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Phase Transitions in Ferroic and Multiferroic Materials 

Avadh Saxena 

Los Alamos National Lab, USA 

Abstract : 

Materials exhibiting ferroic phase transitions are ubiquitous in nature . 
Ferroic materials are those which possess two or more orientation states 
(domains) that can be switched by an external field and show hysteresis. 
Typical examples include ferromagnets, ferroelectrics and ferroelastics 
which occur as a result of a phase transition with the onset of spontaneous 
magnetization (M), polarization (P) and strain (e), respectively . A material 
that displays two or more ferroic properties simultaneously is called a 
multiferroic, e .g. magnetoelectrics (simultaneous P and M). Another novel 
class of ferroic materials called ferrotoroidics has been recently found . 
These materials find widespread applications as actuators, transducers, 
memory devices and shape memory elements in biomedical technology. First 
I will provide a historical perspective on this technologically important 
class of materials and then briefly illustrate the relevant concepts. I will 
discuss their properties, model the transitions at mesoscale and describe 
their nncrostructure-. r will: emphasize the role of long- range-, anisotropic 
forces that arise from either the elastic compatibility constraints or the 
(polar and magnetic) dipolar interactions in determining the microstructure . 
Finally, I will discuss the role of color symmetry in multiferroic 
transitions and consider the effect of disorder on ferroic transitions. 



PHASE TRANSITIONS IN FERROIC AND MULTIFERROIC MATERIALS 

Avadh Saxena (Los Alamos National Lab) 

1. Crystals (polar, strain, shuffle): space. 

2. Interfaces and intrinsic inhomogeneity. 

3. Magnetism: space and time; color symmetry. 

4. Magnetoelectrics: P, M coupling; strain. 

5. 1D, 20 vs 3D magnetic transitions. 

6. Magnetoelectric chains; Diperiodic (layer) magnetism: 
hexagonal manganites; BiFe03, BaMnF4 



Three Pillars of Functional Materials/Devices 

CHARGE SPIN LATTICE 

Tholos Temple at Delphi, Greece, 300 BC 



The Three Pillars of Functionality 

CHARGE SPIN LATTICE 
ul 

t · Ti4+ 
• . 8a2+ 

. 0 2-. ~ 
Directional charge ordering Antiferromagnet ism 

Tetragonal distortion 

Orbitals: spatial distribution of charge 



Ferroic phenomena 
F erroics -is a family of materials exhibiting one or more 

multifunctional characteristics such as ferroelectric, 
ferromagnetic, or ferroelastic properties 

Ferromagnetic 

1\1 
Spontan{'ous 

f----.. ~H 

Ferroelectric 

p 
Spontan{'ous 
polarization 

f--------.~ E 

Ferroelastic 

E Spontau{'olls 

t----.... O' 



What is a multiferroic? 

The Multiferroic phase-control Triad 

.. :. 
,\." 

f 
... ,..:... 

p 

E 

M 

(Spaldin and Fiebig, Science 2005) 

A compound that displays two or more ferroic states 

• Ferromagnetic - spontaneous magnetization M 

• Ferroelectric - spontaneous polarization P 

• Ferroelastic - spontaneous strain E 



Ferromagnetic phenomena 

? Spontaneolls polarization upon cooling 

Spill polarization - (anti)fen'olnagnetic 

Paramagnetic Antiferrom11gnetic 
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-Example: Cubic to Tetragonal 

~) OJ' 
a 

~ / · (U,{~5} 
in L,.l<" ~ @'. 

(Uj ) 

c 
a 

AU5tenite Manensnc 

Flstllrt! 4.4: The lbre4! \ aritIJIt£ or lllattefl5iLt II!! a (uble to ,eu~ouJ \filllsl'o/Joat iuo . 

Ferroelastic 

f eO.~ ? cl 0.3 

AUSTENITE 

TWEED 

Toc2..68 

~;.~(~) I" ( '. I. ._~ :c,. TWIN NEt» 
,>;~ I 

r'.I.~~ ::! MARTE~SlTE 

:$) 
./. 'J 

-~~~l~ I 
"'"-______ .... ~~ 56tl'.;:;n-:J SU9l Yamo. 

