canada;
*Department of Physics and Electronics, Osaka Prefecture University, 1-1 Gakuencho,
Sakai, Osaka 599-8531, Japan,
SInstitute of Metal Physics, Ural Division, Russian Academy of Sciences,

Ekaterinburg 620219, Russia

alexander.ovchinnikov@urfu.ru

We present a theory of standing spin wave (SSW) in a monoaxial chiral helimagnet.
Motivated by experimental findings on the magnetic field-dependence of the resonance frequency
in thin films of CrNbsSe [1], we examine the SSW over a chiral soliton lattice (CSL) excited by an
ac magnetic field applied parallel and perpendicular to the chiral axis. For this purpose, we
generalize Kittel-Pincus theories [2,3] of the SSW in ferromagnetic thin films to the case of non-
collinear helimagnet with the surface end spins which are softly pinned by an anisotropy field.
Consequently, we found there appear two types of modes. One is a Pincus mode which is
composed of a long-period Bloch wave and a short-period ripple originated from the periodic
structure of the CSL (Fig. 1). Another is a short-period Kittel ripple excited by space-periodic
perturbation which exists only in the case where the ac field is applied perpendicular the chiral
axis.
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Fig. 1: The spatial profiles of ¢ and 0 associated with Fig. 2:  H-dependencies of the lowest
the standing waves when the ac-field is applied antisymmetric (0) and the n=1 ripple (®) mode.
parallel to the chiral axis.

We demonstrate that the existence of the Pincus mode and the Kittel ripple is consistent
with experimentally found double resonance profile (Fig.2).

This work was supported by a Grant-in-Aid for Scientific Research (B) (No. 17H02923) from the
MEXT of the Japanese Government, JSPS Bilateral Joint Research Projects (JSPS-FBR), and the
JSPS Core-to-Core Program, A. Advanced Research Networks. VI.E.S. and I.P. acknowledge
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Effects of magnetostriction in a uniaxial chiral helimagnet: a double sine-
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Uniaxial chiral helimagnets are of interest for potential applications in spintronics due to
ability to control magnetic chirality by external forces. For example, collective action of an
external magnetic field and mechanical stress can lead to essential rearrangement of a magnetic
background. There remains a need for deep understanding of the process.

We consider a problem of a soliton lattice deformation caused by a stretch applied
perpendicular to the helicoidal axis in a framework of the phenomenological approach. The model
free energy includes the Heisenberg exchange interaction, the Dzyaloshinskii-Moriya
antisymmetric exchange and the Zeeman coupling with the external magnetic field H along with
the magnetoelastic interactions admitted by the hexagonal crystal symmetry

J (aMy? oM , ,
F = f dV E(E) + DZ - [M X E:I + HMX + (b11 - blZ)(uXXMX + uyyMy) .

Here, M is the magnetization vector, and uj is the strain tensor and bj are the
magnetoelastic constants. Minimization of the free energy leads to the double sine-Gordon model,
which has been previously used to analyze second-order anisotropy effects in the uniaxial
helimagnets [1, 2]. A solution shows an existence of two spatially inhomogeneous phases: the
phase where there is spin polarization along the applied magnetic field, “modified sine-Gordon”
phase (MSG), and the phase with the “packed” structure (PS), where spins are aligned under a
finite angle with respect to the field. A presence of the two phases is explained by an appearance
of the effective magnetoelastic anisotropy caused either by the stretch deformations parallel or
perpendicularly to the magnetic field, when both forces are perpendicularly applied to the chiral
axis. We build the phase diagram of the found phases in the “stress-field” axes. In addition, the
Lorentz diffractograms are calculated to identify the found phases in experiments (Fig. 1). The
results obtained may serve as foundation for spin valve devices on the base of thin films of
CrNbsSe.

This work was supported by the RFBR grant 18-32-00769 mol a and the Foundation for
Assistance to the Development of Theoretical Physics and Mathematics BASIS 17-11-107.

Fig. 1. Lorentz diffractograms for the MSG phase (left), the usual soliton lattice (center) and the
PS phase (right).
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The magnetic structure of the CrisNbS: compound was studied by small angle neutron
scattering (SANS) under applied magnetic field in the wide temperature range below 7y = 130 K.
The magnetic spiral of Cr’" ions is built along the c-axis of the structure belonging to the P6322
space group at zero field [1-3]. As the sample under study is in the powder form, the diffraction
ring is detected that is interpreted as scattering on the magnetic spiral with the period of 485 A at
low temperatures (fig. 1).

1.6

0.4

20

0 80 115

T (K)
Fig. 1. A set of the SANS maps of the H-scan for the different magnetic fields and
temperatures.

The intensity of the diffraction peak decreases with 7 and vanishes completely at 7= 115
K. Being applied perpendicular to the neutron beam, the magnetic field affects differently the
samples grains with helix wave vector k along the field and those with k perpendicular to the field.
The magnetic field, when applied, leads to emergency of the chiral soliton lattice (CSL) for the
grains with k perpendicular to the field. The period of the CSL increases rapidly as H approaches
Hci = 0.25 T. The transition from CSL to the field-induced ferromagnet, however, is not
homogeneously smooth but is accompanied by the strong ferromagnetic fluctuations in the wide
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field range around Hci. These fluctuations are well visible in SANS experiment as scattering at Q
= 0. For the grains with k parallel to the field systems undergoes a series of the transitions from
helimagnet to the conical state, and then to the field-induced ferromagnet at Hco = 1.25 T. The
period of the cone increases slightly (for 5 %) with increase of the field, while the transition to the
field — induced ferromagnetic state is again accompanied by strong ferromagnetic fluctuations.
Magnetic field - Temperature (H-7) phase diagram was drown on the basis of the obtained SANS
data (fig. 2).
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Fig. 2. HT phase diagrams of magnetic spiral in Cr3NbSo.
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Multiferroics with coexisting magnetic and ferroelectric orders have attracted a lot of
attention recently. The possibility to realize cross control between magnetism and electricity in
such compounds would lead to many desirable applications. For instance, strong enough
magnetoelectric coupling would allow us to manage magnetic memory by electric field. In so-
called multiferroics of spin origin ferroelectricity is induced by some types of magnetic ordering
and magnetoelectric coupling in such compounds is discovered to be strong. There are three main
mechanisms of ferroelectricity of spin origin: exchange-striction mechanism, inverse
Dzyaloshinskii-Moriya (DM) mechanism, and spindependent p-d hybridization mechanism [1].
Noncollinear spin ordering induced, e.g., by frustration is indispensable for the second and the
third mechanisms.

We discuss theoretically frustrated Heisenberg spiral magnets in magnetic field H. We
demonstrate that small anisotropic spin interactions (single-ion biaxial anisotropy or dipolar
forces) select the plane in which spins rotate (spiral plane) and can lead to the spiral plane flop
upon in-plane field increasing. Expressions for the critical fields Hy,p, are derived [2]. It is shown
that measuring of Hy,p is an efficient and simple method of quantifying the anisotropy in the system
(as the measurement of spin-flop fields in collinear magnets with axial anisotropy [3]).
Corresponding recent experiments are considered in spiral magnets some of which are
multiferroics of spin origin.

We thank S.V. Maleyev for stimulating discussion. The reported study was funded by
RFBR according to the research project 18-02-00706.
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Helical Magnetic Structures in the Langasite Family Crystals Related to the
Dzyaloshinskii-Morya Effect

LS. Lyubutin!, S.A. Pikin', S.S.Starchikov', M.A. Chuev'?, K.O. Funtov!, M.V. Lyubutina'

IShubnikov Institute of Crystallography of FSRC “Crystallography and Photonics”
Russian Academy of Sciences, 119333 Moscow, Russia
2 Institute of Physics and Technology of RAS, 117218 Moscow, Russia
Email: lyubutinig@mail.ru

The langasite structure with a general formula A;BC3D2014 belongs to the trigonal non-
centrosymmetrical space group P32/, Z = 1. The A and B cations occupy the dodecahedral and
octahedral oxygen sites, respectively, and C and D cations are located in the tetrahedral sites.
Based on the langasite (La3GasSiO14) structure a series of crystals containing paramagnetic iron
ions AsMFe3X>014 (A= Ba, Sr; M= Sb, Nb, Ta; X = Si, Ge) was synthesized. The low-temperature
magnetic properties of these compounds were studied by Mdssbauer spectroscopy, and a long-
range 3D magnetic order with a Neel point in the range 27-37 K was found [1,2]. It was shown
that magnetic ordering induces a structural transition, which creates conditions for the ferroelectric
state. Thus, the iron-containing langasites are a new class of multiferroics in which ferroelectricity
can be induced by magnetic ordering [3,4].

Below the Neel temperature 7n, the moments of Fe*" cations in C-sites (3f) form a
triangular magnetic lattice in the xy (ab) plane (Fig. 1a). The magnetic moments of Fe** in each
triangle are oriented at an angle of 120° relative to each other (Fig. 1b) [5-7] Moreover, this
antiferromagnetic spructure in langasites BasNbFe3S1,014 and Bas;TaFe3Si2014 gained a helicoidal
twist of the iron moments in triangles at their translation along the z (c) axis and, possibly, along
a certain axis in the xy plane (Fig. 2) [3,5,8].
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Fig. 1. (a) Projection of the crystal structure of BasNbFe;Si>O14 on the (ab) plane. The Fe’" ions are
located in the oxygen tetrahedra 3fand form a triangular magnetic lattice in the (ab) plane. (b) Helical spin
ordering of the Fe magnetic moments during synchronous rotation of three spins of Fe by an angle of about
51° in neighboring layers when translating along the ¢ axis. Seven steps along of rotation result in the period
of the magnetic spiral.

Based on experimental data, a phenomenological theory explaining the properties of such
systems has been proposed [3,4]. Symmetry aspects were analyzed and phase transitions in
frustrated magnets, leading to magnetoelectric effects, were described. It was shown that the iron-
containing langasites with a triangular magnetic lattice may have piezoelectric properties above
the Neel temperature 7w, but they are not ferroelectrics. Occurrence of either ferroelectric or both
ferroelectric and piezoelectric states is possible below T, and these crystals can be considered as
multiferroics with a helicoid of magnetic moments oriented along the ¢ axis. In particular, for the
helicoidal structure of langasite, the effects of magnetic chirality associated with the sign of the
spin-orbit interaction (the Dzyaloshinskii effect) were considered. Depending on the filling of the
3d shells, there can be a change in the sign of the spin-orbit interaction constant, which leads to a

27



DMI-2019, Petrozavodsk, 8—12 July

change in the sign of the propagation vector ¢. along the threefold axis ¢. This corresponds to the
opposite sign in rotations of the triangular magnetic lattice of Fe ions (change of the sign of
chirality) in thexyplane (Fig. 1b). This effect was observed experimentally in
BasNbFe3;SixO14 and BazTaFe3Si>O14 langasites [8]. The observation of electric polarization at T
< Tn is possible at large values of piezo-coefficients and at mechanical deformations. Because of
magneto-elastic interactions (appearing due to lowering symmetry P32/ — P3 below 7n), the
electric polarization and the axis of the magnetic helicoid can both be parallel to the z axis even
in the absence of the Dzyaloshinskii-Moriya (DM) effect. The magnetic helicoid with its axis in
the ab plane may appear due to the spin-orbit interaction (DM effect). In this case, electric
polarization must appear also in the ab plane (Fig. 3).

Fig. 2. (a) Triangular clusters of
Fe’* and the interlayer super-
exchange Fe-O-O-Fe interactions
J3, J4 and J5 between Fe*' ions
situated in nearest layers are shown.
(b) Triangular magnetic lattice of
Fe ions with the 120°- spin packing
in the plane perpendicular to the ¢
(z) axis. Iron spins § in the
sublattices 1, 2, and 3 rotate upon
translation from the layer i to the
layer (i+1) forming a helicoid along
the ¢ (z) axis.

Fig. 3. An appearance of the
multiferroic state in the triangular
magnetic lattice of langasite is
shown. Spins S of the sublattices 1,
Gy 2, and 3 forming triangular 120°-

[Sm Ssiet clusters deviate from the xy plane
_ ] _ ' at an identical angle due to the DM
Rotation of spins § upon translation from the cluster i to the effect. A week ferromagnetic
cluster (i+1) in the xy plane leads to a spiral twist of spins moment m (green arrow) appears

along the r vectors lying in the xy plane. The moment value m  4)ong the ¢(z) axis.
in each triangle cluster remains constant at the spiral twist of

spins S in the xy plane along the r vectors. The electric

polarization p (red arrow) perpendicular to both the r and m

vectors appears in the xy plane of such a structure.
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EuPtSi is most likely the first rare-earth based 3 S
intermetallic compound in which the skyrmion lattice is H, EuPtSi (@)
recognized. This compound has the cubic LalrSi-type i Teo I/ [oo1] |
crystal structure with the space group P2:3 as in B20  ~ 1
compounds.[1] The divalent Eu ions form a trillium = ——
lattice, which is a three-dimensional network of corner- E Hp
sharing triangles similar to the network of Mn atoms in 1 Hyymemeasen
MnSi. Franco et al. measured the magnetic
susceptibility and specific heat on polycrystalline

samples and found that EuPtSi shows an O ! )

antiferromagnetic ordering below 7Tn =4.1 K.[2] 3 e .H_rc T(K) E‘}FtSI .
Recently, Kakihana et al. succeeded in growing » O'%x% H/ T

single crystals of EuPtSi and found that the E 7L ]

characteristic field-induced phase, which is reminiscent E

of the A-phase in MnSi, appears in the magnetic fields

along the [111] direction, as shown in Fig. 1(b).[3] For Ir |

example, the observed distinct additional Hall

resistivity and pronounced magnetoresistance in the 00

field-induced phase (A-phase) strongly suggest the T(K)

formation of the skyrmion lattice. In fact, the very Figure 1 : Magnetic field versus temperature
recent neutron scattering experiment revealed that the phase diagrams of EuPtSi for (a) H // [001] and
ground state is herimagnetic phase.[4] In addition, when (b) [111].

entering the A-phase, magnetic peaks form

characteristic hexagonal patterns in the equatorial scattering plane around nuclear peaks. The A-
phase for H // [111] was observed in the restricted temperature and magnetic field region,
indicating that this phase is closed in the H - T plane. The A-phase was also observed for H //
[001], as shown in Fig. 1(a). In addition, a new phase was found just above the A-phase in the H -

T plane. The A-phase in EuPtSi was observed for H // [001] and [111] but not for H# // [110] and
[112].

