N Multiferroism: introduction L25

This also holds for multiferroic compounds with several degrees of freedom (charge,
spin, orbit, lattice...)

They are often prone to magnetic frustration leading to complex (T, P, H, E) phase
diagram and complex (chiral) magnetic orders that can sustain ferroelectricity

, UNIVERSITE JOSEPH FOURIER
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Multiferroism: introduction 20

43

This also holds for multiferroic compounds with several degrees of freedom (charge,
spin, orbit, lattice...)

They are often prone to magnetic frustration leading to complex (T, P, H, E) phase
diagram and complex (chiral) magnetic orders that can sustain ferroelectricity

Definitions of chirality

\ /

/

/ / ///
/

/
//
Y.

\
LN
\

&\ \ \
N\
\ \ \

.\ /[ e Casual -> Chirality is what distinguishesa " ' /
| phenomenon from its materialization in a N
| ~ mirror | '

* Math. -> object whose symmetry group
does not contain any negative isometries
(inversion centers, mirrors)

* Structural chirality :

non-centrosymmetric crystal whose point
"""" group does not contain improper symmetry
“ elements

21/09/15




/V Multiferroism: introduction Y s W

This also holds for multiferroic compounds with several degrees of freedom (charge,
spin, orbit, lattice...)

They are often prone to magnetic frustration leading to complex (T, P, H, E) phase
diagram and complex (chiral) magnetic orders that can sustain ferroelectricity

Definitions of chirality

- ()
A
sy N YT T
gg /s Wi WP
gg cycloidal 120°
helical Simonet et al., EPJST 2012
* Magnetic chirality -> sense of rotation of non collinear spins along _, 5

an orientated line, defined by a chirality vector or spin current X o) i X o) j

r UNIVERSITE JOSEPH FOURIER
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FEL . o .
Multiferroism: introduction L20,

Multiferroics : coexistence of at least two (anti)ferroic orders
among : ferroelasticity, ferromagnetism, ferroelectricity, and ferrotoroidicity

P.

f

7 - [B E S|
Ferroelectric T_ * E': _J E breaks spatial inversion
-&

M.

i

+H; > @ Jr_ J| B breaks time reversal

- H; «

Ferromagnetic

I

breaks spatial inversion

idi + (ExH); ' ; errotoroidic
Ferrotoroidic @1@ i (ExH),-: @I@ _ﬁi@tﬂ-‘}' & time reversal Ferratoroid

T \
. —wS
, + O —> oy Invariant upon both '
Ferroelastic if _ Tjj P —
A spatial inversion & time reversal

> 4

Vo

Hysteresis cycle, presence of switchable domains

* UNIVERSITE JOSEPH FOURIER
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Multiferroism: introduction L20,

Multiferroics : coexistence of at least two (anti)ferroic orders
among : ferroelasticity, ferromagnetism, ferroelectricity, and ferrotoroidicity

P,

f

7 - [B E S|
Ferroelectric T_ * EE': J E breaks spatial inversion
!
_><. M,
X | l H-

Ferromagnetic [

+ (ExtH);— , breaks spatial inversion F———

Fe"°t°r°'d'° - (ExH); — I & time reversal
S
nvari both >
Ferroelastic + o> Oy Invariant upon Dot —
CT:; <« spatial inversion & time reversal

Cross couplings, ex. Magnetoelectric coupling: M induced by E and P induced by H

* UNIVERSITE JOSEPH FOURIER
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Multiferroism:; introduction =

institut

Importance of the ME coupling for the applications (spintronics, magnonics)

—Magnetoelectric switching Lc | ' | |
: : : VhepspsBepim s MoRsRafgf
Manipulation of domains M/P by E, H sl fin s R BR R Rn R R R
G~ 20[8; o B2 o8 %5 of Te 05 By 13 07 o8 2% 05 B0 05 B2 03 D0 95 o 35
it itititiiitiditit
» ,',‘l'o"“.'”.l. & W n‘ X
O ¢ EELET ISt I T IIInIIEL'S
n il "R 49 ‘\ o O ‘_‘ o % & .‘: s '-:’ o 2
25 Q 0 R % O 0 & % By T Le s Py o &
_20 T8 5948 :‘J.‘-J ‘:".o':" "’o"-" 'I".: ".'f. -"-.:ll: '-‘.o"-. .,?:.IJ Death 2
Hur Nature 2004 S AR R R R R R
_40LW'W'V'@“W-W‘W'W'ﬁ?“&"ﬁ_o
l 1 | 1
0 1,000 2,000 3,000 4,000
Temps (s)