. (1985) 
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-First half of 20th. Century:-uniform, defect free single crystals 

W. Pauli , 1931 
"One should'nt work with semiconductors, that is a 
filthy mess: who knows whether they really exist". 

R. Feynman, - 1955 
"Its the dirt that we need to control and engineer". 

-Second half of 20th. Century:­
defects 

---synthesis of large and pure Si crystals 
disorder 

---- notions of Anderson localization, mobility edge, spin glasses 
Impact 

---transistor era, semiconductor electronics, computer industry 



• 21st Century:- many-atom unit cells 

Materials ~ Intrinsic inhomogeneity ~ Function 

• Shape Memory 
Alloys 

• Ferroelectrics 

• Ferromagnetics ! 
Magnetoelastics 

• Magnetoelectrics 

• Manganites 

• Cuprates 
Pnictides 

• Residual strain 

T". 'N - - Xi -; "'n · Polarisation , 

• Magnetism! 
Magnetostriction 

• Polarization! 
Magnetization 

• Collosal Magneto­
Resistance 

• High Tc 
Superconductivity 



Intrinsic 
inhomogeneity in 
BiFe03 thin films 

G. Catalan, J.F. Scott, Adv. 
Mater. 21, 2463 (2009) 

1200 ..... cubic PmJm 

1000 

800 

_ Meta.l-insulator transi1loo 
• Mixed pbese or monoclintC-Orthomombic 

..... Rhombohedral·Mlxed phase or monodll1ic 
- Neel temperature 

PM metal 

q 600 -~ 
400 

200 

0_~~~ 1 
o ' 0 20 30 40 50 60 

P(GPa) 



Order Parameters 

Functionalities £,P,M ,VI 

Free 
energy 

'0 1 . ' . '. • •• - . ' • u . . "" '~ ....... : . 
05 1 • • • • •••• ••• • ... •• ::._ •. .• _." : 0 

• . ". -.-~'-,.-.::.. . . •• ' "' . . ..... .. 0 Q. "'--- -~ ~~ ' . ----...... 
O ~ . o , •• ---.. '" .0 T 

. . . ""'" 1r---';-~, ___ J.,,_ 

• •• • . . 

(\ £ " 

Landau, 1937 

Spatial variations 
+tj/o 

\ IV V'12 

Ginzburg, 1955 -tj/o 

~tj/() 

""-~tj/o 

Free Energy: F(e,P ,M, lfI : Ve, V lfI·.) 



Strain: lattice as an elastic template 

v x (V x e)Z := 0 

Saint Venant Compatibility, 1864 
Strainsl not uniqu~ 

,[J, 

.ookman et ai, PRB, 2003; 20 

onstrain~ --+ l!tnisotropi9 long-range forc~~ .~:, :; :~; .. ,.~ 
~ .1',," • .., '"-< .. ,, .. ' 

U .. :w:::a . 4 

.. l"'~~ 

j., je.t. 
~ 

. ,..,­.. 

411~~ 

Lookman, Fellows 



-Example: Cubic to Tetragonal 

(Wcn 
a 

r:=?'l.. / (U,l W' 
my-< ~ ~. 

Austen ite 

(U1lLV 

a 

MarttnSIIC 

Fig"'" 4.<1 : Tht tbleo luiut& of rnallen5ile I. a (ubk to \elli\fon,\! 1r •• &lOllOotN" 

F (e2 ,e3 ) 

e-, 
Order parameter .) 

( 

£ xx - £ yy £ xx + £ yv - 2£ z= ) 
e2 = J2 ,e3 = J6 

Barsch &Krumhansl. 84. Falk. 83 

~eo.~ Pc:l O•3 

AUSTENITE 

TWEED 

C{,,' I To" 2.68 t< 

:-~~~! ' (TWINNED) 
", ' ,.r ,7. I 

~.r~",,~~/,?~.1 MARTENS1TE 
.r " ~" 

};! 
'/.'';1. 

/./t~ 
~/,,' ... <-::.: ,,, 

... /~;:" ,.p_/ .. ' ' . 

___ ~~/~~~ 500 .. rn':J 'Suqlyamo. 
, ' (1985) 



1- Free energy: Triangle I 

.J" 

Order parameter: 
two-component shear 

F:truct (e2 ,e3 ) = Ao(T - To)(e2 + e3 )2 + Be3(e3
2 ~ 3e2

2
) + C(e2 + e3 )4 

. +~(Ve2 2 + I Ve3 12) 
2 

Gradient energy 

+ ~ 2 
2 el 

Non-order parameter 



Ordered Microstructure in Elastic Materials 

Amelincx et al . 1982 Lookman et aI., PRB, 2003 

/i-. 
~ 

• Ordered strain inhomogeneity in a structural transformation 

• Pb3(V04 )2 : Hexagonal to Orthorhombic transformation 
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History of Magnetoelectrics 