References

[1] D. Adroja et al., J. Magn. Magn. Mater. 89, 375 (1990).

[2] D. G. Franco et al., Phys. Rev. B 96, 014401 (2017).

[3] M. Kakihana et al., J. Electron. Mater. 46, 3572 (2017), J. Phys. Soc. Jpn. 87, 023701 (2018).
[4] K. Kaneko et al., J. Phys. Soc. Jpn. 88, 013702 (2019).

29



DMI-2019, Petrozavodsk, 8—12 July

Spinons modified by uniform Dzyaloshinskii-Moriya interaction
A.L Smirnov', T.A. Soldatov!  K.Yu.Povarov?

'pL. Kapitza Institute for Physical Problems RAS, Moscow, 119334, Russia;
2 ETH Ziirich, Ziirich, 8093, Switzerland;
smirnov(@kapitza.ras.ru

One-dimensional S=1/2 Heisenberg antiferromagnets demonstrate a variety of collective
quantum effects, such as a spin-liquid behavior at zero temperature and fractionalized spin S=1/2
excitations (spinons), which result in a two-particle continuum of S=1 excitations (see, e.g., [1]).
In a magnetic field the continua of transverse and longitudinal fluctuations are split and the
longitudinal continuum develops a fine structure near a Brillouin zone boundary (q=n/a). This fine
structure was observed by neutron scattering [2]. Typically, the continuum structure is
undetectable at zero wave vector (q=0), where the continuum width is zero. In a magnetic field
the frequency at q=0 just takes a Larmor value.

We address now to a fine structure of the two-spinon continuum, appearing at =0 in S=1/2
chains with the so-called uniform Dzyaloshinskii--Moriya interaction (DMI). In contrast to a
conventional staggered (or alternating) DMI, causing a tilting of magnetic sublattices in a classical
antiferromagnet, the uniform DMI interaction would stabilize a spiral spin structure. The uniform
DMI is not wide spread among antiferromagnetic crystals, only several rare examples are known.
In case of a quantum spin chain, which has a disordered ground state, the uniform DMI was
predicted to change essentially the excitation spectrum [3]. In particular, spinons with the same
momentum, but moving in opposite directions, were predicted to have different energies. This
effect results in a shift of the two-spinon continuum in g-space by a wavevector gpm=D/(Ja) (here
D is the DMI energy, J - exchange integral and « - interspin distance, D <<J) [3]. As a result,
in a magnetic field H || D, the ESR line should split into a doublet with the frequencies at the upper
and lower boundaries of the unshifted transversal continuum at the wavevector gpwm.

We describe electron spin resonance (ESR) experiments on S=1/2 quasi-1D
antiferromagnets KoCuSO4Br;[4], KoCuSO4Cl; [5], and quasi-2D magnet CsoCuCl4 [6], which all
allow uniform DMI. We observe the predicted spinon doublet and a specific soft mode, induced
by uniform DMI, using ESR in a frequency range of 0.5-300 GHz. This range is rising from sub-
D to over-J domains. Cooling down to temperature below J/kg is necessary, therefore we use a
cryostat providing 0.1 K. Besides, we detect a collapse of the spinon doublet in a high magnetic
field, suppressing quantum fluctuations and, hence, the continuum. In the ordered phase, well
below J/kg, the coexistence of spinon modes and low-frequency antiferromagnetic magnon modes
is observed [7].

Thus, we have observed a fine structure of the spectrum of fractionalised excitations at q=0,
this fine structure is induced by the uniform Dzyaloshinskii-Moriya interaction in a quantum
antiferromagnet.

Support of ESR work by RSF project 17-12-01505 is acknowledged.
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Fermi surfaces of non-centrosymmetric compounds have been widely investigated, then the
splitting strengths and spin textures of the Fermi surfaces have been discussed [1-12]. Among
them, the characteristic property originating in the spin textures has been discussed as the orbital
crossing on split Fermi surfaces in YbsSbs[12]. However, the relation between the spin textures
and the magnetic properties has not yet discussed well so far, as most of the compounds are
paramagnetic.

Recently, the unique magnetic properties of cubic chiral compound EuPtSi have been
reported, suggesting the presence of a magnetic skyrmion lattice in f~electron system [13-15].
EuPtSi crystalizes in the ullmannite-type structure, which space group #198 (P23, TY) is cubic
chiral as the same as for MnSi, where a magnetic skyrmion lattice has been reported in the first
time [16]. Dzyaloshinskii-Moriya interaction (DMI) should plays crucial role in those compounds,
but the origin of the DMI is different. The localized 4f” electrons of Eu?*" ion in EuPtSi interact
though RKKY interaction, where the DMI should be involved. Thus, the spin-textures of the Fermi
surfaces determine the DMI.

The Fermi surfaces of the ullmannite-type compounds have been investigated well for NiSbS
and PdBiSe [7-9, 11]. The Fermi surfaces of EuPtSi in a high magnetic field limit are now in
investigating.

This work was supported by JSPS KAKENHI Grant Numbers JP15H05886 (JPhysics), and
JP15H05882 (JPhysics).
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Systems, in which fundamental symmetries of nature are broken, play a fascinating role
not only in physics but also in chemistry and in life sciences. A symmetry breaking manifests itself
in various optical phenomena and therefore interaction of light with matter is the most powerful
tool to deepen our understanding of complex matter. Two most vivid examples are magneto-
optical and natural optical activity. The former is associated with the breaking of time-reversal
symmetry by a magnetic field. It arises as a consequence of frequency dispersion: the magnetic
field cause a relative shift of the levels involved into optical transitions induced by right- and left-
polarized light. The observation of magneto-optical activity does not require the sample to satisfy
any specific symmetry condition because the effect involves pure electric dipole (E1.E1) or
quadrupole (E2.E2) transitions. Natural optical activity is manifestation of spatial dispersion, i.e.
the fact that the transition probabilities also depend on the light wavevector k. Natural optical
activity refers to the first order terms (linear in k) and require the transition probabilities to mix
multipoles of opposite parity, e.g., electric dipole and magnetic dipole (E1.M1) or electric dipole
and electric quadrupole (E1.E2). The Curie symmetry principle states that this is only possible in
systems with broken inversion symmetry, like in chiral media.

Although the underlying physics is fundamentally different, the two phenomena manifest
themselves quite similarly in homogeneous media: a rotation of the polarization plane of light or
a difference in absorption of circularly polarized light (circular dichroism). This resemblance has
motivated many eminent scientists, starting from Pasteur himself, to look for a link between
magnetism and optical activity, but in vain. The corresponding optical manifestation is magneto-
chiral effect which was first predicted in 1962 [1]. It may only occur in systems where both
inversion and time-reversal symmetries are simultaneously broken. These symmetry conditions
are satisfied in magneto-electric media and chiral molecular magnets. The striking features of this
effect can be derived from the symmetry considerations. It is a property of unpolarized light and
its sign depends on the relative orientation of k and B as well as it has opposite for two different
chiral enantiometers. As such magnetochiral effect has been speculated to be at the origin of the
homochirality of life [2]. The first experimental evidence of the magneto-chiral effect has been
given only in 1997 by G. Rikken and E. Raupach [3] using visible light. In the X-ray range, the
effect was discovered soon after in magnetoelectric Cr2O3 single crystal at ID12 beamline [4]
following the discovery of natural optical activity in the X-ray range [5].

A fascinating interplay of magnetism and structural chirality is reported here with two
representative examples. The first one deals with the archetypal Single Chain Magnets
M(hfac)2NITPhOMe where M is bipositive 3d transition metal ions (Mn?>* or Co?") [6]. For the
first time, all the three dichroism spectra (X-ray magnetic circular dichroism (XMCD), X-ray
natural circular dichroism (XNCD) and X-ray magnetochiral dichroism (XMyD)) have been
measured at the K-edges of transition metals on pairs of opposite enantiomers, using single crystals
with volume of the order of the mm?. For the Co crystals, the amplitude of all three effects were
found to be comparable in amplitude but differs dramatically in the spectral shape. The effect is
more than merely the product of natural circular dichroism and magnetic circular dichroism. The
effect is more than merely the addition of natural circular dichroism and magnetic circular
dichroism. For the Mn crystals the same hard X-ray investigation revealed comparable natural and
magnetic dichroisms, but a vanishingly small magneto-chiral contribution. The combination of
helical structure with a large atomic orbital moment resulting in a non-collinear spin arrangement
seems the key for a strong magnetochiral effect.

The second example concerns more recent detection of XMyD signal in a mononuclear
paramagnetic lanthanide coordination complex, namely, Nas[Ho(ODA)3](BF4)2(H20)s at low
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temperatures and under high magnetic field [7]. The magnetochiral dichroism signal was found to
be much weaker than XMCD and XNCD signals despite a large orbital moment carried by Ho*
ion. This is due to a very weak hybridization of the strongly localized 4f states of the lantanides
which are responsible for magnetism in these ions.
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Magnetization reversal in Ko.4(Cr(CN)e)(Mn(S)-pn)(S)-pnHy.s chiral molecular
ferrimagnet by FORC
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The existence and evolution of the nonlinear spin ensembles (domain walls, spin solitons,
etc.) in molecular based-magnets cause to unusual macroscopic response of magnetization [1, 2].
We present the researching of magnetization reversal in Ko 4Cr(CN)g)(Mn(S)-pn)(S)-pnHo.s chiral
molecular ferrimagnet by First Order Reversal Curves (FORC) method. FORC diagram recorded
in standard conditions as well as the delayed FORC diagram recorded after pause between
magnetic field switching and magnetic moment measurements in metal-organic chiral magnet.

Time domain analysis of the FORC diagram revealed the effect of continuous magnetic
relaxation on reversal magnetization. The FORC diagram contains two maxima corresponding to
two types of nonlinear spin configurations with different interaction fields and similar switching
fields. The changes in the FORC diagram caused by time delay were observed due to excluding
the contribution of spin configuration, which magnetic relaxation is faster at 2 K. The temperature
decrease from 20 K down to 2 K causes changes in the FORC diagram similar to those caused by
time delay. The FORC map as well as reversal magnetization is governed by magnetic anisotropy
analyzed in our work. Experimental results were discussed in the frame of Callen-Callen
formalism applied for temperature dependence of magnetic anisotropy governing by non linear
spin excitations.

The work was supported by Presidium of Russian Academy of Science, grant 18-030
program II, topic 1 «Nanostructures: physics, chemistry, biology, basis of technologiesy,
Ministry of Education and Science of the Russian Federation (grant 3.1992.2017/4.6).
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Multiferroics means the materials in which at least two of ferroic long range orders, such as
ferromagnetism, ferroelectricity and ferroelasticity, etc., coexist at same time. Magnetic field can
induce electric polarization or electric field can induced magnetization in the case of coupling
between magnetic and electric order parameters. These properties are called magnetoelectric (M-
E) effect. This effect has been reported in experimental and theoretical aspects'2. While it is not
clear magnetoelastic effect which means ferromagnetism and ferroelasticity coexist.
Ferroelasticity was defined it has two or more orientation states in the absence of mechanical stress
and can be shifted from one to another of these states by a mechanical stress>.

Recently, we found that the magnetization of (C¢HsCoHsNH3),Fe'Cly single crystal was
changed by applying mechanical stress*. However this compound requires to be heated up to the
ferroelastic transition temperature in order to control the ferroelastic domains, which makes
quantification of magnetoelastic effect difficult. Therefore, we explore the another organic-
inorganic material which shows movable domain walls without heating. Here, we report the
magnetoelastic effect of HsNC3HsNH3;Mn'!Cly that exhibits structural phase transitions a little bit
higher than room temperature® (Fig.1)

As shown in Fig. 2, the characteristic domain structure due to the ferroelasticity was
observed at room temperature under the polarized microscope by applying mechanical stress from
c- axis. Magnetic field-dependent magnetization measurements were showed the direction of spin
canting was changed due to changing the crystal axis by applying mechanical stress at room
temperature. The specific jump of magnetization was observed around 25 kOe at isothermal
magnetization curve along b- axis. These phenomena indicate the magnetoelastic coupling.

Fig.1  Crystal  structure  for Fig.2 Ferroelastic domains structure for HsNC3HsNH3Mn''Cl,
H3NC3;H¢NH;Mn"Cl, at 293 K at r.t. (left : before stress, right : after stress)

This work was supported by a Grant-in Aid for Scientific Research (S) (N0.25220803),

CResCent (Chirality Research Center) in Hiroshima University and JSPS Core-to-Core Program
(A Advanced Research Networks)
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Recently, much attention has been paid to the superconductivity in the Iridate system. If the
superconductivity is realized in the Iridate system with the strong spin-orbit coupling, it will open
the new world in the condensed matter physics. In particular, Sr2IrO4/Ba,IrO4 has been predicted
to be a high-temperature superconductor upon electron doping since it highly resembles the
cuprate in crystal structure and magnetic coupling constant. Particularly, the remarkable
resemblance between Sr2lrOs/ BaxlrOs4 and La,CuOs4 makes a good candidate to expect the
unconventional HTSC in the Sr2IrO4/BazIrOs.