—Manipulation of hybrid excitations by E/H Electromagnon VW

Pimenov et al.
Nat. Phys. 2006 \J-

WW

[UNIVERSITE JOSEPH FOURIER
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Multiferroism: introduction 25

Classification of multiferroics

Type I multiferroics : Ty = T;  Ex. BiMnO,, BiFeO;, Ni,B,0,;]

Type II multiferroics : Tg=T,, : Common origin

magnetic frustration

—complex magnetic orders

—]oss of spatial inversion, small electric polarization
—strong ME coupling between the order parameters erﬂ v il NEX ; b \
EX. N13V208’ Tle’les, MnWO4, TanO3, RbFe(MOO4)2 d b 2 ¥ A ¥ 4

cap WO MO O ML O O A OK
-y -y - -

o
o
-~

Ni;V,0y
Lawes PRL 2005
* UNIVERSITE JOSEPH FOURIER
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Multiferroism: about symmetries and chirality AR

Importance of symmetries

Type II multiferroics: Magnetic order responsible for loss of inversion centre,
necessary condition for ferroelectricity

Prediction of type and directions of ferroic orders and associated domains,
and of the ME tensor symmetry

Shubnikov poimt groups

Number of

h:f:':::” Type of ordering Permitted terms of Shubnikoy
type | Magnstic | Electric | S'°"d freeenthalpy ¥, not permitied ¥, permitted groups
TR i B v B sl rie
FEIV D P E grp | M ml w2l A 10
4mml’, 317, Iml", 61", Gmml®
FEL ] P E HEE EHH | 6. 6'mm’ 2,
FEIL W P E EH HEE EHH | 4, &mm’ V2|, dmm, 3, Snum . 6
revewt | w | p | £ e e | ) e com EeEeE T atlic et oz R R N 08 E lassificati f
FMII M P H CH HEE EHH | 3,3rm’ L 422,32, 622 6 X- C aSSl lca lon O
FMIN M F H HEE EHH | 8 8m2 2 3 . .
v | w0 | o | & nee | 00 ] el o . magnetic point groups
dfmm'nt’, 3, e, 6lm, 6fmm'n’
- a3 Ar g .
AT # P EH HEE Eip | 222,422, B2m 400 X', P H S h dt
32, 623, B2, 23, W3 SFVm §, o 14 .ocnmiai,
Aall M P HEE EHH | 8m2,62'2 2 122
AA 1l ird P EH AR, & & o, A T, 20, 2'tm, mumer’, 4l n [ n t . :]. M agn. ] 9 73
I, 6lm'm'ny, 432, m3, m 3’ 4im'mm, 3, 3'm, 6!, 6l mm
o o mmm, & [m, $mm, &' [mmn’, 6/ mm "
Sm, 6'lnr', 6o, mi}, m3m’
AALY || HEE B
” P 437 I
18 P A3m 1
AAY  mmmm - —— L ot einiet e eiet e
o ’ 2221, 317, 4221, &2m1", 6221", 0 n
321, B, Bm2 1", 2317, B3ml
L N < L !
o P 4321 1
B el ettt N B
»M F & im, & mnt'm, m3m 3
10, 2im1°, mmed’, 4/m1’, 4mmm1?, 317, Im1"
D o 1
6lm’, bimmml’, 31, m3ml’

