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Goals: Part 1 and Part 2 

To go through the thought process of two 
Materials by Design examples 
(Symmetry, simple models, first-principles 
calculations of material specific compounds) 

 

1.  Phase competition a Generic paradigm to achieve 
colossal responses in proper ferroelectrics 

 

2.  Octahedral rotation induced antiferroelectricity as 
the origin hybrid improper ferroelectricity, or more 
accurately, ferrI-electricity 
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Outline: Part 1 and Part 2 

A.  Introduction to multifunctional materials 

 

B.  Phase Competition: a Generic paradigm to achieve colossal 
responses 
1.  Basics of proper ferroelectricity: Landau theory phenomenology, Structural phase 

transitions, and Microscopic mechanism 
2.  Strain tuning: controlling ferroelectricity with strain and improper ferroelastics 
3.  Spin- phonon coupling → ~ P2M2 interaction by design 
4.  Spin-lattice coupling → ~ P∙L×M interaction by design 

C.  Octahedral rotation induced antiferroelectricity as the origin hybrid 
improper ferroelectricity, or more accurately, ferrI-electricity (i.e., 
how to make Pnma perovskites useful:-) 
1.  Octahedral rotations in perovskites 
2.  Basics of improper ferroelectricity: primary lattice, secondary polarization 

3.  hybrid improper ferroelectricity 
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A few useful to me review articles 

•  D. I. Khomskii, Multiferroics: Different ways to combine 
magnetism and ferroelectricity, J. Magnetism and Magnetic Mat. 
306 (2006) 1-8. 

•  Y. Tokura, Multiferroics-toward strong coupling between 
magnetization and polarization in a solid, J. Magnetism and 
Magnetic Mat. 310 (2007) 1145-1150. 

•  Physics of ferroelectrics - A modern perspective, Karin M. Rabe, 
Charles H. Ahn, and Jean-Marc Triscone (Eds.), Topics in Applied 
Physics 105 (2007) Springer. 

•  International Tables for Crystallography (2006). Vol. D, Chapter 
1.5 Magnetic properties  pp. 105–149. By A. S. Borovik-
Romanov† and H. Grimmer  
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Outline: Part 1 and Part 2 

A.  Introduction to multifunctional materials 

 

B.  Phase Competition: a Generic paradigm to achieve colossal 
responses 
1.  Basics of proper ferroelectricity: Landau theory phenomenology, Structural phase 

transitions, and Microscopic mechanism 
2.  Strain tuning: controlling ferroelectricity with strain and improper ferroelastics 
3.  Spin- phonon coupling → ~ P2M2 interaction by design 
4.  Spin-lattice coupling → ~ P∙L×M interaction by design 

C.  Octahedral rotation induced antiferroelectricity as the origin hybrid 
improper ferroelectricity, or more accurately, ferrI-electricity (i.e., 
how to make Pnma perovskites useful:-) 
1.  Octahedral rotations in perovskites 
2.  Basics of improper ferroelectricity: primary lattice, secondary polarization 

3.  hybrid improper ferroelectricity 
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Dielectrics  
P ∝ E (small E)     
 
 
 
Ferroelectrics  
P ≠ 0 in zero E 
Switchable to another 
orientation by applied E  

Energy 

Polarization 

Energy 

Polarization 

Energy 

Polarization 

Polarization 

Energy 

Polarization 

Energy 

Polarization 

Energy 

Polarization 

Energy 

Polarization 

Energy 

Analogous to ferromagnetism: P → M, E → H 

Functional Materials: Ferroelectricity 
Property: Polarization 
Definition: Electric dipole per unit volume 
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Multifunctional multiferroics 

Multiferroic: combine more than one “ferro” property: 
Ferroelectricity, ferroelasticity, and/or magnetism 

(Hans Schmid, 1973) 

Polarization, P Strain, ε Magnetization, M 

- + 
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Multifunctional multiferroics 

Multiferroic: combine more than one “ferro” property: 
Ferroelectricity, ferroelasticity, and/or magnetism 

(Hans Schmid, 1973) 