Indeed,

1) A low temperature STM study " on the K-doping (effectively election doping) in the clean
surface of Sr2IrO4 demonstrates the clear spin gap state.

2) Moreover, Y. K. Kim et.al. observed the low temperature nodal Fermi surface and high-
temperature Fermi arcs?.

These experimental results suggest the clear evidence of the d-wave pairing correlation.
However, the direct evidence of the superconductivity such as zero resistivity (E=0) and Meisser
effect (B=0) can not be observed in the bulk system. We have tried to observe the evidence of
superconductivity in the carrier doped bulk material. Recently, we published our present
experimental data for this problem to the following paper ¥

In particular, Terashima et al. demonstrated that the d-wave gapped state approaches the
Fermi energy as the doped carrier increases, which show the striking similarity with those observed
for underdoped cuprate, suggesting that superconductivity can be realized with increasing the
carrier concentration.

At present stage, however, we can not obtain a bulk superconductivity, probably due to the
insufficient carriers in the IrO» planes.

At conference, we show the present situation of “how to dope the carrier” and discuss its
experimental results of system.
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Spin textures induced by quenched disorder in a reentrant spin glass: vortices
versus frustrated skyrmions
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Disorder plays a central role in the advent of the most spectacular quantum phenomena
observed in condensed matter. Reentrant spin glasses (RSG’s) are nice playground to study the
influence of disorder on frustrated ferromagnets, and see how it affects topological defects. RSG’s
develop vortex-like textures under magnetic field [1,2], which we investigate in comparison with
the frustrated skyrmions predicted by theory [3,4].

Our recent study of a Nii.xMny single crystal by small angle neutron scattering [5] clarifies
their internal structure and shows that these textures are randomly distributed. Using two magnetic
field geometries, we found that transverse spin components rotate over length scales of 3-15 nm,
decreasing as field increases from 0 up to 8 T according to a scaling law.

Monte-Carlo simulations reveal that the internal structure of the vortices is strongly distorted
and differs from that assumed for frustrated skyrmions. The pattern of topological charge density
depends on the bond distribution. The vortices keep an anisotropic shape on a 3 dimensional lattice,
recalling "croutons" in a "ferromagnetic soup". The size and number of these metastable textures
can be tuned by the magnetic field and concentration x (or heat treatment), respectively.

Our results may be extended to other frustrated metallic systems, independently of the crystal
structure. Preliminary data [6] in amorphous a-FeixMny, measured across the quantum critical
point which separates RSG from a true spin glass phase, show that the key parameter which
controls the occurrence of such metastable vortices is the average exchange interaction. This
confirms the validity of the mean field picture to simulate the magnetic phase diagram.

The whole study opens an original route to understand and control the effect of quenched
disorder in systems hosting non trivial spin textures.
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We report on skyrmion physics related experiments performed on the neutron small- and
wide-angle scattering instrument TAIKAN. The instrument is installed on the beam line (BL) 15
of'the J-PARC MLF spallation source looking at the cold moderator [1]. It covers the wide Q range
from 0.005 to 17 A and it is reflected in the epithet "TAIKAN’ meaning ‘Overarching viewpoint’
in Japanese.

The wide-Q coverage of the instrument allows to microscopically determine varieties of
topological spin textures. As an example the microscopic observation of transitions of topological
spin textures between skyrmion- and hedgehog-lattice states in cubic chiral magnets MnSi;xGex
with variation of lattice constant controlled by Si/Ge substitution will be presented [2].

Due to the pulsed nature of the neutron spallation source the TOF experimental data are
taken in the event recording mode, where every detected neutron is archived with its TOF with
respect to its creation at the source and detector position information. Thus by synchronizing outer
stimuli, such as electric current pulses, with the neutron pulses, one can introduce a stroboscopic
observation of SANS patterns with a temporal resolution of tens of milliseconds (ms). Here the
stroboscopic small-angle neutron scattering investigation on the kinetics of the metastable
supercooled magnetic skyrmion lattice (SkL) formation in MnSi upon rapid cooling will be
reported [3].

These experiments have been performed in the framework of the Long Term Proposal
beam time allocation in the J-PARC MLF Users Program.
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Soft X-ray spectroscopy, scattering and imaging studies of skyrmion-hosting
compound CosZnsMn4

1,2 2,3,4 2 2 2 5
V. Ukleev, Y. Yamasaki, D. Morikawa, K. Karube, K. Shibata, Y. Tokunaga, Y.
6 7 8 7 2 2,6
Okamura, K. Amemiya, M. Valvidares, H. Nakao, Y. Taguchi, Y. Tokura, and
5

T. Arimaz’
Laboratory for Neutron Scattering and Imaging (LNS), Paul Scherrer Institute (PSI), Villigen,
5232, Switzerland;
’RIKEN Center for Emergent Matter Science (CEMS), Wako, 351-0198, Japan,

Research and Services Division of Materials Data and Integrated System (MaDIS),
National Institute for Materials Science (NIMS), Tsukuba, 305-0047, Japan;
‘PRESTO, Japan Science and Technology Agency (JST), Kawaguchi, 332-0012, Japan,

’Department of Advanced Materials Science, University of Tokyo, Kashiwa, 277-8561,
Japan;
Department of Applied Physics and Quantum-Phase Electronics Center (QPEC),
University of Tokyo, Tokyo, 113-8656, Japan;
’Condensed Matter Research Center and Photon Factory, Institute of Materials Structure

Science, High Energy Accelerator Research Organization, Tsukuba, 305-0801, Japan,

8CELLS Experiment Division, ALBA Synchrotron Light Source, Barcelona, E-08290,
Spain
Corresponding Author’s Email: victor.ukleev@psi.ch

A room-temperature skyrmion-hosting compound CosZnsMn4 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 L33 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 2.2 102 I Ao = S8 100V 321001
methods  provide a  real-space
resolution of 30 nm and allowed to
record a magnetic texture in the
temperature range between 7 = 20 K
and 7 = 120 K, demonstrating the
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NanoSkyrmionics.

Appearance of the skyrmion lattice in MnGe compound with Fe-doping
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We have grown Mn;—xFexGe compounds with x = 0.0, 0.1, 0.2 and 0.3 using high pressure
synthesis [1]. It is well known that the magnetic system of Mn;.<FexGe B20-type solid solutions
with x < 0.4 orders into helical structure with a wave vector k=~ 2 nm™' at low temperatures [2].
The formation of the skyrmion lattice (SkX) is found to be an inherent feature of all helical magnets
based on Dzyaloshinsky-Moriya interaction (DMI) studied up to now. For the FeGe compound the
SkX was observed under external magnetic field within the specific field range at temperatures
close to Tc [3]. However the presence of the SkX in pure bulk MnGe has not been clearly
established yet.

The evolution of the magnetic system of the Mn;xFexGe compounds with x = 0.0, 0.1, 0.2
and 0.3 under external magnetic field has been studied using small-angle neutron scattering. As
the result the (H-T) phase diagram has been plotted for each compound (Fig.1a-d). The skyrmion
lattice (SkX) was not found for MnGe compound within the range 0 T < H < 10 T and
5 K< T <200 K. However the A-phase has been observed for compounds with x = 0.1, 0.2 and
0.3 from very low temperatures almost up to Tn. As to the field range, the existence of the SkX
increases linearly with x up to 1.5 T for Mng 7Feo3Ge.

We suggest that the appearance of the SkX and the increase of the field range of its presence
is connected to the linear increase of the DMI in Mn;—xFexGe with increase of Fe concentration
[4-6]. The ab-initio calculations predict almost zero value of the DMI for pure MnGe that, to our
opinion, correlates with the absence of
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Polarization analysis of the skyrmion dynamics in MnSi
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The itinerant-electron compound MnSi features a skyrmion order [1] for temperatures in
the range 7'= 28 — 29 K and for magnetic fields B~ 0.16 — 0.21 T. Its non-centrosymmetric P2,3
space group has profound consequences for spin-wave dynamics in all ordered magnetic phases
of MnSi. Namely, it introduces a Dzyaloshinskii-Moriya term which — at reduced momentum
transfers parallel to the skyrmion axis — leads to magnon creation at energies that are different
from the energies for magnon annihilation at the same momentum transfer g. The dynamical
magnetic structure factor S(q, £, B), with ¢ = Q - G and lattice vector G, is thus asymmetric (“non-
reciprocal”) with respect to changing the sign of either the reduced momentum transfer ¢, the
energy transfer £, or the magnetic field B, but is symmetric upon interchanging the signs of any
two of these variables [2]. Such an asymmetric behavior could be observed for the field-polarized
[3, 4], the paramagnetic [5], the conical [6], and the skyrmion [2] phase of MnSi.

In a recent series of experiments at the instrument ThALES [7], we investigated the
separation of the non-reciprocal skyrmion dynamics into different polarization channels. These
channels signify a flip from spin-down to spin-up (“SF-+"), from up to down (“SF+-") or no spin-
flip (“NSF”). Selected experimental results are shown in the bottom panels of the figure.
Theoretically, we succeeded to describe our results utilizing a mean-field linear spin-wave model,
whose predictions are depicted in the top panel of the figure. The probability for creating or
annihilating magnons is given as the line widths of the individual curves. A correction of the theory
for instrumental resolution yields the solid curves in the bottom panels and confirms an excellent
agreement between experiment and theory.

Our new results are intriguing, as they not only confirm the previously determined [2]
asymmetric nature of the skyrmion dynamical structure factor with respect to ¢, £, and B, but
furthermore extend the asymmetry to the flipping direction of the spin. We could furthermore show
a close relationship between dynamics in the skyrmion phase and the other ordered magnetic
phases in MnSi.

Upcoming publication: T. Weber, D. Fobes, J. Waizner, L. Beddrich, P. Steffens, G.
Tucker, R. Bewley, M. Skoulatos, R. Georgii, P. Link, G. Ehlers, A. Bauer, C. Pfleiderer, P. Boni,
M. Janoschek, and M. Garst, in preparation. (The present work will be published as part of that
general investigation into skyrmion dynamics.)
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Figure: The theoretical linear spin-wave model (top panel and lines in bottom panels), which
describes the polarization dependence of the skyrmion dynamics, excellently and quantitatively
agrees with our recent experimental data (bottom panels). Description: see text.
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Magnon spectrum and magnetic susceptibility of skyrmion crystal
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Vortex structures are observed in thin films of magnetic materials under certain conditions.
These structures, called skyrmions, attract much interest both in terms of their basic physics as
well as the possibility of technological applications [1,2]. A classical skyrmion configuration
becomes energetically favorable in presence of Dzyaloshinskii-Moriya interaction and external
magnetic field. The extensive analysis of the magnon spectrum in this case for a single skyrmion
was done in works [3].

We study the low-energy magnon spectrum in the skyrmion crystal (SkX) formed in two-
dimensional ferromagnet with Dzyaloshinskii-Moriya interaction and magnetic field. Equations
on the spectrum of magnons is obtained in semi-classical quantization appeoach. SkX hexagonal
superlattice is approximated by a set of overlapping disks with optimal radius. One way of
calculation is to first determine the spectrum of magnons on one disk. The hybridization of
magnons belonging to different discs provides a description of the lowest bands of magnons in
SkX.

Another way of calculation is to represent the appearing Schroedinger equation for SkX as
quantum mechanical problem for a particle moving in a periodic potential and subject to periodic
gauge field. The uniform component of the latter field corresponds to non-zero density of
topological charge, and makes the problem similar to Landau quantization.

The oscillating part of the field is zero on the average. The uniform part of Hamiltonian is
diagonalized by using Laguerre polynomials, which are further used for the analysis of the periodic
part of Hamiltonian. This method gives the spectrum, and the values of wave-vectors may be found
from the periodicity of wave functions.

The spectrum and the wave functions define the non-uniform dynamic magnetic
susceptibility of the system. The latter quantity is observable in inelastic neutron scattering
experiments which should provide further insights into the physics of such materials.
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Magnetic correlations in the frustrated antiferromagnet FeCls
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Magnetic skyrmions are topological protected spin textures with particle-like properties,
stabilized by the DMI interaction in non-centrosymmetric crystal lattices(1). However, theory
predicts skyrmions to also exist in frustrated magnets even with conventional centrosymmetric
crystal structure (2, 3). FeClz is such a frustrated magnetic system, which crystallizes in a
hexagonal structure(4, 5). The anisotropy of the lattice parameters, with ¢ = 17.4 A, about three
times a =b = 6.04 A leads to a weak two dimensional behaviour. Previous experiments indicated
that below Tn = 8.2 K, the Fe moments are helically modulated along the [1450] direction of the
ab-plane and coupled antiferromagnetically between adjacent planes(4, 5, 6).

We present neutron diffraction and magnetic susceptibility results on powder and single
crystals of FeCls, which reveal a complex magnetic phase diagram. The susceptibility
measurements provide indications for short range order at temperatures as high as 3Tn. The
combination of small angle neutron scattering and neutron powder diffraction shows that the
magnetic Bragg peaks appear below T, and at low temperatures the sub lattice magnetisation, M,
follows a power law M o« (Ty — T)P with f = 0.19 + 0.01 and Ty = 8.3 + 0.1 K. The low value
of critical exponent 8 is consistent with previous results (6) and hints to a weak 2D behaviour.
With SANS we have followed the evolution of the magnetic scattering as a function of magnetic
field and temperature searching for skyrmionic correlations and we will discuss the resulting phase
diagram.
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Session 4. Evolution of the magnetic structure in helimagnets

under high pressure.
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Magnetic ordering above 30 K in noncentrosymmetric YbCoC>
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The compounds RCoC; (R = Tb, Dy, Ho, Er, Tm) possess the noncentrosymmetric
orthorhombic structure of CeNiCs-type (space group Amm?2). According to magnetic
measurements and neutron diffraction experiments they all orders ferromagnetically at
temperatures T, in the range 9-30 K depending on rare earth element [1-3]. The information on the
physical properties and possible magnetic ordering in YbCoC> is missing though this compound
was synthesized at ambient pressure long time ago [4]. We have successively synthesized YbCoC»
by melting of the mixture of constituent elements at high pressure (8 GPa) [5] and studied its
magnetic, thermodynamic and electronic transport properties at normal and high pressure.