Wl UNIVERSITE JOSEPH FOURIER
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Magneto- Type of ordering  |Permitted terms of Shubnikov point groups Nuaber of
. T uonikov
?Vlsgmc Magnetic| Electric Stored free enthalpy ¥, not permitted ¥, permitted groups
=77 |“7_|1=___,_|'___.}_,_| a1
FEIV D P E g | -1 U mU e 2l ST 10 1
dmml’, 317, Iml", 61°, Gmml “|
FEIL 1T P E HEE EHH | &, 6'am’ 2 3
FEII M P E  EH HEE EHH | 4, 4mm' \ mm2 |, dmin, 3m, Grum ’ 6
FELFM1 | M P E H EH HEE EHH | \[m2]) . 3o, dm'mt, 6o’ O ) 346 - T e G | 1 4
FM II M P H EH HEE EHH | 3, 32'ar A2, 32, 62 6
FM N M P H  HEE EHH | B, &m2 1 3
FM 1V M o H  HEE . 2] . Etm] [owen'on], 4jm, 10
4lmm's’, 3, Jnr’, 6/m, 6 mm'm
S — J A
— — 2m, 422, 42’ R
AAdl ’ 1 v s Py ]
M P EH) HEE, EHH 32 w'2, 23, : U P 3,32m,5,5m2 14
AAll v F HEE EHH | Bm2, 622 2 Y1722
AA 110 AT F EH m'nt’ v, &im, &l o m, dim'm e, T, 2imr, 2'im, mms’, 4o, 19
Iy, 6lmrmcey, 432, '3, w3’ 4immm, ¥, 3, 6l0, 6l mm
P 0 rmm, 4w, q‘nmm, &' [mmm’, G{mrm 0
Im, 0'lnr’, & \m'mm, m3, m3m’
AALY = m e —— - HEE g
P 4327 E
AT F A3m 1
L e pe LI viniotefinioinioietuluitvivsoleteietetetitt i
22210, 417, 42217, 32m1°, Y
D P 4221°, 32m1°, 6221 0> 73
3217, 817, 6m21’, 2317, 43ml"
v e} m3m L
VA 41 Mmool ___
0 P 4321 1
AAVE e omm e bm o
M F 6", O e’ m, 11" 3m 3
11, 2/m1’, mmml’, 4lm1’, 4{mmm1’, 317, Im1’
D o , i
6/ml’, 6lrmmml”, w317, m3ml’ . 4
UNIVERSITE IOSEPH FOURIER
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- Multiferroism: about symmetries and chirality ¢ "

Importance of symmetries

An example “with the hands”:
32 (D3) point group (one 3-fold axis and three 2-fold axis)

21/09/15
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- Multiferroism: about symmetries and chirality ¢ "

Importance of symmetries

microscopic mechanisms of electronic and/or magnetostrictive origins
=» Electric polarization

Example ferroelectricity induced by magnetic cycloid

Dzyaloshinskii-Moryia interaction

— —

[jzg(sz X Sj)

— X
D;j o< AT X 7 T ,

Katsura et al. PRL (2005)
Sergienko et al. PRB (2006)
Cheong et al. Nat. Mat. (2007)

21/09/15
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- Multiferroism: about symmetries and chirality ¢ "

Importance of symmetries

microscopic mechanisms of electronic and/or magnetostrictive origins
=» Electric polarization

Example ferroelectricity induced by magnetic cycloid

Dzyaloshinskii-Moryia interaction

— —

[jzg(sz X Sj)
0% |:> ﬁ X 777;]' X (S’; X _)j)

_ TX 0%~ Mn3+ i
Dij & AT % 7 00—5/07‘0 N

e
S Mo S, P

Katsura et al. PRL (2005)
Sergienko et al. PRB (2006)
Mostovoy, PRL.(2006)

Y
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- Multiferroism: about symmetries and chirality ¢ "
Importance of symmetries

microscopic mechanisms of electronic and/or magnetostrictive origins
=» Electric polarization

Example ferroelectricity induced by magnetic cycloid

Dzyaloshinskii-Moryia interaction

Bzg(gz X 53) {L |
ﬁijOC)\fX'F;j TX N C)--—Q—»C—)—‘}-'-__J__O__i_b_r\‘_b_v_\‘_o

S Mo S, ﬁ P

Katsura et al. PRL (2005) i . . . . . .
Sergienko et al. PRB (2006) Magnetic chirality/electric polarization domains

Cheong et al. Nat. Mat. (2007)

21/09/15
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- Multiferroism: about symmetries and chirality ¢ "

Various way to probe the chiral scattering with polarized neutrons

a2 F Blume-Maleyev equations
, N '\

, Unpolarized neutrons

+ Pgy- (Na'Mlq)w+(MTLQ‘NQ)w}-enuclear-magnetic terms

do
P, initial polarization a0 dEy
P, final polarization

Py - (Nq Ny —Po- (Ml g Mg

(N§ - Miq)o+ (Ml g - Nolu

i(Myq AM! Q)

(M g (Po -Myq))u+ (Po -M' ) Mg
iPo A [(MRQ NQ)uw — <N(f,) ‘MiqQ)uw

+ + + +

Information about correlations between # spin components: chiral term

* UNIVERSITE JOSEPH FOURIER
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- Multiferroism: about symmetries and chirality ¢ "

