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Flexibility of “flexo”
semantics

to flex

o flex (stretching)  to flex (muscles) (about smb’s lifestyle)
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""Toute ma Physique n'est que géométrie" “Clest la dissymétrie
René Descartes qui crée le pﬁe’noméne
Piere Curie

«Korma B kakux-nmubo  SBICHUSX
00OHapyKHUBaETCS omnpeeaEHHas
TMCCUMMETPHUS, TO JTa Ke
TACCUMMETPHS JIOJKHA TIPOSABIATHCS
U B IPUYMHAX, UX MOPOAUBIIHX)
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Bl PriekcomacHUMHbIU 3¢hheKkm

Flexomagnetic effect =200ug A

Lei Qiao, Ren Wei, A.S. Kaminskiy, A. Pyatakov et al,
Phys. Rev. B, 109, 014410 (2024) 5
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Plumb line spin configuration: Qiu, G et al. NPJ Quantum Mater. 8, 15 (2023). 7
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Pyjzemma A615emcs.  IUHUel CmoJb O6blllH0uv, umo nocie I’lpﬂMOiZ u
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«ONeKTpourioyKkanbIBaHUE»

MATHWITHBIXCIAOMEHOB

R

KomMmHaTHble TemnepaTypbl
ATtmocdepHOoe aaBneHue

OnTnyeckoe oeTeKTUpoBaHUue
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D.P. Kulikova et al, Physica Status Solidi, Rapid Research Letters,
v. 12, 1800066 (2018)
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O.M. KynukoBa u ap. NMnucbma B XXKOTO,
104, 196-200 (2016)
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Cnopbl 0 hopme rpomooTBOAOB

OnbIiTbl BeHagXxammHa PpaHKnuHa
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B ou3nkKe marepumanoB

e HapywieHne cnmmeTpumn B matepuane
=> HOBble (pusndeckme addeKThl

e HeogHopoaHble aedopmaunm S Mlee

=> (PNEKCOINEKTPNYECKNN U
doriekcoMmarHuUTHbIN 3P PEKTLI

e CnuHOBbIE LUMKNIOUObI => V//u :}\\A\V//u
Z2\ %

BO3HMKHOBEHME 3MNEKTPUY. CBOWNCTB iﬁ“%ﬁ*

e 3aga4ya o0 xoae fny4ya B reoMeTpU4eCKoM
onTUKe => 3agadya 0 MUHUMKU3aLUUU
IHEDIN rDAHUL

b b b b e o o 23



Cnacubo 3a enumanue!



@:@ CnoxeHue cKopocTen

g.g‘f



v =+/2gh

V == CKOpOoCmeb nadeHus
n

h == gblcOMma

g — ycKopeHue c80600H020 nadeHus

AE=sqrt(CD*BD)

AC=sqrt(CD*2r)

-
£z







MBUT /¢ ] ALEN

=200
y Q' f:/‘/»'—'
500 00 44 wwwqwertyr

MHTEPHET INOPOBDE T




500 00 44 wwwqwerty r-

MHTEPHET INOPOBDE T




[TlonapHble U akcuanbHbIe
BeKTOpbI

G’-ueué‘mubtﬁ:i P=—-P : Puémuvii: | M = + M 47

~ | A '

Tuemuwiiic: T P = + P | Tuewemuwii: 1 M =— M
|
|










983: V. G. Bar’yakhtar, V. A. L'vov, D. A. Yablonskii, JETP Lett. 37, 673

Muosss &« WITE, rose I3, awn, /I3 cop 565 - 547 I e FRET 2.