Synthesized polycrystalline YbCoC> sample has the orthorhombic structure of CeNiCa-type
and the structural parameters obtained by Reitveld refinement of x-ray powder diffraction
spectrum at 300 K are presented in the table. Measurements of the magnetic susceptibility and heat
capacity revealed the magnetic transition at T, = 26.5 K. Above the transition susceptibility
follows the modified Curie-Weiss law and the effective magnetic moment plefr is equal to 4.42 ug
- the value close to that for Yb*? ion (4.53 ug). From the behavior of the magnetic susceptibility
below T and the field dependence of the magnetization at T = 2 K was concluded that YbCoC:
is antiferromagnet. At T = 2 K the field-induced transition to the ferromagnetic state takes place
in the range of fields 6-8 T with hysteresis 0.2 T. Both antiferromagnetic properties and the high
value of Tm are anomalous compared to the nearest trivalent rare earth compounds ErNiC, and
TmNiC; which are ferromagnets (T. = 14 K for ErNiC; and 9 K for TmNiC; [2]). Heat capacity
measurements indicate on the moderate heavy fermions in YbCoC, (C/T extrapolated from above
Tmto T =0is 190 mJ/mol K?). The magnetic entropy at T is close to RIn2 that indicate the doublet
ground state of Yb-ion. The temperature dependence of the electrical resistivity of YbCoC: is of
metallic type and the resistivity exhibits the fast drop at the magnetic transition temperature Tp.
To explore the effect of pressure on the magnetic transition we have measured the electrical
resistivity of YbCoC: at high hydrostatic pressure up to 5 GPa with Toroid-type pressure cell in a
liquid pressure medium and up to 13 GPa with the Diamond Anvil Cell (DAC) in NaCl pressure
medium. The experiments in both types of pressure cells showed consistent results. The transition
temperature Ty, increases up to Tm = 33 K at 13 GPa. The magnetic ordering temperature above
30 K is the highest for any known Yb-based compound. 45 initio calculations based on the density
functional theory (DFT) with the use of QUANTUM ESPRESSO package have shown that the
ground state of YbCoC; at T=0 is ferromagnetic with the magnetic moment on the Co atom Mc,
= 0.79 us. The results of experiments and calculations allow one to assume the formation of the
complex magnetic structure in YbCoC; resulted from the interaction of localized Yb moments and
itinerant magnetism of d-electrons of Co. This interaction is probably the origin of a high value of
the magnetic ordering temperature in YbCoCo. In other RCoC; the cobalt atoms have no magnetic
moment [1,2].

This work was supported by the Russian Science Foundation (grant 17-12-01050 and 18-
12-00438) and by the Russian Foundation for Basic Research (grant 17-02-00064).
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Space group Amm2 (No. 38),Z2=2
Lattice constants a=3.43908(2) A,
b=4.49479(3) A,
c=5.99866(4) A
Atom Yb Co C
X 0.0 1/2 1/2
y 0.0 0.0 0.1719(19)
z -0.0433(5) 0.5713(4) 0.2876(9)
Rup. 3.70, 1.66
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The compounds RNiC, (R = La-Lu) possess the noncentrosymmetric orthorhombic
structure of CeNiCa-type (space group Amm?2) and exhibit a variety of transitions at decreasing
temperature — charge density waves (CDW) and magnetic. These compounds are the convenient
platform for studies of interplay between CDW and magnetism [1]. Very recently the
unconventional superconductivity was found in CeNiC; near the quantum critical point at high
pressure [2]. Contrary to others RNiC> the physical properties of YbNiC; have never been studied
though it was synthesized many years ago at normal [3] and high pressure [4]. We have
successively synthesized YbNiC, by melting of the mixture of constituent elements at high
pressure (8 GPa) [5] and studied its magnetic, thermodynamic and electronic transport properties
at normal and high pressure.

Synthesized polycrystalline YbNiCs sample has the orthorhombic structure of CeNiCo-type
and the structural parameters obtained by Reitveld refinement of x-ray powder diffraction
spectrum at 300 K are presented in the table. Measurements of the magnetic susceptibility and heat
capacity revealed the magnetic transition at T, = 17 K. Above the transition susceptibility follows
the Curie-Weiss law and the effective magnetic moment et is equal to 4.59 up - the value close
to that for for Yb*® ion (4.53 ug). The behavior of the magnetic susceptibility below T and the
field dependence of the magnetic moment at T = 2 K are consistent with the ferromagnetic
component of the ordered magnetic moment, though the large negative value of the Weiss
temperature (-180 K) indicate on the dominant antiferromagnetic interactions. Both ferromagnetic
properties and relatively high value of T are anomalous compared to the nearest trivalent rare
earth compounds ErNiC> and TmNiC, which are antiferromagnets (Tn = 8.5 K for ErNiC; and 5.5
K for TmNiC, [6]). Heat capacity measurements indicate on the moderate heavy fermions in
YbNiC; (C/T extrapolated from above T to T = 0 is 170 mJ/mol K?). The temperature dependence
of the electrical resistivity of YbNiC; is characteristic of the dense Kondo-lattice compounds. It
exhibits a shallow minimum at about 100 K and a sharp maximum at 18 K followed by a rapid
decrease of resistivity. The magnetically ordered state in YbNiC: starts just below the peak of the
electrical resistivity. In order to explore the effect of pressure on the magnetic transition and
Kondo-state we have measured the electrical resistivity and heat capacity of YbNiC; at high
hydrostatic and quasi-hydrostatic pressures. Resistivity and ac-calorimetry measurements at
hydrostatic pressure up to 5 GPa were performed with Toroid-type pressure cell in a liquid pressure
medium. Diamond Anvil Cell was used for resistivity measurements up to 25 GPa and a pressure
medium around the sample was NaCl in this case. The temperature of the magnetic transition Tm
increases slightly up to 3 GPa but then starts to decrease rapidly at higher pressure. However, the
projected quantum critical point at Pc ~ 10 GPa is not realized in YbNiCos. Instead, T is stabilized
near 10 K at P ~9 GPa and then is nearly pressure independent up to 25 GPa. This unusual behavior
of T may be related with the appearance of resistivity anomaly typical for CDW at T ~200 K at
pressures above 6 GPa which becomes more pronounced at higher pressures. Concurrently the
resistivity peak characteristic of the Kondo-lattice state decreases gradually and disappears.
Apparently, the appearance of CDW and the suppression of the Kondo state results in stabilization
of the magnetically ordered state in YbNiC> at high pressure. Ab initio calculations based on the
density functional theory (DFT) with the use of QUANTUM ESPRESSO package have shown
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that the ground state of YbNiC; at T=0 is the state without the band magnetism related with d-
electrons of nickel. Thus the magnetic order in YbNiC; is completely due to the 4f-electrons of
ytterbium.

This work was supported by the Russian Science Foundation (grants 17-12-01050 and 18-
12-00438) and by the Russian Foundation for Basic Research (grant 17-02-00064).

Space group Amm2 (No. 38),Z2=2
Lattice constants a=3.47648 (7) A,
b =4.49354 (9) A,
¢=5.99719 (10) A

Atom Yb Ni C
X 0.0 12 12
y 0.0 0.0 0.15677
z 0.0 0.60325 0.29472
Rup. ) 471, 1.44
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Crystal structure of rare-earth intermetallic compound YbNi3zAlo has a chirality. YbNizAlo
crystallizes in ErNizAlo-type structure with the space group of R32 [1]. The crystal symmetry
belongs to a Sohncke type, which means that the crystal can be in two enantiomorphic structures.
Using a flux method, we can obtain both enantiopure crystals as a racemic conglomerate, and
racemic twin crystals. Because of the high vapor pressure of ytterbium, the flux method is almost
the only way of synthesizing ytterbium compounds. In the flux method, it is possible to prevent
the evaporation of ytterbium by dissolving it in flux.

In YbNi3Aly, Yb-ions are magnetic, but Ni are not. The Yb-valence is +2.97 which is
slightly smaller than +3 due to Kondo-effect [2,3]. Figure 1(a) shows the unit cell of YbNizAly and
(b) YboAls-layer. The magnetic Yb-ions form a honeycomb-network in YboAls-layer
perpendicular to c-axis. Non-magnetic seven monoatomic layers of Ni or Al-ions separate Yb2Als-
layers along c-axis. The lattice parameters are a=0.7260nm, ¢=2.7307nm [2].

Below the magnetic ordering temperature of 3.4K, YbNizAly is a chiral helical magnet
[2,4,5]. Figure 2 shows magnetic structure of YbNizAlo. The wavelength of the helix is 3.4nm
with the magnetic propagation vector g=(0 0 0.8). The relatively short wavelength is characteristic
of f~electron chiral magnets [6]. The size of the Yb magnetic moment is 1.2ug with an orientation
perpendicular to c-axis. One to one relationship between the crystallographic chirality and
magnetic helicity is proved by resonant circularly-polarized X-ray diffraction measurement [5]. It
is also established that the chiral soliton lattice is formed in the magnetic field applied
perpendicular to the helical axis [5].

Our next goal is to measure the inelastic neutron scattering of YbNizAlo. However, the size
and quality of the obtained crystals were not sufficient. In this study, we aimed to improve the flux
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Figure 1. (a) Unit cell of trigonal YbNizAls. _a.. & - & -“’0 &
Yellow circles correspond to Yb, red circles 205 -20.5

to Ni, and green circles to Ga atoms. (b)
Yb,Al;- layer. Yb-ions form a two-

dimensional honeycomb-network. Figure 2. Helical magnetic structure of

YbNizAl. (a) Clockwise and (b)
counterclockwise helix. The magnetic
moment of Yb is 1.2us.

method to obtain larger and highly enantiopure crystal.
We have used a self-flux method to synthesize YbNizAlg. Starting material was
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stoichiometric mixture of high purity ytterbium, nickel and aluminum. Excess aluminum was
added as the flux. These were put in the alumina crucible and sealed in vacuum in a quartz tube.
We have used the alumina crucible with an inner diameter of 9 mm.

In usual, we put the crucible in a uniform temperature region and cool it slowly, as
schematically shown in Fig. 3(a). In this setting, a lot of crystals of different sizes grew, because
crystal nucleation occurs at various locations within the crucible. To narrow the area where crystal
nucleation occurred, we performed the flux method with a temperature gradient. As shown in Fig.
3(b), the crucible was placed on a temperature gradient and cooled from the bottom.

As a result, we succeeded in growing the crystal to three times or more the size. Figure
4(a) and (b) are examples of the largest crystal obtained by flux method in a uniform and a gradient
temperature, respectively. The mass of the obtained crystals increased from 60mg to 200mg. This
result indicates that the temperature gradient can reduce the number of crystal nucleation.
Currently, we are trying to grow the crystal from the tip of a conical crucible.

This work is supported by Grants-in-Aid for Scientific Research on Innovative Areas "J-
Physics" (Grants No. 18H04315) from MEXT, and KAKENHI (18K03539, 17H02815) from
JSPS.
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Figure 3. The relationship between crucible Figure 4. Typical result of obtained crystal by flux-
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Possible Formation of a Chiral Soliton Lattice in the Pressure-Induced
Magnetic Phase in the Chiral Compound YbNizGay
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Chiral magnets such as CrisNbS; with a chiral soliton lattice (CSL) have received much
interests [1]. An Yb-based compound YbNizAly crystallizing into a chiral structure (trigonal space
group R32) exhibits a chiral helical magnetic order at 7y = 3.4 K [2]. By substituting Cu for Ni by
6% in YbNi3Aly, Tu increases up to 6.4 K [3], and a CSL is realized when magnetic fields up to

B.= 1T are applied perpendicular to the helical axis (BLc) [4]. On the other hand, in the

isostructural compound YbNizGag, a magnetic order is induced by applying the pressure P above
9 GPa [5]. Our specific-heat measurements revealed that 7 and B, for P > 11 GPa increase up to
5 K and 1.3 T, respectively [6], whose values are similar to those for Yb(Nig.94Cuo.06)3Alo with
CSL [3]. Furthermore, a field-induced ordered phase (phase II) appears only for BLc as shown in
Fig. 1 [6].

In order to investigate the feasibility of CSL in the pressure-induced magnetic phases in

YbNi3Gag, we have measured the Hall resistivity py(B) and the magnetoresistance R(B) for B L ¢

under P up to 12.6 GPa. As shown in Fig. 2, the slope of py(B) changes between the phase I and
phase II. The Hall coefficient Ru(B) = py(B)/B displayed in Fig. 3 increases near the phase the
boundary between the phase II and paramagnetic (PM) phase. Furthermore, the field dependence
of R(B) having a maximum near the boundary between phase II and PM phase is similar to that
for Yb(Nio.94Cuo.06)3Alo as shown in Fig. 4 [7]. The close resemblance in R(B) suggests the
formation of CSL in the phase I of YbNizGao.

This work supported by JSPS KAKENHI Grants No. JP18H043240.
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Fig. 1. B-T phase diagram of YbNi;Gay
for BLc at 11.9 GPa determined by
specific-heat measurements [6].
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YbNizAly at ambient pressure [7].
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Pressure Induced New Magnetic Phases in CsCuCls Probed by Neutron
Diffraction Technique
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The ground state of frustrated quantum magnets has been studied as one of important issues
in the condensed matter physics. In case of S = 1/2, the exotic ground states could be induced by
the quantum spin fluctuation. The up-up-down (uud) spin state providing 1/3 magnetization
plateau is well known as a typical exotic ground state dominated by such fluctuation effects.
However, there have been few experimental results of the uud ground state.