Polarization, P 

- + 

e.g., ferroelectric ferroelastic 

Strain, ε 
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Multifunctional multiferroics 

Polarization, P Strain, ε 

- + 

e.g., ferroelectric ferroelastic 

Multifunctional: response to more than one external 
perturbation: Electric (E) and stress (σ) fields 

E σ 

ε P 
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Multifunctional Electrostrictive materials 

(Generalized) Electrostriction: cross coupled response 
to electric (E) and stress (σ) fields 

E 

P 

σ 

ε 

i.e. control of the strain (electric) state with an applied electric (stress) field 

Polarization, P 

- + 

Strain, ε 

The order of the coupling to strain:  
 E  →  piezoelectricity 
 E2  →  electrostriction 
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Multifunctional multiferroics 

Multiferroic: combine more than one “ferro” property: 
Ferroelectricity, ferroelasticity, and/or magnetism 

(Hans Schmid, 1973) 

Polarization, P 

- + 

e.g., ferroelectric ferromagnet 

Magnetization, M 
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Multifunctional multiferroics 

Polarization, P 

- + 

e.g., ferroelectric ferromagnet 

Magnetization, M 

E H 

M P 

Multifunctional: response to more than one external 
perturbation: Electric and magnetic fields 
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Multifunctional magnetoelectrics 

(Generalized) Magnetoelectric: cross coupled 
response to electric and magnetic fields 

i.e. control of the magnetic M (electric P) phase with an applied 
electric E (magnetic H) field 

E H 

M P Polarization, P 

- + 

Magnetization, M 
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Emergence of new macroscopic phenomena 

Where do we look for new 
phenomena and why do we 

look there? 
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More is definitely different (e.g., ABO3 Perovskites) 
Nearly any physical property 
 
•  Dielectric   CaTiO3, SrTiO3, (CaCu3)(Ti4)(O4)3 
•  Ferroelectric  BaTiO3, LiNbO3, PbTiO3 
•  Magnetoelectric  TbMnO3, BiFeO3 
•  Antiferroelectric  PbZrO3 
•  Piezoelectric  PbZrxTi1-xO3 
•  Antiferromagnetic  LaMnO3 
•  Ferromagnetic  SrRuO3 
•  Superconducting  doped-SrTiO3 
•  Colossal Magneto-resistance (La,Ca)MnO3 

A 
B 

O 

Same prototypical structure 

Figure 
courtesy  
of V. 
Gopalan 

“More is Different,” Phil Anderson, 
Science 1972 

(BaTiO3)6(SrTiO3)5 

Haeni, Schlom,  
Tian, & Pan (2001) 

(LaTiO3)1(SrTiO3)n 

Ohtomo, Muller,  
Grazul, & Hwang 

 Advances in synthesis and characterization 
- tailoring properties at the nanoscale 

(BaTiO3)n(SrTiO3)
m(CaTiO3)k 

Lee, ORNL 
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Substitutions on A, B or both (A1-xA’x)(B1-yB’y)O3   
 Random distribution or ordered 

Enormous number of tertiary and quaternary 
perovskites 

Perovskites  ABO3 
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You are not going to program a computer 
and calculate your way to new materials 
that have the physics you want them to 
have 

17 
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Common themes: Designer Hamiltonians 

1.  Playing with models, symmetry, and basic principles of 
crystal chemistry  we come up with a set of materials 
design rules (i.e., no calculations) that we used to 
identify candidate materials 

2.  From first principles, given A-B-X, we have access to 
metastable structures that may not appear in the phase 
diagram 

 
The question then turns to “how to be 

stabilize such phases?  
⇒ need growers who are willing to run with a crazy idea 

and be pat of a long term program that gives the freedom 
to do so. 