56

Various way to probe the chiral scattering with polarized neutrons

* Select spin state and direction of incident neutron T , no polarization analysis

* Analyze polarization of scattered beam in the same direction as incident polarization:
longitudinal polarization analysis

* Analyze polarization of scattered beam in any direction:
spherical polarization analysis (CRYOPAD)

Polarization matrix P

final polarization
Inciaent
polarization nyB Pyy Pyz

21/09/15
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Ex: TbMnOj;: electric control of chirality in a magnetic cycloid
S . .. .
o) @ -6:} Use of polarized neutrons, no polarization analysis
A I |
(o (8 (% & doy R S o
VY >L/ >J o —2(Q =H+q) x [1+cos® 8 F 2ecos B(Py.Q)]6(Q — HF q)
éj @\/ \5) '-\33} +1 chirality
ARV é fo |- (¢) TbMnO; 7=9 K (d) )
C %4" _q L)I T [ l( 4', +q L)I ' '.' [T' 1 Counterclockwise Spiral L
4<L0—0J>0—mj>0—.(}-— 3000__PC>0 JIRGS: " Pe>0 b
= 2000
= 1000
00— 0VO—OO—OVO— ‘é @ C
4 +q § AR Clockwise Spiral
i g 30001 OCKWISE dpira
= 2000-
@ Magnetic © Nuclear
1000
0

" L(r]_],u_) L0 L(rl_l_u_) 100 Yamasaki et al. PRL (2007)

r UNIVERSITE JOSEPH FOURIER
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Multiferroism: examples -
Ex: RbFe(Mo0O,),: electrical control of triangular + helical chiralities
Use of spherical polarimetry
—Mch-l—Po(O'N—O'y —0'7\/[) R,+1.P, R,—1,P,

b e "“; . ”‘k—.—' 0N+0X4+07W+1§;[Mch UN-I-Gﬁ;-i-ofw-l-PoMch 0'N+0']yv[+0']z\j+P0Mch\
o % g M., —LP Ry+Po(on+ol,—o%) R.+PyM,.
—» " 4 —op o JN—I—Uﬁ/I—IIzJJZVI—l—%ORy ayN—l—ag/I—l—ajzw]—\i—/IPoRy JN—I—U%[—l—a]ZW—T—PORy

&GO Tep &G
s S . a9 e — ch+IyPO Ry+POMyz Rz—f—Po(O'N—O';‘JVI—f—UJZW)
® “o<g e ® ontol toi, +PoR.  ontoltoi,+PR. on+tol+oi,+FoR.
o< Seg -
AV Qe ® oY
pre . .‘. 4o . < (_s+) J\i 1
-~ 4o . /‘. D_N . (+’+) | 08
-0. 1 0.6
(-1/3,-1/3,0.44)
Kenzelmann et al. PRL (2007) | T=37K | (+-) 104
Hearmon et al. PRL (2012) 5 0 5 192 4
0y
1-0.2
104
(1/3,1/3, 0.44) |°°
T=37K 1-08
(_’ _) . . . . . 1
-8 -6 -4 -2 0 2 4 6 8
Electric field / [kV cm™]
I VRS JosH FOURER
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Ex: Ba;NbFe;S1,0,,: trigonal space group P321

Non-centrosymmetric (chiral) structure

Powder neutron diffraction

Magnetic transition at T =28 K
Propagation vector g=(0, 0, =1/7)

: Langasite Ba NbFe_SiO_,
250000 - D1B (ILL), »=2.52 A

— 1I—30K

- 200000—- 15K

= 150000 4 L— Difference '

B ]

C

© 100000 -

L= .

50000
: : 0+
triangular lattice of — 77—
Fe* triangles, S=5/2 10 20 30 40 5 60 70 80
20

21/09/15



Calculated intensity

FEL

institut

Single-crystal neutron diffraction:

complex magnetic structure

Multiferroism: examples

800

(o)}

o

o
1

N

o

o
1

N

o

o
1

BasNbFessiZOM, magnetic structure

D15 (ILL), 2=1.174A, T=10 K
(o Je)
o o
o
o
o ©
2(I)0 | 4(I)0 | 6CI)0 | 8(I)0

Observed Intensity

120° moments on triangles
in (a, b) plane

Helices propagating
along ¢ with period =7¢

Marty et al., PRL 2008

21/09/15
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Multiferroism: examples