CsCuCls crystallizes in right-handed (P6122) and left-handed (P6522) chiral space groups
which allow Dzyaloshinskii-Moriya interaction. The compound has attracted much attention from
two-dimensional triangular antiferromagnetic state and chiral helimagnetic ordering with the
magnetic propagation vector knqe = (1/3, 1/3, 0) [1]. The 1/3 magnetization plateau is induced by
applying high pressure and magnetic field along the

c-axis [2]. Theoretical studies indicate that high - =
pressure induces new magnetic phases as uud and Y 1800 — = = = .
P~0.7GPa
phases [3]. } | 1207
In order to determine the magnetic structures 1600 - o %HI | & 1431 ]
in the new magnetic phases, we performed neutron } Wi }
diffraction experiments on the E4 thermal neutron 1400 By % }
diffractometer at HZB in Germany. When we £ LS
applied pressure of 0.7 GPa and magnetic field along g 1200 +‘ # : ’éﬂ . ]
the c-axis, the magnetic satellite peaks of (1/3, 1/3, ~ 1600 | ﬁfﬁ | g{k_i_
8) were observed at H = 12 T and H = 142 T, AL TRNNEY e
indicating umbrella and 2-1-coplanar struct S Mt v
ng umbrella an coplanar structures, 800 %}m@ e 9
respectively. However, at H = 13 T, where the 1/3 fhiad } | | g
magnetization plateau was observed, the magnetic 600 1 l | T=10K
signals were observed only at (1/3, 1/3, 0). The 02 0! 0 o1 02
magnetic structure of the new phase is interpreted as (13,133,L)
the uud structure. Figure 1: Neutron diffraction profile of the
(1/3, 1/3, ) reflections.
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Theory of Magnetic Phase Diagram in Chiral Magnet CsCuCl;
under High Pressures
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ABX3 type compounds (A=Rb, Cs; B=Mn, Fe, Co, Ni, Cu, V; X=Cl, Br, I) are the ideal field
to investigate the phase transition in low-dimensional systems. In that family, CsCuCls attracts
much attention in terms of two-dimensional triangular antiferromagnets and chirality. The crystal
structure of CsCuCl; in the low temperature (below 423K) is hexagonal with space group P6,22
or P6s522. In this phase, Cu chains form the helices along the ¢ axis, and these chains form the
triangle lattice in ab plane. The main exchange interactions between Cu ions are intra-chain
ferromagnetic interaction Jo ~28K, inter-chain antiferromagnetic interaction J; ~4.9K, and
Dzyaloshinskii-Moriya (DM) interaction with D vector along c axis (D ~5K). Due to these
interactions, below Tx = 10.7K, this compound shows the helical spin structure along ¢ axis [1].

The ground state of CsCuCls in longitudinal magnetic field (the magnetic field is parallel to
c axis) at low temperature of ambient pressure is well understood by using a spin wave theory [2].
Nikuni and Shiba showed that the quantum phase transition from an umbrella phase to 2-1 coplanar
phase occurs when the magnetic field increases. The theoretical prediction was confirmed by
experiments. Recently, the new magnetization plateau was found under the high pressure [3].
Although this plateau is expected to be “up-up-down” (uud) phase showing the 1/3 plateau of
saturation magnetic field, the existence has not been explained by the spin wave theory.

In this talk, we clarify the existence of uud phase by considering the pressure dependence
of model parameters on the basis of the spin wave theory (See Fig.1) [4]. We also find the Y
coplanar phase, which has not been confirmed by the experiments, under the high pressure.
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Session 5. Spin excitations in helimagnets with DM interaction
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The role of the thermal fluctuations in cubic helimagnets: stabilization of new
phases at low temperature

Victor Laliena and Javier Campo

"Material Science Institute of Aragon, CSIC-University of Zaragoza, Zaragoza, E-50009, Spain

The role of thermal fluctuations in the stabilization of the magnetic states that appear in cubic
helimagnets is theoretically analyzed, using a saddle point expansion to obtain the free energy. It
is shown that in the low temperature region thermal fluctuations destabilize the conical state and
stabilize the skyrmion lattice (SKL) near the transition to the forced ferromagnetic state. Also, a
new phase, whose features cannot be determined with our method, appears in this region of the
phase diagram (Figure left) [1]. This new state, and the SKL at low temperature, have been recently
found in CuxOSeOs [2, 3]. It is also shown that at high temperature and low field, near the phase
boundary, thermal fluctuations stabilize the SKL, which becomes the equilibrium state (Figure
right) [4]. Comparisons with recent experimental results [2, 3] and with the computations of
Miihlbauer et al. [5] are given.
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a

Figure: left, theoretical phase diagram of the cubic helimagnet, including the effect of Gaussian fluctuations, in the
low T region; right, same in the high T region (the parameter a controls the variation of temperature)

References

[1] V. Laliena and J. Campo, Phys. Rev. B96, 134420 (2017)

[2] F. Qian et al. Sci. Adv. 2018;4:eaat7323 21 (2018)

[3] A. Chacon et al., https://doi.org/10.1038/s41567-018-0184-y Nature Physics, (2018).
[4] V. Laliena, G. Albalate, and J. Campo, Phys. Rev. B98, 224407 (2018).

[5] S. Miihlbauer et al., Science 323, 915 (2009).

65


https://doi.org/10.1038/s41567-018-0184-y

DMI-2019, Petrozavodsk, 8—12 July

Physical properties of (MnossFeo.15)Si along the critical trajectory
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The phase transition temperature in the helical magnet MnSi decreased with pressure and
reached the zero value at ~15 kbar. However a nature of this transition at zero temperature and
high pressure and an existence of quantum critical point in MnSi are still a subject of controversial
interpretations. In this situation it would be appealing to use a different approach to discover a
quantum criticality in MnSi, for instance, making use doping as a control parameter. In case of Fe
doping a critical concentration consist about 15% (actually different estimates vary from 0.10 to
0.19) [1-3].

We report results of studying the magnetization, specific heat and thermal expansion of a
single crystal with nominal composition (MnossFeo.15)Si. Magnetic susceptibility in the form (1/y
- 1/%0)! and Gruneisen parameter B/Cp in (MngssFeo15)Si show diverging behavior, which is
interrupted at about 5 K by factors linked somehow with spin fluctuations analogues to ones
preceding the phase transition in MnSi. Specific heat divided by temperature Cp/T of
(MnossFeo.15)S1 clearly demonstrate diverging behavior to 2 K. The electrical resistivity of
(Mng s5Feo.15)S1 exhibits non Fermi liquid character.

We found no thermodynamic evidences in favor of a second order phase transition in the
15% Fe substituted MnSi. The trajectory corresponding to the present composition of
(Mno ssFeo.15)Si is a critical one, i.e. approaching quantum critical point at lowering temperature,
which agrees with conclusions made in [2,4]. However, the critical trajectory in fact is a tangent
to the phase transition line and therefore this situation produces some sort of a mixed state instead
of a pure quantum critical one that probably was seen in the experiments [5].

AEP and SMS greatly appreciate financial support of the Russian Science Foundation (grant
17-12-01050).
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Liquid crystalline structures and elasticity in a cubic chiral helimagnet
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Condensed matter provides convenient ways to observe and manipulate a large variety of
complex long-range orders. Currently, a strong focus is put on the study of chiral magnets
belonging to the so-called B20 family, such as MnSi, FeGe, MnGe, etc. These alloys indeed
display a plethora of multiply modulated phases, including the topologically non-trivial skyrmion
(SK) lattice, and a constantly improved understanding of their microscopic properties is required.

Using small-angle neutron scattering on Mni.x(Co,Rh)xGe solid solutions, we have recently
discovered that MnGe undergoes a doping-induced transition from helimagnetism to weak
ferromagnetism through a mixed-state. Within this intermediate phase, topological defects —akin
to SK-anti SK pairs- proliferate, even in zero field [1]. The formal equivalence between the latter
and the "twist-grain boundary” (TGB) phase already evidenced in certain chiral liquid crystals [2]
underscores the deep connections between the two classes of systems.

In turn, this analogy implies that the helimagnetic (HM) ground state should support low
energy phason modes [3], but their observation has remained elusive in B20 compounds. We have
used a cutting-edge quasi-elastic scattering method, the so-called MIEZE spectroscopy [4], to
verify this prediction. Our study of the temperature-dependence of the HM order lifetime in pure
MnGe revealed that it is finite in a large temperature interval below the macroscopic ordering
temperature Tn = 170 K down to Teom = 30 K [5]. This finding suggests that the ground state is
dominated by non-linear excitations, which destabilize the long-range order. They could be
connected to the large topological Hall effect observed in this compound [6].

Altogether, our work shows that there still exists an amazing landscape to be explored in
chiral magnets, beyond the physics of skyrmions. Neutron scattering will keep on playing a key
role in this adventure.
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Three-dimensional neutron polarization analysis of the
small-angle scattering from helimagnets
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The three-dimensional neutron polarization analysis (3D analysis) is based on the fact that
the polarization of the neutrons scattered by a magnetically isotropic sample is described by the
Haldpern-Jonson equation [1]. Previously it was demonstrated that the 3D analysis allows one to
investigate critical scattering where direct measurement of the magnetic scattering is impossible,
to determine the correlation length of the critical fluctuation very close to the Curie temperature
where the inelasticity and multiple scattering spoil the results of the study [2].

To investigate helimagnetics properties in the vicinity of Tc the 3D analysis can be applied
to characterize the inelastic component in the small-angle neutron scattering on helimagnets. The
analysis reveals 100% chilarity of the spin helix in the ordered phase at T<Tc with no possibility
to detect any inelastic component of the scattering. The inelastic scattering is well registered via
the non-zero projection of the polarization along the neutron wave vector as part of the scattering
on the spin helix fluctuations above Tc. These spin helix fluctuations are characterized by the
correlation length & and the life time t. These two quantities are related to the widths of the
scattering peak in the momentum transfer Q and in the energy space o, its shape is being
Lorentzian function in both spaces. It is shown that the ratio of two projections of the neutron
scattering polarization along and perpendicular to the neutron wave vector a = (PI/PL) is
proportional to the inverse life time of the spin helix fluctuation I'=1/t. Moreover « is inversely
proportional to incident neutron energy that gives possibility to tune the range of the
measured inverse life time. The method is applicable for the detection of the neutron energy
transfer in the range from 1 to 100 peV, or, for the life time from 100 ps to 10 ns. Being the
integrative method the 3D analysis is clearly complementing the neutron spin-echo method in the
asymptotic of the large ® range.

This work was supported by Russian Science Foundation (Grant RSF 17-12-01050).

References
[1] O. Halpern and M. H. Jonson, Phys. Rev., 55, 898 (1939).
[2] A.L. Okorokov, V.V. Runov, Physica B, 297,239 (2001).

68



DMI-2019, Petrozavodsk, 8—12 July

Magnetic Fluctuation around First-Order Transition in Trillium Lattice of
EuPtSi Observed by ''Eu Mossbauer Spectroscopy
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A new type of topological magnetic texture so called the magnetic skyrmion was discovered
in the A-phase under the magnetic fields just below the Néel temperature 7Tn of the B20-type
helimagnets such as MnSi and FeGe having the trillium lattice. The trillium lattice is also realized
in EuPtSi intermetallic compounds of LalrSi type structure. Recently, the first-order like
antiferromagnetic ordering of EuPtSi at 7n=4.0 K, which is small in magnitude compared with
ordering temperatures of 10—100 K in the usual divalent Eu compounds, reflecting the frustration
of spins in the chiral structure "2, Very recently, the magnetic structure of EuPtSi has been
investigated by neutron diffraction measurement */.

We report the results of I51Ey Méssbauer spectroscopy on EuPtSi with a chiral structure
belonging to the P213 (#198) space group at zero magnetic fields. The paramagnetic single
absorption forms a magnetic splitting profile directly below 7N=4.0 K and the spectrum at 3.9 K
consists of the sum of the paramagnetic single absorption and the magnetic splitting absorption,
which indicates a first-order transition at 7N=4.0 K. The temperature dependence of the effective
hyperfine fields Hhf at the Eu nucleus follows a power law of Hhf = HO(1-7 /TN)[3 with H() =
25.6+0.4 T and B = 0.16+0.01 indicates a full moment of Eu?" ions. The relative integral intensity
I of the 13 1Eu Massbauer spectroscopy for EuPtSi is enhanced using a Debye calculation below
Tp=15 K, which indicates the development of magnetic correlations. The line width I' of the
15Ty Mossbauer spectra increases below TFD (=8 K) close to the Weiss temperature 6p and
shows a sharp peak at 7N. The magnetic behavior of EuPtSi can be divided into three magnetic
regions: the paramagnetic (PM) phase, the fluctuation-disordered (FD) phase and the
antiferromagnetic phase with fluctuation disordering (AF with FD). The magnetic fluctuation is
realized around the first-order transition between the paramagnetic and helimagnetic states in
EuPtSi.
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Polarized Neutrons studies of weak magnetization densities
A.Gukasov
Leon Brillouin Laboratory, CEA-CNRS, 91191, Gif sur Yvette, France
Strong sensitivity of polarized neutrons to weak magnetic signals, allows very precise
determination of magnetization distribution maps. In the talk the results of recent polarized neutron

diffraction experiments on ruthenate and irridate compounds will be presented, giving access to
the weak (Dzyaloshinsky-Mori) magnetization density spatial distribution.
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Niz2InSbOs crystallizes in a corundum-related trigonal structure with a chiral polar space
group R3 (Fig. 1). This compound undergoes a transition to a long-period helimagnet with the
propagation vector ¢ L ¢ below Tx = 77 K [1]. The helicoid is approximately of proper-screw
type driven by Dzyaloshinskii-Moriya interaction. We have studied the magnetoelectric effect and
found metamagnetic transitions so far [2]. However, the spin configurations in high-field phases
were unknown in detail.