TEOPIGY EOHOTOITHORD MATHTONIEKTHINECOTO S4$EKTA Inhomogeneous ME interaction

B Bapenarap, 84 Teaos, A S0 kwd

Sl P g s T T Magnetic inhomogeneity =>
Sobt P JATAPARIIMN P, SMACHALR O COORAN WA htETB FOROPAT O Symmetry lowering =>

MR B THKOM KPHETAITE MaTEATOaneTpEeeckorg (M3) spdesra (o, Hanpimop, '), 1 1 1
. . e e 3 Terms oo bartn: electric polarization
S0l cHMMET I, SotycEamumE e M3 shgowts npueensn et
Ecum B cHAY KEKEX-THED OpESEN B MACHETEOM KPHCTRIS O0pasyercd METHNTHDA HeOORopon-
HOCTh, T0 TPYTINE 600 MATHETHOA CHMMETPHH CYRIETER (0 CTyNBE HEKIHOPOOHOCTE OB EH-
8 — [ EAHEHMHGR TpYIns. 0 NpHSOEHT K Ty, 910 B OIRCTH MATHHTHOH NEDEHO PO C:
TH ROMNHKAST ANEETPARCKAn monapmamas Pr), cHMmMETpRR NpoCTPRHCTREHHOTD paillpenens- — I I l
HHE XOTOPOR QN ENENAETCE CMMRTREeR MEFHHTEOR ReoIHOpOmHOETH. Hanomen Taxoe ammesme : "kl '
mEmHope M3 wfipekTom, 3 paccMETpHRResBE cfiarumn -4 3 spupekt Gy em HaIb- I IJ J
BETE OMROPOIHEM. [Roauepchem, 910 yecasaHHBR WpekT DTHEN HEeTh MECTO B MUTHETHEX
kpicTannay moboll casseTper (B ToM Woche 0 HE DONYOCUSUEY. 0DHOpoIHoTD M3 whdextal.

Néel-type DW

Bosmmenoncrme ancxTpRistkol NonApHISIHE, CREIEN0E - © HANHIHEM HIOSOpHEHOSTH (HE obe-
IATETEHD MATHATHOR NpRPONSL), SRABETCR Bechss) ofes 3 ToM, Xopoain HanecTen, b wcT-
HOCTH, §NICKCOMCKTHICCKMA MpdenT B SMIKMY KpacTanna:  ©.
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B8 MAFHETHON SUCAKH, PO NEIEPCROIHME MI affenT MOME0 ONHCITE (UHOMIBOMOTHIRCKE.
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MMERT KAK KOPOTHOneSCTRymmys:, TAK B JansmogEicrnyouyn wecrs, B gamiod pabore pacowor
A TOTR KO TR, B EOTOPBI BEIAN0M JATHOIEA CTRYIGEMY cl 0 neoanoponseai M3 sdiet
wocHo peHefpens. Toroa, OrpaHsHEINCE ST BEsEIME 12 Mame Kool creieHH T Hl[u=:,y.IL
i BOCTIONLIORAR EHCL MENGCTLI NApamMeTpe o /A {g = xapaxtopaei pagnyc yousanEn M3 naas-
npicTed), CHAM MK NONAPHISUEEH B HAMETIHTENN 00 TR JATHIE B CIOIYEmEs BENE:
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Dynamical Magnetic Field Accompanying the Motion of Ferroelectric Domain Walls

Dominik M. Jurascheke, "™ Quintin N, Meler,! Morgan Trassin,' Susan E. Trolier-McKinsiry,
Christian L Degen® and Nicola A. Spaldin'
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University Park, Pennsylvania 16502, U,
“Deparmens of Plysics, ETH Zurich, CH-87% z.nca Swizerand

g (Rereived 25 April 20019 publizhed 17 September 2019)

The recently propased dynamice] mal Sfermic effct descrihes the generafion af magnetizgion fram
emparally varying elactric pobrimtion. Here, we shaw #ut the effect can kad @ 2 magnetc field =t
maving famdecsic domain wak, where $e mamangment of om comemands to 3 mEin af
fermelectic pobsiation in time. We dovelop an exproion for #ie dymemical megnesic fick, and
cakulae the relevant pEameters fir @ exmple of 90° and 150° domain walk, a5 well = fr polx
skyrmions, in BaTH),, wing 2 combination of density funcsonz] deary and phenamenalogicl madding.