Single phase 

1894 Proposed (Curie) 

1927 Magnetoelectric coined by Oebye 

1960 Cr20 3 (M with E) a zz - 4.13psm-1 

1964 Cr20 3 (P with H) 

1963-66 Ti20 3 ,GaFe03 boracites, phosphates, garnet films 

1984 TbP04 ,aaa - 36.7 psm-1 

1995 Yttrium iron garnet films, 30psm-1 

1993 LiCoP03,ayX - 30.6psm-1 

1997 YMn03 

Applications: switching, actuation, coexisting P,M 

Two-phase composites 

1949 

1972-76 

Proposed 

RaTi03 

CoFe20 4 

a -720psm-1 

1985 Titanate/F errite 

1 PZTlTerfenol-D 

PbZ'i_xTix03 ITb1_xDy xF e2 

Single phase vs Composites 



M control of P (H) 

~~ ~. 
~ b 

36 

3A 

32 ... 

par amar: lIeli c 

....-
~4·' -... 

Ql ...... '- 30 ••••• •• .a , ••• ro 
'-

~20 
E 
~ 10 ferroelectric 

(PI/a) 

o I I , -.-, I " 

Magnetic Field (T) 

c 
800 

Ie 

600 

400 
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Dielectric constant 
& Polarization vs. T 

T. Kimura, .. . , Y. Tokura, PRL, 2003 
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Hexagonal RMn03: R=Ho, Er, Tm, Vb, Lu, Y, Sc 

.,4", 

).Uo(. 

0.) .. , 

(Jj .... , 

0.." 
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• 

'J 

)~1 
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I 
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1 

IV 1-

-.... 

• 
8. 

II 

Th . Lonkai et aI., JAP 93, 8191 (2003): Weak interlayer coupling 

b.· 

~ .-.-
1\,2 

III 

I. Munawar, S.S. Curnoe, J. Phys. Condo Matt. 18, 9575 (2006) 



I Magnetoelectric effectl 
r r 111 

F(E,H) = F: - P/ Ei - M/ Hi - - E;E;j EiEj - - f.lof.lijHiHj - aijEiHj - - f3ijkEiH jH k - ..... 
2 2 2 

r r aF 
P (E,H) = -- = ps+ t= t=. E. + a .. H. + ..... . 

l aE. l "--tJ '-tJ J lJ J 
l 

r r aF 
M. (E,H) = -- = M.s+ t= t=. H. + a .. E . + ..... . 

l aH. l. "--tJ '-tJ ] lJ ] 
l 

" a Induction of P by H, M by E linear ME 

For homogeneous materials, 
2 X 2 < a.. <f=.. IJ .. (or ME XMXE ) 

Z] '-tz raJ]] 

Expected to be large for systems developing magnetic, ferroelectric order at same T 
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Multiferroic chains: Pyroxenes 
J. Ph v'.: Condens. Matter 19 (2 

1 

paramagnetic 
paraelectric 

(a) 

-.. ,.. .... .... -- -.. " ..... ~ .... ... .. ' ... "-.. 
collinear spin structure 

paraelectric 

ferroelectric 
Ie 

234 567 8 
Magnetic field (T) 

(b) 

[FeOJ [Si9J 

Fe 
Si 

~ O 

NaFeSi20 6 

(c) 

J 

s. Jodlauk et al. (2007) 
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Ferroelectricity in Chain Magnets 

:1. -... 

J 

Y.J. Choi et aI., PRL 100, 047601 (2008) 
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Symmetry of Ferroic Order Parameters 

- - - -P M P n M 

....... -1" ........ .··-1··. 
Polar Magnetic ~ Magnetoelectric 

~..z.. .2.:.. 
m' m m 

~..z.. .2.:.. m m' m 00 2' 2' 

~ 

...... -- ...... 
-;? 

Stationary Cone Rotating Cylinder Rotating Cone -- -
.... 1 ... .... T .. - M n a 

ff stra: I I f I P n a 

. A 00 2'2' 
- -

m m 
00 2 2 • ---
m m m 

00 ..L 2. 
m .. -_ .... -.... .... ............ .. .. -_ ......... 

~ 

Stationary Cylinder Ferroelectric Magnetoelastic 
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Polar Vector 
m' 

----m 

m 

The use of the prime is to introduce black/white symmetry 
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MAGNETIC POINT GROUPS 

(8) 4mm (b) ~mm (c) 4mm 

igure" Point-group symmetry of uncoloured Ca) and coloured (b, c) squares. 