In this study, we explore high-field magnetic phases N2 2
. A . . . . 177 e
by measuring optical absorption spectra in Ni2InSbOs in O~y
high magnetic fields to obtain the detailed information on i |
the direction of Ni** magnetic moments. For Voigt ZSb _"-Q .
configuration (k || ¢, B || a"), the absorption spectra do not e — 4u€

show any clear difference between light polarizations E® || 8

Band E® 1 B, suggesting that the light polarization should |

not affect the selective rule of the d-d excitation in a Ni-O
octahedral cluster. By applying a magnetic field, the L =

absorption intensities at £ = 1.56 eV and 1.76 eV show  Fjg 1 Crystal structure of Ni;InSbOs.
field dependence well-corresponding to the magnetization

which implies the modulation of the soliton state (Fig. 2(a)). For Faraday configuration (k || B ||
¢), the absorption intensities at £ = 1.56 eV and 1.75 eV show a hysteresis loop like the
magnetization curve as described in Fig. 2(b). These behaviors are attributable to the field-induced
change in the direction of Ni*" magnetic moments.
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Fig. 2 Magnetic-field dependence of the absorption intensity for (a) k|| ¢, B|| a" and (b) k || B || ¢
configurations. Red and blue dots show the absorption at 1.56 eV and 1.75 (1.76) eV, respectively.
Green lines show magnetization curves.
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The spin wave stiffness was measured by small-angle neutron scattering method in the
Dzyaloshinskii-Moriya helimagnets Fe1.xCoxSi with x = 0.25; 0.30; 0.50. It has been shown that
the spin wave dispersion in the fully polarized state is anisotropic due to Dzyaloshinskii-Moriya
interaction. It is reflected in the neutron scattering pattern as two circles for neutrons obtaining and
losing the magnon energy, respectively. The centers of the circles are shifted by the momentum
transfer oriented along the applied magnetic field H and equal to the wave vector of the spiral +
ks. The radius of the circles is directly related to the stiffness of spin waves and depends on the
magnetic field. We have found that the spin-wave stiffness A changes weakly with temperature
for each individual compound. On the other hand, the spin-wave stiffness 4 increases linearly with
x in contrast to the x dependences of the critical temperature 7c and the low-temperature ordered
spin S.

It has been demonstrated that in the B20 compounds, the magnetism correlates closely with
the structure, and the DM interaction in Fe;xCoxSi and Fei.xCoxGe can be effectively controlled
by the Co composition. It is instructive to compare the magnetic properties of the FeixCoxSi [1,2]
compounds with those of Fei.xCoxGe compounds [3]. In the Co-rich compounds the magnetic
properties duplicate each other: the CoGe and CoSi are both nonmagnetic isolators, the ordered
magnetism emerges with 80% of the Co content, the sign of the DM interaction changes at x = 0.6
in Fe1.xCoxGe [3] and at x =0.65 in Fe1.xCoxSi [2], the critical temperature decreases monotonously
with increase of x from 0.4 to 0.8.

On contrary, the Fe-rich compounds are different: FeGe is helimagnetic metal with very high
Tc =278 K, while FeSi is nonmagnetic semiconductor. The Co doping results in the decrease of
the critical temperature and the average spin S for the Fe1.xCoxGe compounds, while 5-10% of Co
doping results in appearance of the helimagnetic structure in the FeixCoxSi compounds.
Nevertheless the magnetic structure of the Fe-rich part of the Fei«CoxSi phase diagram are rather
well understood being described by the Bak-Jensen model, but the Co-rich part remains a puzzle.
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Tilted conical and multiple skyrmionic phases in Cu20SeO3

C.Pappas,
Delft University of Technology, Delft, The Netherlands

Skyrmion-hosting materials, and in particular the archetype cubic chiral magnets, show the
same generic behaviour, which was so far assumed to be universal. Recent experiments on the
msulator Cu,0SeOs, however, show remarkable deviations from this universal behavior, with far-
reaching implications. A new phase occurs when it is the least expected, at low temperatures and
high magnetic fields, but only when the field is applied along the [001] easy crystallographic axis
[1]. Furthermore, extremely robust skyrmionic states, can be produced in large areas of the
magnetic phase diagram [2, 3]. Nascent and disappearing spiral states near critical lines catalyze
topological charge changing processes, leading to the formation and destruction of skyrmionic
states at low temperatures, which are thermodynamically stable or metastable depending on the
orientation and strength of the magnetic field. The metastable low temperature skyrmions are
surprisingly resilient to high magnetic fields and their memory persists in the field polarized state,
even when the skyrmion lattice signal has disappeared [3]. These results hint to novel routes for
skyrmion nucleation [4] and highlight the paramount role of magnetic anisotropies in stabilizing
exotic chiral magnetic states.
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The Morin Transition and Dzyaloshinskii-Morya Effect
in Hematite Nanoparticles
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An alternative treatment of the well-known effect of a decrease in the Morin transition
temperature in hematite with a decrease in the size of crystallites to the complete disappearance of
the transition for nanoparticles smaller than 20 nm is proposed [1]. In contrast to the standard
speculative explanation of this effect in terms of the effect of surface and defectiveness of grains,
we suggest that the decisive factor is an increase in the contribution of the shape anisotropy of
particles with a decrease in their size, which is responsible for the spread of orientations of the
axes of the resulting magnetic anisotropy with respect to the crystallographic axes. Three types of
the magnetic structure of hematite nanoparticles with various sizes are found by Mdssbauer
spectroscopy: coexistence of the well pronounced antiferromagnetic and weakly ferromagnetic
phases for particles with average diameters of about 55 nm, non-uniform distribution of the
magnetization axes which concentrate on the vicinity of the basal plane (111) for prolonged
particles with cross sections of about 20 nm, and uniform distribution of the easy axes in regard to
the crystalline directions for 3-nm particles [2]. Our reasons are confirmed by a numerical analysis
of Mossbauer spectra of hematite nanoparticles within the continuous model of magnetic dynamics
of an ensemble of antiferromagnetic nanoparticles in the two-sublattice approximation [3]
generalized to the existence of weak ferromagnetism (Dzyaloshinskii-Morya interaction).
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and calculations and by the Ministry of Science and Higher Education within the State assignment
Valiev Institute of Physics and Technology of RAS in part of the sample preparation and
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Non-collinear magnetic phases in the spinel MnCr;QOy4
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The cubic spinels AB2O4, where the tetrahedral A-sites are occupied by magnetic A*" ions
and the octahedral B-sites are occupied by Cr** ions, are model systems to study magnetic
geometrical frustration (MGF) [1,2]. These compounds could exhibit both ferromagnetic and
ferroelectric polarizations, induced by conical spin structures [3].

In particular, in the MnCr204, the MGF still survives if the Cr-Mn exchange interaction is
smaller than the Cr-Cr one [4]. Neutron diffraction studies reported that below Tr = 41 K the
system presents ferrimagnetic order with an easy axis parallel to the [110] direction [5, 6]. When
the temperature decreases below Tu= 18 K, this magnetic phase coexists with short-range spiral
order.

We reinvestigate the nuclear and magnetic structure of the MnCr,Os for different
temperatures by means of magnetization, specific heat and neutron powder diffraction techniques
for three samples with different preparation methods.

Through these experiments we determined the temperatures: Ts1=20 K corresponding to the
transition from ferrimagnetic to a spiral order phase with propagation vector Qsi1=(0.62, 0.62,
0.00); and Ts2 = 18 K, corresponding to the transition to a helical phase characterized by a
propagation vector Qs2 = (0.60, 0.66, 0.20).

The results suggest that a new non-collinear magnetic phase, not previously reported, is
developed under 18 K.
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On the 4f-3d coupling in orthomanganites DyxHoMnQOs.
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The perovskite-like manganites RMnOs3 (R = Dy, Ho) belong to magnetic multiferroics (or
multiferroics type-II). The magnetic origin of ferroelectric polarization in the compounds
DyMnO3, HoMnO:s is described by different microscopic mechanisms: by Dzyaloshinskii-Moriya
interaction and the exchange striction respectively [1, 2]. Ferroelectric polarization in DyMnO3
rises with the increase of dysprosium moment ordered in cycloidal structure (polarized by
manganese subsystem) and falls down when Dy subsystem orders in its independent
commensurate structure [3].

The studies of DyMnQO3 (DMO) and Dy sHoo.MnO3 (DHMO) single crystals were carried
out by neutron scattering, including the diffraction of polarized neutrons and spherical neutron
polarimetry technique.

Temperature of the magnetic ordering for both compounds was observed about the same:
In =39 K and 38 K for DMO and DHMO respectively. And the magnetic structure both of them
is described by the same type of propagation vector k = (0 ky 0). Magnetic order of DMO has
transverse spin wave structure down to ~ 19 K, and then transition to cycloidal type takes place
[4], which is considered to be due to the influence of polarized rare earth subsystem. Our results
witness that considerable induced ordered moment of Dy subsystem occurs already at temperatures
higher than 30 K. The magnetic structure of DMO at 4 K represents a spin cycloid with kv = (0
ky 0) and configuration of magnetic moments of manganese subsystem has type AyA; and for
dysprosium subsystem - GxAy. Along with the incommensurate structure, below Tnr = 7 K
subsystem Dy’ is ordered into the collinear magnetic structure of type GxAy with the propagation
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Fig. 1. Temperature dependencies of magnetic satellites (0 0 1)+ for DyMnOs (left panel)
and Dyo.sHoo2MnOs (right panel) measured in cooling and heating modes: a), d) — satellites
intensities; b), €) — propagation vectors; c), f) — peak widths.

vector kpy = (0 0.5 0). The magnetic structure of the substituted compound inherits the type of
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magnetic configuration from parent compound DMO. We reveal that manganese subsystem of
DHMO at 4 K is ordered in the cycloidal structure with configuration of type AyA,, and the
magnetic structure of the rare-earth subsystem also represent a spin cycloid of GxAy type. The
results of the magnetic structure refinement are in good agreement with the measurements of the
magnetization.

Temperature evolution of the magnetic structures parameters of both investigated
compounds demonstrate a significant dependence on the measurement mode — whether
measurements were made during heating or cooling the crystal (Fig.1). The origin of this effect
certainly connected with the strong interaction of two magnetic subsystems, 3d manganese and 4f
rare-earth ones. However, the type of such hysteresis is different for DMO and DHMO, which
indicates that in the dysprosium compound rare-earth magnetic subsystem has a stronger influence
on the manganese than in the substituted one. Indeed, in DMO below 7 K, there is abrupt decrease
of the incommensurate satellite intensity and sharp change of the incommensurate propagation
vector. This is connected with ordering of rare-earth magnetic system into an independent
antiferromagnetic structure. In a contrast, there is rather smooth behavior of such parameters at
DHMO. And also one can see no evidences about independent ordering of rare earth subsystem.
Replacement dysprosium with holmium leads to suppression of the ordering of the rare-earth
subsystem with its own wave vector.

The refinement of the magnetic structures of DMO, which are realized at different modes
— heating/cooling — has been carried out at 7= 12 K. It reveals that for both cases the magnetic
structure and moment values are the same. Thus the considerable difference in the satellite
intensities in temperature region 7 K— 19 K for DMO (Fig.1a) originates from unusually very slow
relaxation of the magnetic structure, that occurs due to the peculiarities of exchange interactions
in Dy-sublattice.

The chiral scattering at DHMO demonstrate weak dependence from external electric field
(Fig.2). In the critical region, near the transition from the spin wave to the cycloid, one can see the
similarity to the classical hysteresis loops.
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Fig. 2. Field dependence asymmetry (difference between “left” and “right” chiral domains at
Dyo.sH002MnOs for different temperatures.
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Surface magnetic layer and magnetic field
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In the magnetic layers the Dzyaloshinskii-Moriya interaction (DMI) is a result of the mirror
symmetry breaking. It leads to a cycloid for both types of the exchange interaction. General
expressions for the cycloid energy in magnetic field are derived. In zero field the cycloid
orientation is determined by the DM induced anisotropy. There are the uniaxial, square and
hexagonal anisotropy in the layers with corresponding symmetry. So we have one, two or three
chiral domains. The in-plane magnetic field rotates them. For some field directions the spin flops
are predicted. In the out-of-of-plane field there is a conical cycloid which magnetization tends to
be along the field and the cycloid wave-vector decreases. In the perpendicular field there is the
spin flop to the collinear state. Developed method allows studying the magnetic field behavior and
spinning flops in other DM magnets such as multiferroics.
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Effect of focused ion beam irradiation on the interface DMI and magnetic
anisotropy thin films
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In this paper, we report the effects of focused Ga" ion beam (FIB) fluence on the magnetic
properties and domain structure in ultrathin Ru/Co/W/Ru films with strong iDMI and PMA. The
polycrystalline Ru(10)/Co(1)/W(0.25)/Ru(2) films (all thicknesses are denoted in nm) were
prepared by UHV magnetrons sputtering. The as-grown films have PMA and dendritic domain
structure [1]. The effective iDMI value for the non-irradiated film was measured by Brillouin Light
Scattering (BLS) Spectroscopy: Desr = -3.1 erg/lcm? [2]. Energy of the effective magnetic
anisotropy (Kef) was estimated from the initial magnetization curves: Ker=0.75x10° erg/cm?.

The films were irradiated by FIB with the constant Ga™ ion energy Eriz=30 keV. Doses were
varied from 4.0x10'? up to 6.5x10" ions/cm?. Both iDMI and Kegr sharp decrease with the
increasing dose (fig. la). The simulations at TRIDYN software [3] show that low dose of
irradiation intermixed the interfaces in films. This confirm that PMA and DMI has the interface
quality depending nature. The observation of the magnetic structure by a polar magneto-optical
Kerr microscope showed the formation of structures like a skyrmion-bubbles. The experimental
findings are explained with help of micromagnetic simulations.