Wefind that the magmetic field maches the arder of several uT at the

af the wall, and W

crpeimmt & measwe e dfect with TiSGgen-vacaNCy conier TRENCRMmATY.
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The domain walk that separste diferent orentations of
electric polarizaton in faroelecric matedals have long
Ieen of inte rest because thelr motion govems te processof
ferroele ciric switching in an elecwie field [1). Recendy, a
range of pected behavions has been & ed at
domain walls that do not occur in the bulk of he domains,
sugpeaing additional inte rest in domain walls s functional
entities in their own rght [2). These inchide elecwical
conductivity [3-7] or even superconductivity [8] in other-
wise inslating sysems, ferielecwricity [%], as well as
magneinelacircity [ 10-14], arongly anisotropic magnein-
resigance [15), and intriguing duslities between domain
walk and the domains themseves [16].

Of particular interest for fds work is the elecwic
polarization that has been shown o arke s certain
magnetic domain walk in otherwise nonpolar materials
[17-20). The local wall polarization is 3 conseq of the

Here, we discuss the link between dynamical multi-
fermoicity and fermoelectric domain wall functionality by
showing theoretically that the motion of femoelecric
domain walls can be scoompanied by a dynamical mag-
netic field. Afier extending the formalism of dynamical
multifermoicity to te case of domain wall motdon, we
present numerical resuls for he prowiypical femoe lecmc
barium titanste (BaTidy), based on first-principles calou-
lations combined with phenomenolegical medeling using
experimental Finally, we discussih ihility
of deecting e dynamical magnetc fleld expermentally
using niiroge. y cenier .
Theoretical jrmalism—We begin by deriving an

for the d; ical ic field at ferreelecwic
d.:umn'l walls, Our derivation extends the recentdy d.euel-
oped microscopic theory for calulating the

Dynamic ME coupling

Polarization derivative =>
T-odd =>
Magnetization

m, = 7;

P oP, /ot

Domain B Domain wall Domain A

Fixed probe tip

spatially varying magnetization at the magnetic domain
wall, and is described by P~ M x [V, x M) [21.22). This
mechanizm is well established for the case of bulk mult-
ferroies, in which a maeroscopic ferroelectric polarization
is genersted via & spin spiral [23-26). Here we describe the
reciprocal effect, in which dynamical magnetization may
arise s moving fermoelectric domain walls in ofherwise
monmagnetic materials. This phenomenon has is orgin in
ithe recently described dynamical mulifemodc effect [27],
which describes magnetization generated from emporally
varying elecric polarization The magnetization & given by
M =P x &P [28], and the machanism has been proposed
o lead i new behaviors, including a phonon Zeeman effect
[27], exatic quanmm eritcality [29), and phono orbital
magnetsm [30].

0031-9007/19/123(12)/127601(T) 127601-1

optical phonons within the dynamical mulii-
ferroicity ffsmeuvwk [27] to the cae of moving iomc
charges at ferroelectric domain walls, The inpul parameiers.
in the expression that we obtxin can be compuied using
density functional feory.

The ionic magnetic moment m of a it cell &5 given by

m=)m =3 L i)

where my; and L; are the magnetic moment and the angular
mamentum ariing from the moton of ion i, and the sum
runs over all ims in the unit cell y; = #Z7 /(20 is the
gyromagnetic ratio ensor of the ion given by the elemen-
tary charge <, the Bom effective charge tensor Z7, and the
stomic mass A,

© 2019 American Physical Society

@ Ba
P) @ Ti

oOa v




PHYSICAL REVIEW LETTERS 123, 127601 (2019)
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The domain wall that sepasste diferent o
electric polaization in feroe ok materials

mumerical resulis for he ]mm}p.ca] ferroe leciric
parinm titanate (BaTi0, ), based on fimt-principles calou-
Jations combined with phenomenclogical modeling using
perimental parameters. Finally, we disouss the possibility
d.e\eamg the dynamical magmetc field experimentally
ing niirege y cenler