18 
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Outline: Part 1 and Part 2 

A.  Introduction to multifunctional materials 

 

B.  Phase Competition: a Generic paradigm to achieve colossal 
responses 
1.  Basics of proper ferroelectricity: Landau theory phenomenology, Structural phase 

transitions, and Microscopic mechanism 
2.  Strain tuning: controlling ferroelectricity with strain and improper ferroelastics 
3.  Spin- phonon coupling → ~ P2M2 interaction by design 
4.  Spin-lattice coupling → ~ P∙L×M interaction by design 

C.  Octahedral rotation induced antiferroelectricity as the origin hybrid 
improper ferroelectricity, or more accurately, ferrI-electricity (i.e., 
how to make Pnma perovskites useful:-) 
1.  Octahedral rotations in perovskites 
2.  Basics of improper ferroelectricity: primary lattice, secondary polarization 

3.  hybrid improper ferroelectricity 
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* Y. Tokura, “Critical Feature of Colossal Magnetoresistive Manganites,” Rep. Prog. Phys. 2006. 
 “Multiferroics - Toward Strong Coupling …,” JMMM 2007. 

* R.E. Newnham, “Molecular Mechanisms in Smart Materials,” MRS Bull. 1997. 

Phase Competition: Generic paradigm to achieve 
colossal effects 

Beatriz Noheda et al 
Tokura et al 

Colossal Electro-
mechanical response 

Colossal Magneto-
resistance response 
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Generic paradigm to design new multiferrroic 

T 

0    1    

Control Parameter 

Colossal  
Magnetoelectric effect 

Antiferromagnetic         Ferromagnetic  
        +    + 
Paraelectric         Ferroelectric 

Start with AFM-PE material and 
tune to a FM-FE phase 
1.  Identify microscopic 

mechanism to achieve 
coupling of order parameters  
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Phase Competition and the morphotropic phase 
boundary 

Rhombohedral  Tetragonal 
Ferroelectric  Ferroelectric 
        +          +  
ParaElastic  FerroElastic 

T 

0    1    

Control Parameter 
(composition ) 

Colossal  
Piezoelectric effect** 

E 

P 

σ 

ε 

Piezoelectric: cross coupled 
response to electric (E) 
and stress (σ) fields 

In perovskite ferroelectrics such as PbTiO3, there is a “natural” 
cross coupled response between electric, E,  and stress, σ, fields 

Why? (we will see in a bit) 

e.g., PbTiO3 
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Generic paradigm to design new multiferrroic 

T 

0    1    

Control Parameter 

Colossal  
Magnetoelectric effect 

Antiferromagnetic         Ferromagnetic  
        +    + 
Paraelectric         Ferroelectric 

Start with AFM-PE material and 
tune to a FM-FE phase 
1.  Identify microscopic 

mechanism to achieve 
coupling of order parameters  

E H 

M P 
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Generic paradigm to design new multiferrroic 

T 

0    1    

Control Parameter 

Colossal  
Magnetoelectric effect 

Antiferromagnetic         Ferromagnetic  
        +    + 
Paraelectric         Ferroelectric 

Start with AFM-PE material and 
tune to a FM-FE phase 
1.  Identify microscopic 

mechanism to achieve 
coupling of order parameters 

2.  Identify tuning mechanism  
3.  Identify material realization  
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Theory-driven experimental pursuit of new 
materials-by-design: Example 1 

What is our 
microscopic model? 
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Outline: Part 1 and Part 2 

A.  Introduction to multifunctional materials 

 

B.  Phase Competition: a Generic paradigm to achieve colossal 
responses 
1.  Basics of proper ferroelectricity: Landau theory phenomenology, Structural phase 

transitions, and Microscopic mechanism 
2.  Strain tuning: controlling ferroelectricity with strain and improper ferroelastics 
3.  Spin- phonon coupling → ~ P2M2 interaction by design 
4.  Spin-lattice coupling → ~ P∙L×M interaction by design 

C.  Octahedral rotation induced antiferroelectricity as the origin hybrid 
improper ferroelectricity, or more accurately, ferrI-electricity (i.e., 
how to make Pnma perovskites useful:-) 
1.  Octahedral rotations in perovskites 
2.  Basics of improper ferroelectricity: primary lattice, secondary polarization 