• 4mm: E, C4+z ' C2z ' C4-z ; a dl , a d2 , avx ' a vy 

RC4+z ' RC4-z ' Ravx ' Ravy 

Radl , Ra d2' Ravx ' Ravy 

• 4mm: E, C2z , ad!' ad2 (2mm); 
• 4mm: E, C4+z , C2z ' C4-z (4); 

Time reversal: dq 
i = dt 

. dq 
-l=d(_t) 



Examples of black-white symmetry 

·· . .... 1'· I . 

Drawings by M.e. Escher, reproduced in Macgillavry () 965) 



20 Magnetic (Shubnikov) Point Groups 
I. (White, Polar, Fedovov) Go: 1, 2, m, 2mm, 4, 4mm, 3, 3m, 6, 6mm 

II. (Neutral, Gray): G = Go + l' Go 

l' 21' m1' 2mm1' 41' 4mm1' 31' 3m1' 61' 6mm1' , , " " , , 

III. (Black-White, mixed polarity): G = G1 + l' G2 

2' m' 2'm'm 2m'm' 4' 4'm'm 4m'm' 3m' 6' 6'm'm 6m'm' " , " , ", , 

~~~ 
2' m' 2'm'm 2m'm' 

~ ~ ~ 
4' 4'm'm 4m'm' 

£~~~ 
3m' S Sm'm 6m'm' 
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.~ .~"'Ib. ~~ .~'. ,,' - ,-~ ..."", ~ 
1 " .. . ,#~ .' • . t1,,~, .,I.t.1 .. ~~ ... ~ .. ,'. ~1.:~ .. " ?!' , ........ ". -.. '." .. :.. ..... aiL.:- _~ ... ) 
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~I ~ 

Figure 2.27 
AntlS)'IllIlletry rosettes in ~eolithic ornamental art: (a) Di D:, Danilo, Yugoslavia, 
about 3500 B.C. : (b) D1D3> Near East: (c) Di D:. Near East: (d) Di C .. , ~iddle 

East; (e) Cs"C .. , Middle East; (1) C,/Cz' Dimini, Greece. 

Figure 2.25 
E.xamples of rosettes with the S)'lllInetry group 
(a) C .. (4), 15th centwy, (b) C3 (3), with the 

dominant decorative component. 

(a) (b) 

(b) 

Figure 2.22 
Variations of the (a) Chinese symbol "yang-yin" 

with the symmetry group C: (2) and (b) the 

triquetra motifwith the symmetry group C3 (3). 



Magnetic Groups & Color Symmetry 

Black & white (or Shubnikov) groups. 

• 3D point groups: 32+32+58=122 

• 3D space groups: 230+230+1191=1651 

(14 ~ 22 Bravais lattices) 

• 20 point groups: 10+10+11 =31 

• 20 space groups: 17+17+46=80 

• (5 Bravais lattices) 

• 1 0 point groups: 1 +1 +1 =3 

• 1 0 space groups: 2+2+3=7 



Melodic verses: Antisymmetry 

W.OIJCil 3rlClA,op. It No 2 

l 
.2 .. on. '" - - ~ ~J 1 

~.~ : J t j .=~::"': I : ::' \ : 

~~ - -3== _. '.3!:f ~ V2P .l ~& - ~ *1 

loc-r-=~ · J - i 21__ i f gs:J 
,. 

Figure 1. 

8AJl hJl ~el! cpeJlt • . B~JlbC " neH ae nTllu ·· 
rT cmp n di VIll:;e J 

..- --.. - ... ---.. 
..-- A ~ 

~ 

"--" 

Figure ~ . 



Palindromes: (Ferroelectrics; inversion symmetry) 

Niagara O! Roar again. 
A man, a plan, a canal: Panama. 

-1 

Sums are not set as a test on Erasmus. 

Anacyclic verses: (Ferromagnets; time reversal ) 

Is it odd how asymmetrical 
Is "Symmetry"? 
"Symmetry" is asymmetrical. 
How odd It is! 

-1' 
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Symmetry Breaking 

• Spontaneous P (no inversion symmetry): 31 magn. point groups 

• Spontaneous M (no time reversal symmetry): 31 magn. point groups 

• Both P, M: 13 magnetoelectric point groups 

• 1,2,2', m,m', 3, 3m', 4, 4m'm', m'm2', m'm'2, 6, 6m'm' 

• Quasi-1 D, quasi-2D magnetoelectric point groups: Tables. 



3D Magnetic Point Groups 