Theorenieal _,Errm.ni sm—We  begin h} d.mnrlg an
pression for the dynamical magnetic field at faroe lecmic
main walk. Our dervation extends e recenty d.euel-
microsoopic theory for caloulating the

D.M.Juraschek et al., Phys. Rev. Lett. 123, 127601 (2019)

Dynamic ME coupling

Polarization derivative =>
T-odd =>
Magnetization
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Domain B Domain wall Domain A

Fixed probe tip

oments of optical phonons within the dynamical multi-
prroicity framework [27] to the case of moving iomic
fharges at fermoeleciric domain walks, The inpul parameiers.
In the expression that we obtain can be compuied using
ensity functional theory.
The ionic magnetic moment m of a it cell &5 given by

m=Ym=3rL, i)

Iy desen
which describes magnetization g,mnerawd r’mun mrpma]l} where my; and L; are the magnetic moment and the angular
varying electric polarization. The magnetization & given by~ momentum ariing from the motion of ion {, and the sum
M ~ P 4P [28), and the mechanism has been proposed  muns over all ions in the unit cell y; = #Z; /(20 is the
o lead i new behaviors, including a phonon Zeeman effect  gyromagnetic ratie emor of the ion given by the elemen-
[27), exatic quanum cridcality [29), and phonon orbil  tary charge <, the Bom effective charge tensor Z7, and the
magnetsm [30]. stomic mass A,
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Flexible
electronics

Tear-and-stack



mogeneous magnetoelectric effect
~mV - -m

lectric polarization of Neel-type wall)

G. Bar’'yakhtar et al, JETP Lett. 37, 673 (1983)]

R

oulomb interaction of domain wall and tip electrode:

. DW motion 2. Bubble domain nucleation 3.DW ”’refraction”

Energy

(BiLu),(FeGa),0,, Iﬂ
Gd,Ga.0,,

Size
JETP Lett. 2016; JETP Lett. 118 n.4 (2023)
52

P Lett. 2007;
S. Rev. B, 104, 144407 (2021)



Tensile strain
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Crl;bilayer as an 2D-antiferromagnet

a i %
) b) Boundarv condition A: Ax=0
A 2
20 A Mz, Problem A g s s TR rE A g a0 00 250 A28 SRR )
: O Mx, Problem B Vs
A ----- fitting curve
3 A
=1 .
? Se
o 10F S
ok A
= A Ax = a,x’ +a,z’

both deformation non zero

Flexomagnetic effect =200uz A

5
Lei Qiao, Ren Wei, A.S. Kaminskiy, A. Pyatakov et al, Phys. Rev. B, 109, 014410 (2024)



«Geometrical» standard Flexomagnetic effect ~ Mxd

AM d
M R
[Flexomagnetic effect]=ug A

Antiperovskite MnsGaN

Aa

1
B0 e
pr -

Flexomagnetic effect =2 u g A

a0, Ren Wei, A.S. Kaminskiy, A. Pyatakov et al, P. Lukashev, R. Sabirianov,
Phys. Rev. B, 109, 014410 (2024) Phys. Rev. B 82, 094417 (2010)
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eHHasA 3Hepruss MarHuToanekTpuieckumn Bknaa

=AY (Vm, ) WME:VE'(m'(V'm\'V\m\

x=Xy,2 =

(BiLu),(FeGa),0,,

B M ‘ ‘ Gd,Ga.0,,

epXHOCTHasd
THOCTb 3Heprum O, =

nMmn3auums
kumonana: W = [ o(l)hdl




Blockchain
2020 => 101°BT1*y
2025 =>200 Zettabytes  P0iling 1 liter (Theo Rasing) 2025 => 1016 Br*y

1987 2 Terrabytes
1997 60 Pettabytes 30 Goggle searches




Strain-assisted switching
ofimagnetization

2008: Y Li,YQ Li,Strain-assisted spin manipulation in a quantum well, Eur.Phys.J. B, 63, 493
2009: Th. Hauet et al Strain-assisted magnetic recording, US20100259846A1

Heat-Assisted Magnetic Recording (“"20TB+ HAMR”)