Static Chirality

2 chiralities associated to helices
and triangular arrangements

Unpolarized neutron single-crystal diffraction
=>2 possible magnetic structures

”mﬂmmﬁﬂm>c
VINUWAWAAZANY

61

e\
g = N\

ATATATTFTATA C
IAIAVAVAVALLY

7
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Multiferroism: examples

Static Chirality

2 chiralities associated to helices
and triangular arrangements

Unpolarized neutron single-crystal diffraction
=>2 possible magnetic structures

Spherical polarization analysis with CRY OPAD
=>» A single possibility is selected

1.0
IN22, 1=2.36 A x o
T=5K X o)

X 105 &

X @

Q

KX =h

00 3

£ I

><>< 5}

) 05 <

o

X >
: 1.0

40 -05 00 05 10
Observed final Polarization

62

OOV AL C
IAIAVAVAVALLY
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Experiment

1 meV

Energy (meV)

3 2 -1
(0k0)

Loire et al. PRL 2011

Multiferroism: examples

Inelastic neutron scattering:
spin waves and GS Hamiltonian

Inter-plane interactions =>»helix

» 63
»

Intra-plane interactions = 120°arrangement

UNIVERSITE JOSEPH FOURIER

SCIENCES. TECHNOLOGIE.SANTE
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Multiferroism: examples (AN

Experiment . : Calculation

s Inelastic neutron scattering: : R
. I meV spin waves and GS Hamiltonian , SEECEENOREEaN |
A-D,S P 30
g -1 s 40
s Model: J;=0.85 meV N
2 J,=0.24 meV 10
0.5 80
J3:0053 meV 70

0
J,=0.017 meV _ ”
A-o,s Q - 50
S | J:=0.24 meV S “,
=~ = 30
s DM+SI anisotropy 2
2 35 160 N
0.5 80

5 140 _
0 st 120 ;2
e 5| 100
5™ 2 . 0 S 30
§ -1 g :gb 3 60 = "
=2 & u N . ~ 30
-1.5 05 " 20
-2 0 0 10
25 2 L5 1 05 0 0
-3 -2 (()k())-l 0 0-12) -35 -3 25 -2 (:ljm-l 05 0 05
Loire et al. PRL 2011 I CVERSITE JOePH FOLRIER
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Dynamical Chirality
Fully chiral spin wave branch measured
Experiment by longitudinal polarization analysis Calculation
6 : 6
200
5] 5
= 100 o 4
3 0 5
2 :
M 2 100 2
§_ |
1 1
L -200 i
0 0
00 04 08 12 16 1 05 0 05 1 15 2
014 (011)

Dynamical fingerprint of the ground state magnetic chirality
Loire et al. PRL 2011
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Multiferroicity?
Zhou et al. Chem. Mater. 2009 Lee et al. APL 2014
18
{6 ”g
&)
14 3
LA
0 I'ﬂ EIO 30 4I{J 500
Temperature (K)
weak P//aor// c?
*UN‘VERS'TEJOSEP” FOURIER
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Multiferroicity?

Forbidden satellites along the (0,0,1) direction:

- - PU £ U0, i o kD)
Fr(0,0,0%q) = pf(1G)) Y [FE et ¢i2n5
v=1,3
S U U o (k) . 2m an
= pf(QANE1e™ 5 (14 75 4+ eF19) =0

67
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Multiferroism: examples %
Multiferroicity?
. . o (b*,c*) scattering plane
Forbidden satellites along the (0,0,1) direction INS, J =44 T=1.6 K
- - pu £, o, ion () Zero energy cut
Far(0,0.0£9) = pf(1Q) D [ —leT e =m R
v=1,3 |
=\ (HUE LD o () i 2m j4m 0 *é’h_q |
= pf(IQN 51" = (L4 eF +e7%) =0 4
o5l | kY
’ BRNY
=>deviation from the 120° arrangement: loss of 3-fold axis \ g i+q"
A} [ ] |
- Jd q i“i"l.
R 6-: (a) 15F iu i
& 1
i 2t 35 l"o.‘ 05
Q H=0T
y (0, k, 0)

=» polarization along the 2-fold axis a

21/09/15
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(d, 0, 1)

Chaix et al. submitted
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Complexity is beautiful!

Thank you for your attention
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