The presented spatially resolved modification of ultrathin films can be potentially used for
creations of artificial neuromorphic devises and skyrmion-based logics exploiting the locally
gradient-tuned PMA and/or DMI. Moreover, the FIB modification can be used for formation of
narrow magnetic nanotracks with desired properties for skyrmion propagation and operation.

This work was supported by the Russian Foundation for Basic Research (grant 19-02-00530)
and by the Russian Ministry of Education and Science under the state task (3.5178.2017 and
3.4956.2017).
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Fig. 1. The dependence of DMI and PMA energies vs. ions fluence (a); the simulated profiles for
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Magnetic refrigeration by tuning of exchange spring, helix, fan in Ho/W films
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Modern magnetic refrigeration technologies require large isothermal magnetic entropy
change during magnetic phase transitions. Most of known technologies explore variation of
magnetic field in the vicinity of the Curie point. Nevertheless, non collinear magnetic materials
possess multiply spin transitions convenient for large variation of entropy S caused by magnetic
field sweeping. The Ho thin films possess multiple magnetic phase transitions observed when
tuning temperature and applied magnetic field. Exchange spring, fan, helix and other spin states
are present in Ho film. The MgO/W/Ho(400nm)/W films of 400 nm thickness were used in our
experiments. Geometry of Ho/W sandwich was aimed to finding and analysis of anisotropic
magnetocaloric effect. Extension of the Ho film under interface internal stresses provides
anisotropy of the magnetic refrigeration. Series of the field dependences around the Curie
temperature 130 K for “in-plane” and “out-of-plane” field orientations were recorded and
analyzed. Transition from spin helix to paramagnetic state takes place near 130 K. Easy
magnetization axis lies in plane of the film. Calculation of the magnetic part of entropy results in
maximal value AS =-16 J/kg K for “out-of-plane” magnetic field direction, while in the “in plane”
orientation AS =-35 J/kg K at 5 T. Maximum of the entropy on temperature dependence S(T) was
broader in the “in-plane” orientation. The anisotropy of magnetocaloric effect can be explained by
mixing of the energy levels of the Ho®" ions controlled by internal stresses and depending on
orientation. Few additional entropy peaks were distinguished in the S(T) dependence. Most
probably these peaks are provided by transitions between low temperature intermediate spin states,
which are spin-slip at 95-110 K, helifan to helix continuous transition at 40-120 K and transition
of the spin-slip phase to the “40 degree” spin spring phase at 78 K. The Ho/W films were
investigated in paramagnetic state at 300 K by electron spin resonance technique. There are three
octets of the resonant lines. Lines within each octet are split by hyperfine interaction, while
difference between central fields of octets corresponds to fine interaction depending on local
crystal field. Non equivalency of the spins in paramagnetic state indicates mechanical stresses
sorting local amorphous—crystalline areas in the film.
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Nanofabrication of Bloch and Néel skyrmions in Co/Pt multilayers
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Absence of the inversion symmetry in ferromagnetic materials may lead to the
antisymmetric exchange interaction — Dzyaloshinskii-Moriya interaction (DMI) [1,2]. It can exist
both in bulk materials [3,4] and thin films [5,6] (so-called iDMI). The significant fact is that the
DMI makes more favorable homochiral inhomogeneous magnetization distributions: helices &
Bloch skyrmions for bulk materials and cycloids & Néel skyrmions in thin films. The most
qualitative and quantitative method to investigate inhomogeneous states in thin films is the Lorentz
transmission electron microscopy[7]. The existence of iDMI has been shown in a wide range of
ferromagnetic (Co, Fe, Ni) multilayers with different interlayer materials: metals (Pt, Ta, Pd, Cu,
Au) or oxides (AlOx, MgOx) [8-12].

Figure 1. Cross-sectional TEM micrograph of Co/Pt multilayer (a); Scheme of He* ions irradiation (b); Dipole
Fresnel contrast in TEM of artificial Néel-type skyrmion lattice, the specimen tilted along vertical axis on the 30
degrees (c); Focusing/defocusing Fresnel contrast of artificial Bloch-type skyrmion lattice (d); Fresnel contrast for
Bloch skyrmion and tilted Néel skyrmion (e) (from Ref. [11]).

The most part of such heterogeneous multilayers have the strong enough iDMI to stabilize
a Néel domain walls and corresponding skyrmions at room temperatures [8-11]. Nanofabrication
by focused ion irradiation is a way to pin skyrmions in multilayers at the desired place in the
material. In Ref.[13] the modification by focused Ga* beam was done. The interaction of Ga* ions
with multilayer is very strong and the Co/Pt were totally intermixed. Thus there was no iDMI and
only the Bloch skyrmions were observed. Still there is no method of nanofabrication to observe in
the same film both type of skyrmions. The He" ions interacts with matter much weaker [14]. That
makes possible very precise nanomodification of multiayers. We expect that the proper fluencies
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and exposition areas of focused He" beams will allow us to control the type of skyrmions in Co/Pt
multilayers.

We prepare the following multilayered structure (ML) on the 30 nm thick amorphous SiNy
membrane: Ta 10 nm layer, Pt 10 nm layer, periodical structure [Co 0.5 nm/Pt 1.0 nm]x5 and Pt
2 nm cap. The growth of layers was done by magnetron sputtering. Typical cross-sectional TEM
bright field micrograph is shown on Fig.1a. Such Co/Pt multilayer seems to have symmetrical Co-
on-Pt and Pt-on-Co interfaces and is not expected to have the iDMI. Our observations contradicts
and shows the existence of the Néel and 360° Néel domain walls [9]. That is the sing of presence
of rather strong iDMI. The origin of it is that fact that the Co-on-Pt interface growth is not equal
to the growth of Pt-on-Co interface. The ML is locally irradiated by focused 30 keV He" beams
by Carl Zeiss ORION NanoFab with fluencies 0.8—10.0x10'° ions/cm?. The scheme of the
exposition is shown on Fig.1b. The central part of the ring with radius R; is exposed with fluence
D, the outer part with radius R> is exposed with fluency D,. The rings are formed in a square
50x50 pum lattice with period d. The fluency D; is always smaller than the D,. Our aim is to
investigate how the fluencies and radii of exposed areas connected with types of inhomogeneous
magnetization textures. We use the Lorentz mode of FEI Titan TEM to investigate magnetization
distribution. We observe two types of the Fresnel contrast: the dipole contrast in case of the Néel-
type skyrmions (Fig. 1¢) and bright/dark dotted contrast in case of the Bloch-type skyrmions (Fig.
1d). The typical contrasts for Bloch and Néel skyrmions are shown on Fig. le (from Ref.[11]).

Our fluencies of He" in the ring areas destroys the iDMI locally. The magnetostatic energy
makes more preferable Bloch-type skyrmions in rings. The observed distribution is determined by
the competition of the magnetostatic energy and the iDMI energy. When the radiate radius R, of
the ring is about 200 nm the Bloch skyrmion is more preferable. When the radius R is less than
100 nm, the Néel skyrmion is observed. The observed results are in a good agreement with
micromagnetic modeling. We developed a new precise method for nanofabrication and controlling
the type of skyrmions in the Co/Pt periodical multilayers.

This work was supported by RFBR grants 18-32-20036 (Lorentz TEM and micromagnetic
modelling) 18-02-00827 (sample preparation structural characterization). The work was done
using equipment of Center “Physics and technology of micro- and nanostructures” at IPM RAS
and the Interdisciplinary Resource Center for Nanotechnology of St. Petersburg State University.
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K. Chichayl, J. Barker? and O. A. Tretiakov®

I Immanuel Kant Baltic Federal University, 236004, Kaliningrad, Russia
2 School of Physics and Astronomy, University of Leeds, Leeds, United Kingdom
3 School of Physics, The University of New South Wales, Sydney 2052, Australia
Corresponding Author’s Email: ks.chichay@gmail.com

Magnetic Skyrmions are one of the fascinating and promising objects because of their small
size and stability to perturbations such as electric currents and magnetic fields [1-4]. The major
mechanism to stabilize small Skyrmions in ferromagnet/heavy metal bilayers is the presence of
Dzyaloshinskii-Moriya interaction (DMI). In thin films, the DMI arises at the interface of
ferromagnetic material and heavy metal due to the presence of spin-orbit interaction and broken
inversion symmetry [4, 5].

In this work we investigate the stability and internal structure of an isolated Skyrmion in
bilayer (ferromagnet/heavy metal) and trilayer (heavy metal 1/ferromagnet/heavy metal 2)
nanodisks. We study the static properties of the Skyrmions and obtain the phase diagrams of the
Skyrmion existence depending on the thickness of the ferromagnetic layer and the DMI strength.
We demonstrate the importance of fully taking into account the dipolar interaction even for a few
atomic layers thin nanodisk and that together with DMI it has the stabilizing effect and defines the
Skyrmion configuration. For the trilayer structures with two heavy-metal interfaces
(corresponding to two interfacial DMIs), we show that the type and configuration of the Skyrmion
can be controlled by the thickness of ferromagnetic, and interplay of two interfacial DMIs can lead
to formation of magnetic structures with higher winding number.
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Dzyaloshinskii-Moriya interaction as an agent to free the bound entangled
states

K. Sharma
Laboratory of Information Technology, JINR, Dubna, Russia.

In this work, we investigate the efficacy of Dzyaloshinskii-Moriya (DM) interaction to
convert the bound entangled states into free entangled states. We consider the tripartite hybrid
system as a pair of non interacting two qutrits initially prepared in bound entangled states and one
auxiliary qubit. Here, we consider two types of bound entangled states investigated by Horodecki.
The auxiliary qubit interacts with any one of the qutrit of the pair through DM interaction. We
show that by tuning the probability amplitude of auxiliary qubit and DM interaction strength, one
can free the bound entangled states, which can be further distilled. This method can be useful in
quantum information and computation.
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Quadrupole and magnetic hyperfine interaction arising on nuclei of '3'Ta and '''Cd
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The coexistence of weak ferromagnetism (7m = 140 K) and superconductivity (7c = 4.3 K)
has recently been observed in the cubic B20-type high-pressure phase of RhGe with lattice
parameter a = 4.860 A [1]. Time differential perturbed angular correlation (TDPAC) method with
11Cd and '®'Ta probes inserted in the RhGe lattice was used to study the electric field gradient
(EFG) and hyperfine magnetic fields (MHF) of the compound in temperature region 4-300 K. In
the paramagnetic region, the EFG measured on the '''Cd probe nuclei is equal to 6.7x10'” V/cm?
with asymmetry parameter # = 0 and EFG on Ge lattice site obtained from ab initio DFT
computations is -7.4x10'” V/ecm? [2]. This points out that the '''Cd nuclei localized in Ge lattice
sites. At 7=90 K about 80 % of RhGe volume stay paramagnetic while 20 % of nuclei feel single
MHF Bne=0.55T.

The EFGs measured on the ¥1Ta probe nuclei in RhGe at room temperature are equal to
Ver1 =2.0x10"7 V/em? with 57, = 1.0(2) and Vzzo= 1.5 %107 V/em? with 72 = 0.66(8). For both probes
nuclei the EFGs are weakly depend on the temperature. '®'Ta-TDPAC measurements performed
at 4 K showed that the full volume is magnetic and the MHFs at '8!Ta are Bun = 0.8 T and Bup =
3.2 T. We also observed the change of asymmetry parameters in magnetic state: #; =0.5(1) and 7>
=0.7(1).

In the '®!Ta-TDPAC experiments the Ta concentration was about 2% this may lead to the
distortion of the crystal lattice. We modelled this situation by using 2x2x2 supercell containing 64
atoms. For the case of Rh3oTaxGes> compound (when two Rh atoms replaced by Ta) the initial B20
structure is distorted and becomes triclinic with all Rh and Ge sites in nonequivalent positions.
Actually, instead of two V(Rh) and V,,(Ge) values obtained previously for pure RhGe, we found
the whole spectrum of V7, values with two distinct distributions for Rh and Ge atoms with average
EFGs V,(Rh) = 2.7x10'7 V/em? and V,,(Ge) = 8.7x10'7 V/ecm? . The calculation performed for
four different pairs of Ta atoms showed that V., and # values are close for all pairs and equal to
VaTar) = 2.5%10" V/em? with 5 = 0.75 and V,(Taz) = 5.0x10'7 V/em? with 5 = 0.4.

This work was supported by Russian Science Foundation (Grants RSF 17-12-01050, RSF
18-12-00438), Polish representative in the JINR and Russian Foundation for Basic Research
(Grant 17-02-00064).
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diffraction.
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The temperature evolution of the magnetic structure of the RhixFexGe compounds was
studied by the small-angle neutron scattering (SANS) method. These compounds, synthesized at
high pressure, crystallize into a non-centrosymmetric B20 cubic structure [1], which results in the
appearance of the antisymmetric Dzyaloshinsky-Moriya interaction (DMI) and the formation of a
magnetic spiral [2, 3]. However the RhGe compound exhibits a superconducting state below Tc =
4.5 K and weak ferromagnetism below Tm = 140 K [4] and does not possess any traces of the
helical structure. It turned out that the replacement of Rh atoms by Fe in Rhi.«\FexGe compounds
leads to helical magnetic ordering. The temperature of the transition from paramagnetic to helical
state Tc increases with x from zero for RhGe to 278 K for FeGe [5]. At the same time, in the Rh;.
«FexGe compounds with iron concentrations 0 <x < 0.3, the helicoidal magnetic structure is
observed only at temperatures below 30 K. For compounds with x = 0.4 and 0.5 the scattering
from the helical magnetic state was not registered with SANS. That indicates that the value of &
is less 0.01 nm™! for compounds with x = 0.4 and 0.5 and the transition of the magnetic system into
the ferromagnetic state appears. The value of the wave vector at concentrations of 0.6 <x < 1.0,
increases with x up to ks = 0.09 + 0.005 nm™! at x = 1.0 [5]. Since the helical wave vector k; is
small and is almost constant with temperature for concentrations of 0.6 < x < 1.0, it can be
considered that the helical structure of these compounds is satisfactorily described by the model
developed for FeGe [3]. Similar conversion of the wave vector to zero for intermediate
concentrations was found in the study the magnetic structure of the compounds Fe;xMnxGe and
Fe1xCoxGe [5, 6]. This phenomenon was interpreted as a reversal of magnetic chirality with a
change in concentration x and later confirmed by the theoretical calculations [7]. The question of
the nature of the helicoidal magnetic structure in compounds with a large content of Rh (0.0 <x <
0.3) requires additional theoretical and experimental studies.
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It is known that strong spin-orbit interactions which arises in solids that lack a center of
inversion symmetry can lead to the formation of Weyl fermions open in the topological insulators
[1] or to topological skyrmions observed in metal chiral magnets B20 [2-3].