Dueprus nepermodenns, K

101 102 103 107 105

Bpewms 3ageprkkH, IIC

106



Oneprus nepexitodeHus, GpLIx

al

101 102 103 102

Bpewms 3azmepikku, 1ic

=> 101 Wh

=> laJ (250KT)

105 106

1

Blockchain



=

CTpeMHTPOHUKA NONYNPOBOAHUKOB

n 2D martepumanos
E(k) "

XY

YcTpoicTea MarHuTHble
MArHMUTHOM NamMmATU  JIOTUYECKUE CXEMDI

M6puaHaa CNUHTPOHUKA-CTPEUHTPOHUKA

MexaHunueckaa moandpukaumsa i / HOBbIe‘lj'IEKTp.
1 doTo-

3N1EKTPOHHOM CTPYKTYpbl KOMMOHEHTHI
CTPENHTPOHMUKA HepomopdHan
(light mediated) CTPEeMHTPOHMKA
dap Tdqg
B S—ﬁ
®uns. mogenmposaHme leomeTpuyeckasa ¢asa, s

OoTO TOonosnorusa

A.A. byxapaes, A.K. 3se3guH, A.l. |_|$'-|TaKOB, O .K. ®eTucos
«CTpENHTPOHMKA — HOBOE HanpaBreHne MUKPO- N HAHOINEKTPOHUKN N HAYKU O
mMartepuanax» T. 188, c. 1288-1330 (2018)



https://ufn.ru/ru/articles/2018/12/b/

Summary and outlook:

New horizons of straintronics

Spin —V =
flexoelectricity <:

//%%\\\ //% Mechanical c:ontrolj

/JMQ/ }  Magnetization
*\ ,//;  Magnetoresistance
P - Magnon propagation
Antisymmetrical exchange ' Skyrmion propagation Symmetrical exchange
(DMI) (Heisenberg)

Top Layer

E onemin




New horizons of straintronics

Band gap
engineering

Excitonics &
Optoelectronics
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Piezoconductive &
Piezoelectric effects

Out-of-plane
strain
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0 000 0 0 000

Correlated electronics
& Superconductivity

Topological switch

In-plane
strain
< p—

Magnetization Switching

'\Strain

F. Miao et al, NPJ Quantum Materials 6, 59 (2021)




Spin flexoelectricity Vs flexomaonetism

Flexoelectric

P~mV -m
Theory: A. Sparavigna et al, PRB 50, 2953

V. G. Bar’yakhtar et al,
JETP Lett. 37, 673 (1983) as "Inhomog. ME”

(BiLu),(FeGa),0,, |o i
Gd,Ga,0,,

Experiment: A.S. Logginov et al,
JETP Lett. V.86, n.2, p.115 (2007)

Flexomagnetic

Anal. theory: E.A. Eliseev et al,

Phys. Rev. B 79, 165433 (2009)

Ab initio: P. Lukashev, R. Sabirianov,
PR B 82, 094417(2010)

Experiment:
B. Belyaev et al, Phys. Status Solidi,\
RRL 2019. 1900467



Spin structure chirality

defined by strainigradient

O-ligand _

oct

Di = V0 [1‘ X rtetr]

etr oc
lC
oD = VO (|:(5rFe_oct - 5rOxi ) X (rPe_tetr + 5rFe_tetr o 5r0xi ):| +
Fe _oct X Fe _tetr Oxi

ME constant:

2
_ NVO(r _rtetr)

oct

oct tetr | V <
4q° /’

Strain gradient ~0.3 um~
Kaminskiy A.S., Pyatakov A.P., ®DMM, v. 123, n2 (2023)
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Geometry defined
magnetic structures

E Strain
gradient

TO po | ogl Ca| |y P rotected 'Toute ma Physique n'est que géométrie"

domain wall o René Descartes
Ay B c/ -""':.::32%0




G.E. Wolovik,

JETP Lett, 39, 200 (1984) -
Flexoelectricity Yu.SP. B_Iczbyr:e\lghs. AI._Ptltkm,
, ov. Tech. Phys. Lett.
Magnetic crystals 5, 430 (1979)