Polar (I) Gray (II) Mixed (III) Total 

M¢O, P¢O 6 0 7 13 

M¢O, P=O 7 0 11 18 AFE/Chiral 

M=O, P¢O 4 10 4 18 

M=O P=O , 15 22 36 73 
AFE/Chiral 

32 32 58 122 

AFM/Chiral AFM/Chiral 

1651 
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Magnetic Structure and SHG Selection Rules 

P~m (82) 

P63 (8) 

Pfucm (81) 

• a structures 

P3c (A2') 

1 Mn 
3+ 

" at z = 0 

1 Mn 
3+ 

Y at z=c/2 

P3c (A1' ) 

Lx 

At least 8 different triangular in­
plane spin structures with different 
magnetic symmetries and different 
selection rules for SHG 

P63cm (A2) a structures: SHG for kllz allowed 

~ (<p = 0°): Xxxx = 0, Xyyy * ° 
~ (<p = 90°): Xxxx * 0, Xyyy = ° 
up (<p = 0-90°) : Xxxx ex: sin <p, Xyyy ex: cos <p 

P63 (A) ~ structures: SHG for kllz not allowed 

Px, Py, Pp: Xxxx = 0, Xyyy = ° 
Determine B structure from «-(3 transition 

~-7 Py : Xxxx = 0, Xyyy ex: cos <p 

P63cm (A1) ~ -7 Px : Xxxx ex: sin <p, Xyyy = ° 
• Contrary to diffraction techniques: 

p structures a and ~ models clearly distinguishable! 

T. Lottermoser and M. Fiebig (2004) 



SH spectrum and Magnetic Symmetry 

~. YMn03 

Cf) 
c 
Q) .... 
c 
:c 
C/) 

6K 

o ~ ~ I ,.I _ f I I i sf" + ' -~_-'-I-~""~ F~I ~~I =I i 
~ .... 
Cf) 
c 
~ 
c 
:c 
C/) 

HoMn0
3 

o b ___ _ - _ ... ______ 1 ~ 

2.0 2.2 2.4 2.6 2.8 3.0 2.0 2.2 2.4 2.6 2.8 3.0 
SH energy (eV) SH energy (eV) 

I") IXyyy -

12 IXxxx 

The magnetic symmetry, not the R ion, determines the SH spectrum of RMn03 



Free Energy for a 20 Multiferroic Transition 

F(M,P,e) = 

81 (M12+M22)+b1 (M12+M22)2+c1(M14+M2 4) 

+82(P 12+P22)+b2(P 12+P22)2+C2(P 14+P2 4) 
+83( e22+e32)+b3( e2 3-3e2e3

2)+c3( e22+e32)2 

+A[e2(P 12-P 22)+e3P 1 P 2] 
+B[e2(M12-M22)+e3M1 M2] 

+C[(P 12+P22)(M12+M22)] 

+ gradient terms 



Gradient couplings: domains & vortices 

FG = M2{V·P) + M·[{M·V)P] 

+ P·[M{V·M) + P·[Mx{VxM)] 

+ E{V·M)2 + E{VxM)2 

+ E{V·P) + P·{VE) + E{VxP)2 

Microstructure simulations underway 



REMARKS 

• Multiferroics as metamaterials (NIM). 

• Spintronics and "Straintronics". 

• Ferroic glasses: strain glass, toroidic glass. 

• Multiferroic & magnetoelectric tweed . 

• Quantum paraelectrics, paraferroics. 

• Quantum criticality in multiferroics. 

• Metamagnets: metaferroics, metaelectrics. 

(J.W. Kim, PNAS 106, 15573, 2009). 



METAMATERIALS and MULTIFERROICS 
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Negative Refraction in a CMR Material 
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Conclusions 
• Quasi-10, quasi-20 Multiferroics: simultaneously ferromagnetic (M), 

ferroelectric (P), ferroelastic (e) in a chain, plane. 
• I ntrinsic inhomogeneity. 

• Magnetoelectric versus structural tweed . 
• Magnetoelectric chains/planes: coexisting P,M. 
• Only a few multiferroic 10, 20 point groups. 

• Synthesis of new materials. 
• Notion of color symmetry. 
• Phase transitions to these subgroups. 

• Free energy: F(P,M,e), domain walls, microstructure simulation. 
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