Despite the well-known fact that the RuGe is a diamagnetic [2] small-band gap semiconductor
and CoGe is a Pauli paramagnet semimetal [3] recently the weak magnetism was found in the
system RuixCoxGe with x <= 0.046 [4]. These compounds have cubic B20 crystal structure (space

group P2;3).

Rug 75C0g 25G

Intensity (a. u.)

(| I [ I |
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Fig. 1. The x-ray powder diffraction pattern of Rug75C0025Ge (x = 0.25). The splitting of the peaks
near 74 degrees is shown. The ticks at the bottom: blue from cubic B20 structure and pink from trigonal

R3 structure.

By the high pressure and temperature synthesis [5] we got RuixCoxGe samples with higher x
(Co concentration). At low Co concentration x = 0.025; 0.05 and 0.1 the visual and Rietveld
analyses of x-ray powder diffraction patterns showed that the Ru;xCoxGe samples are single phase
with B20 crystal structure. At higher Co concentration x = 0.15; 0.25; 0.5 and 0.75 the new
satellites appeared in x-ray powder diffraction patterns (see Fig. 1). These peaks could not be fitted
with two B20 phases. The best fits of these patterns was achieved with two crystallographic phases:
cubic B20 and trigonal R3 (No. 146, Z = 3). At x = 0.25 the lattice parameters of R3 phase are a =

95



DMI-2019, Petrozavodsk, 8—12 July

6.80421(9) A, ¢ = 8.2871(2) A and its volume is approximately 75 % (the B20 cubic structure
have the volume of 25 %). The Ru atoms are in 95 Wyckoff positions, Co atoms are in 3a, and Ge
atoms are in 96 and 3a positions.

Magnetic properties were measured with VSM inserted in the PPMS. The measurements of
the electrical resistivity and the magnetic susceptibilities at high pressure were performed on bulk
polycrystalline samples.

To identify the magnetic structure of each compound, SANS measurements were carried out
using the SANS-1 instrument at the FRM II reactor in Garching (Germany).

The measurements of electrical resistivity show that with the increasing of Co concentration
the temperature dependence of resistivity change behavior from semiconductor to weak
semiconductor and to metallic for x = 0.25. The value of the band gap E,; decreases from 0.16 eV
for pure RuGe to 0.04 eV for sample with x = 0.1 and 0.03 eV for sample with x = 0.15.

The dependence of magnetic susceptibility versus temperature has a wide peak for samples
with x = 0.025 and 0.05 with maximum at approximately 7 and 8 K, respectively. The magnitude
of this peak noticeably increases for samples with x = 0.1 and 0.15 but the position of the maximum
almost does not change.

The measurements of pressure dependence of the susceptibility peak measured for the sample
Ruo9Co0.1Ge reveal the linear shift of the peak to the lower temperature with increasing the
pressure from 9 K at 0 GPa to 5 K at 4.67 GPa. The intensity of the peak also decreases with the
hydrostatic pressure.

The magnetization of the Ruj.xCoxGe compounds with x = 0.05 - 0.75 is not saturated in the
magnetic field up to 9 T at temperature 7=2 K.

The small angle neutron scattering patterns did not reveal static helical magnetic order in
samples with x =0.025, 0.05 and 0.1. But the samples with x = 0.025 and 0.1 contain ferromagnetic
inclusions with the sizes approximately 200 and 125 nm. This may indicate to the formation of
ferromagnetic droplet lattice in these compounds [6].

This work was supported by Russian Science Foundation (Grant RSF 17-12-01050) and
Russian Foundation for Basic Research (Grant 17-02-00064).
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The multiferroic properties of rare-earth orthoferrites RFeOs (R is a rare-earth ion) have been
discovered in recent years and the ferroelectric polarization was observed at rather high
temperatures [1]. This can bring RFeOs closer to use as a new functional materials of advanced
technologies. The coexistence of two magnetic subsystems - iron and rare-earth ones leads to a
complex structure of magnetic interactions. The role of the Fe-R or R-R interactions increases with
temperature decrease, leading to spin-orientational transitions [2]. An antisymmetric
Dzyaloshinsky-Moria interaction (DMI) makes a significant contribution to magnetic interaction
scheme, providing the weak ferromagnetic component. It is assumed that magnetic interactions in
RFeOs, and, apparently, DMI, are the origin of the ferroelectric polarization. According to recent
precise single-crystal neutron diffraction studies the magnetic structure at HoFeO; below 7T = 647
K has weak ferromagnetic order with representation I'4 [3], the spin-reorientation phase transition
to antiferromagnetic order I'1 takes place at 7sr1 = 55 K and second reorientation transition I'1 —1%
is at Tsro =35 K [4].

This work presents the results of experiments on inelastic neutron scattering on the
holmium orthoferrite HoFeOs, which were performed at ILL on the spectrometers IN12 and IN20.
The measured dispersion maps are presented at Fig. 1.

For the description of magnetic excitations in HoFeOs the standard spin-wave approach
was used. In the general case, a Hamiltonian must contain the following terms:

H = HFeFe + | Ho—Ho + HFe—Ho (1)
where the first two terms describe exchange interactions and single-ion anisotropies
within Fe and Ho subsystems, respectively. The third term describes the interaction between the
Fe and Ho subsystems.
In our experiment energy maps were obtained at a temperature of T=65K, when Ho has
zero magnetic moment and the second and third terms in the Hamiltonian are zero. Then
dispersion curves can be described using interactions inside the Fe sublattice:

HFe-Fe — ZijSiFe .]iFje . Ser + ZiSiFe .Afe . SiFe + ZmnSrI:Le . Drlilen . Srli‘e ()

where S — spin operator, J - exchange interactions, 4 - single ion anisotropy, D - DM
interaction parameter. In the calculations, the parameters of exchange interactions, anisotropy and
DM are written as a 3x3 matrix. In this Hamiltonian, the first term dictates an overall shape and
maximum energy of the Fe excitations.

The anisotropy determines a magnetic ground state [5] and gives rise to the gap in the Fe
magnon spectrum [6]. Due to the orthorhombic symmetry of the Fe environment, the anisotropy
anisotropy must be described two nonequivalent constants 4a, and Ac. In RFeOs with nonmagnetic
R-ions, a dominating term A, stabilizes the I'4 phase. In HoFeOs, the Ho-Fe interaction induces
renormalization of the effective anisotropy constants. At 7 = Tsr2, Aap and Ac become
approximately equal [5]. Below Tsr2 Ac> Agp stabilizes the I'2 phase.
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At temperatures
above Tsri = 55 K the
moments of Fe are directed
along a axis and are ordered
antiferromagnetically  with
magnetic propagation vector
k = (0 0 0) The
antisymmetric DM
interaction leads to a weak

Map [h 0 5] 65 K

2 25

momentum h 0 5 canting of the sublattices,

q=[h 0 5]

Map [301]65K

which is described by two
constants D1 and D2,
responsible for the canting
along the c¢ and b axes,
respectively.

The exchange interaction
parameters were obtained
™ I : which show that the main
30 32 a4 38 3‘2=[4;10I;2 HORE A R0 2 B A S el & contribution to the formation
of the magnetic structure is
provided by the super
exchange inside the Fe’*
subsystem. The exchange
parameters were found to be

Fe =4901(5) meV along
the axis c and in the plane ab to be Ji¢ = 4.764(2) meV, and the next-nearest neighbors exchange
is JF¢,, = 0.1507(3) meV. The distortion of the collinear structure is caused by the interaction of
the DMI with the components D/ =-0.12(2) meV and D2 =-0.08(2) meV. These parameter values
are in a good agreement with the data obtained by optical spectroscopy [7] and Raman
spectroscopy [8].

This work was supported by the RFBR grant No. 19-52-12047.
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Fig. 1. Measured spin wave dispersion at 65 K along a) 4
direction; c) / direction; and calculated spin wave dispersion
along b) /4 direction; d) / direction. Dots -positions of inelastic
peaks. Green lines - energy levels of Ho>".

References

[1]Y. Tokunaga et al., Phys. Rev. Lett. 101, 097205 (2008); Y. Tokunaga et al., Nat. Mat. 8, 558 (2009);
[2] J.-H. Lee et al., Phys. Rev. Lett. 107, 117201 (2011); C.-Y. Kuo et al., Phys. Rev. Lett. 113, 217203
2014).

E3] W) C. Koehler, E. O. Wollan, and M. K. Wilkinson, Phys. Rev. 118, 58 (1960).

[4] T. Chatterji, M. Meven, and P. J. Brown, AIP Advances 7, 045106 (2017).

[5] K.P. Belov, A.K. Zvezdin,A.M. Kadomtseva, R.Z. Levitin. Sov. Phys. Usp. 19, 574 (1976).

[6] S.E. Hahn, A.A. Podlesnyak, G. Ehlers, G.E. Granroth, R.S. Fishman, A.I. Kolesnikov, E.
Pomjakushina, K. Conder, Phys. Rev. B 89, 014420 (2014).

[7]1J.C. Walling, R.L. White. Phys. Rev. B 10,4737 (1974).
[8] R.M. White, R.J. Nemanich, C. Herring. Phys. Rev. B 25, 1822 (1982).

98



DMI-2019, Petrozavodsk, 8—12 July

Comparative study of skyrmion crystal and triple helix states in non-
centrosymmetric magnets.

Viktor Timofeev'**, Dmitry Aristov':?

I Petersburg Nuclear Physics Institute named by B.P.Konstantinov of NRC «Kurchatov
Institutey, Gatchina, 188300, Russia?’ St. Petersburg State University, St. Petersburg, Russia
3 St. Petersburg Electrotechnical University LETI, St. Petersburg, Russia

Skyrmion crystal (SkX) state in systems with Dzyaloshinskii-Moriya interaction (DMI)
continues to attract an interest of researchers [1]. There are two different approaches to
consideration of such configuration: as superposition of three helixes [2] or as densely packed
skyrmions. These two kind of configurations give similar lattice of vortexes, with unit topological
charge per cell.

We consider Belavin-Polyakov-like [3] skyrmions within stereographic projection
approach. This approach represents multi-skyrmion configurations as a sum of stereographic
projections of solitary skyrmions. Assuming that the shape of single skyrmions doesn’t change
crucially, we consider pairwise and non-pairwise interactions between skyrmions, that allow us to
calculate the density of classical energy [4].

We further consider the normalized sum of three helices with additional magnetization
parallel to external magnetic field, we parametrize helices by Jacobi elliptic functions instead of
simple trigonometrical ones. Thus we have three variational parameters to minimize the energy:
the helical pitch which is the lattice parameter of SkX, additional magnetization and elliptic
parameter defining the shape and the size of skyrmions.

We compare the ground state energy in these two variational approaches at different values
of external magnetic field, B. We find that the stereographic approach is a better description at
larger B, when skyrmions are well separated, and the triple helix better describes the ground state
configuration at smaller B, when individual skyrmions are deformed due to their interaction.

The predictions of these two variational approaches can be tested by the elastic magnetic
scattering. We show that the two configurations have different intensities of second and third
Bragg reflections from the helical crystal structure.
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Chiral magnets have attracted much attention due to the interesting properties associated
with their peculiar spin structures originating from the antisymmetric exchange interaction
called the Dzyaloshinkii-Moriya interaction. For example, among the B20-type compounds,
MnSi and MnGe show 2D skyrmion and 3D hedgehog lattices, respectively, both of which are
characterized by three wave numbers (3Q). These peculiar spin structures induce an interesting
quantum transport called the topological Hall effect [1]. In addition, a new chiral spin texture
characterized by four wave numbers, the 40 hedgehog lattice, has been recently reported in
MnSii.«Ge, [2]. Although these systems are metallic and the coupling between spin and charge
should be important, the effect of itinerant electrons on the chiral multiple-Q states has not been
fully understood thus far.

In the present study, in order to clarify the stability of the chiral multiple-Q states in the
3D systems, we study an effective spin model including the coupling to itinerant electrons and
the spin-orbit interaction by variational calculations and Monte Carlo simulations. We find
several 3D chiral spin textures, including the skyrmion and hedgehog lattices with the 3Q and
40 vectors shown in Fig. 1. These chiral multiple-Q states are stabilized due to the effective
RKKY interaction, the effective biquadratic interaction, and the Dzyaloshinskii-Moriya
interaction. We also discuss the behaviors of such multiple-Q spin textures in a magnetic field
in comparison with the experimental data.
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Fig. 1: Schematic pictures of (a) 3Q and (b) 40 hedgehog lattices. The middle panels show
the enlarged pictures of the magnetic unit cell. The yellow (green) balls represent the
positions of hedgehogs (anti-hedgehogs). The right panels show the examples of the ordering
vectors for the (a) 30 and (b) 40 cases.
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