A. Sparavigna, A. Strigazzi, and A. Zvezdin Phys. Rev. B 50, 2953 (1994)



Geometry defined

magnetic structures

Two types of distortion

-
=l T =
-

Spin structure €=
In BiFeO3

////

Mgz




@E Structural distortions in BiFeO,

Polar distortions P, &t Axial distortion ©Q

- Moskvin A.S.// Physics of the Solid State,
~1970,v.12,p.3208

' :

Spin cycloid <= Coexistence! = \Weak ferromagnetism
A. Zvezdin, A. Pyatakov, EPL, 99, 57003
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}@;@ BiFeO,: hidden magnetization

X

- Mz ///71"7“
i 3 S .

/
/
/

Spin canting~1°

A.M. Kadomtseva et al. JETP Letters, v. 79, p. 571-581 (2004)
Masashi Tokunaga et al, J. Phys. Soc. Japan, 79, 064713 (2010)



@:@ Surface flexomagnetoelectric effect

I:Flexo — _7/N .[n(vn)_ (n v)n]
n —order parameter

Cycloidal structure: K<<Ag? n=(sin [2n/A X], O, cos[27w/A X])
A=4nAly,where A is (exchange) stiffness

A.K. Zvezdin, Bulletin of the Lebedev Physics institute, n.4, p.7 (2002)



Ex| Chiral M-ordering in monolayers

Corrugation (pm)

Lateral displacement (nm)

1 ML Mn/W(110) M. Bode, M. Heide, K.von Bergman et al, Nature, 447, 190 (2007)
2 ML Fe/W(110) M. Heide, G. Bihimayer, and S. Blugel, Phys. Rev. B 78, 140403(R) (2008)



L. Camosi et al,
Phys. Rev. B 95, 214422 (2017)

N.S. Gusev et al, PRL, 124, 157202 (2020)
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M. V. Sapozhnikov, et al,

Zigzag domains caused by strain-induced
anisotropy of the Dzyaloshinskii-Moriya
interaction, Phys. Rev. B 105, 024405




NW3veHeHne AOMEHHOWN
CTPYKTYpPb! NpU n3rnode
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CBepXxpelLlieTKu

«MarHMToanekTpnyecknm KOHCTPYKTOP»

Artificial multiferroic
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B.-W. Li, M. Osada, Y. Ebina et al,
Coexistence of Magnetic Order and Ferroelectricity at 2D Nanosheet Interfaces
J. Am. Chem. Soc. 138, 7621 (2016)
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Hoffmann, M et al. Nat Commun 8, 308 (2017).
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Flexomagnetoelectric
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Term “flexomagnetoelectrlc”.
A.K. Zvezdin, A.P. Pyatakov,
Phys. Status Solidi B 246, 1956 (2009)

(BiLu),(FeGa),0,, |o i
Gd,Ga,0,,

Experiment: A.S. Logginov et al,
JETP Lett. V.86, n.2, p.115 (2007)

Spin flexoelectricity Vs flexomaonetism

Flexomagnetic

Phys. Rev. B 79, 165433 (2009)
Ab initio: P. Lukashev, R. Sabirianov,
PR _‘B 82, 094417(2010)

Experiment:
B. Belyaev et al, Phys. Status Solidi,\
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Geometry defined
magnetic structures

Two types of spin structures
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Geometry defined

magnetic structures

Two types of distortion

Two types of DM
D (s)=-2A1(s)er — 2AK(s)es

[100]

cycloid interaction PRL, 127, 117204 helicoid interaction



Geometry defined
magnetic structures

Two types of DMI

Interface-induced DMI Bulk-like DM

PRL, 127, 117204 helicoid interaction



Antiferromagnetic order

AFM ordering
In 2D materials

MnPS3 FePSs3

Neel-type zigzag-type

PRL, 124, 027601 (2020)

and ME effect

AFM bridges the gap
between E and M
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