3.  hybrid improper ferroelectricity 
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Strong ferroelectricity and ferromagnetism via 
spin-phonon coupling 

Break the problem 
up into steps! 
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Strong Ferromagnetic Ferroelectrics 
 

28 

0
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strained
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3

BaTiO3 
BiFeO3 
PbTiO3 

Ferroelectrics with large P tend 
to have conventional 

ferroelectric mechanism  

Slide from D. Schlom 
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Identify primary 
order parameter 

What do I mean by “primary” 
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Ferroelectricity 

30 

At the most simplest level we are trying to describe the 
appearance of a spontaneous polarization 

Paraelectric Ferroelectric 

P≠ 0 

Temperature TC 

P= 0 

Property: electric polarization 
Defined by a net electric dipole per unit volume 
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Let’s ask a similar question: how does the crystal structure evolve 
during the transition from a paraelectric to ferroelectric state? 

Prototypical ferroelectric 

Consider the ferroelectric BaTiO3 (R → O →  T→ C phase transition) 

Symmetry of the lattice is 
lowered as you cool BaTiO3 Li, Cross & Chen,  

J. Appl. Phys 98 064104 (2005) 

Cubic 

symmetry          properties 

Neumann principle 

31 
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32 

Ferroelectricity 

Spontaneous space-inversion, I, symmetry breaking 

Symmetry properties 
P(-x) = -P(x) 

Time inversion R  t → -t Space inversion I  r → -r 
 P and E are Polar vectors 

P(x,y,z) 

P(x,y,-z) 

Mirror reflection m 

P(x,y,z) P(-x,y,z) 

Noncentrosymmetric lattice 

-	
 +	
 -	


-	
 +	
 -	


+ 
- 

+ 
- 

P(x) P(x) 

+ 
- 

P(x) 

+ 
- P(-x) 

+ 
- 

+ 
- + 

- 
+ 
- 

x-y 

y-z 

Spontaneous polarization P  
⇒ Dipole moment per unit volume 

Ordering of polar mode 
 in many cases, this turns out to be a lattice mode 
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Proper ferroelectric transition: phenomenology 

33 

⇒ Proper ferroelectric transition. (we will see example of 
improper ferroelectric transitions, e.g., YMnO3). 

PbTiO3: Primary Order Parameter 
Spontaneous polarization  P 

The primary OP accounts for the appearance of the spontaneous 
physical quantity, i.e., P, AND completely accounts for the 
symmetry lost at the phase transition 

Paraelectric 
Ferroelectric 

polarization  P 
1 
 
 
0 

Introductory: Ekhard Salje, 
“Crystallography and structural 
phase transitions, in introduction,” 
Acta Crystal. A47, 453-469 (1991).  
More advanced: Stokes and Hatch, 
“Coupled order parameters in the 
Landau theory of phase transitions 
in solids,” Phase Transitions V34, 
53-67 (1991). Temperature Tc 
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P0 =

�
0 a > 0
±

⇥
(�a

b ) a < 0

FPE(P ) =
1
2
aP 2 +

1
4
bP 4

a = a0(T � Tc)

polarization (P) 

A simple example: The cubic paraelectric 
•  in paraelectric free energy remains invariant under space 
inversion, i.e.,  F(P) = F (-P)  
 ⇒ only even powers of P 

FPE(P ) =
1
2
aP 2 +

1
4
bP 4

�F/�P |P0 = aP0 + bP 3
0 = 0
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A simple example: The cubic paraelectric  

FPE(P ) =
1
2
aP 2 +

1
4
bP 4

��1
PE = ⇥2FPE/⇥P⇥P |P=0 = a = a0(T � Tc)

The dielectric susceptibility  

Temperature Tc 
0 

Currie Weiss ��1
PE
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Proper ferroelectric transition: phenomenology 

36 

One can also investigate the ferroelectric phase within a Landau theory.   
 
Confusion sometimes arises due to the standard notational practice of using 
the symbol “P” as the order parameter in the ferroelectric phase, i.e., 

−0.8 −0.6 −0.4 −0.2 0 0.2 0.4 0.6
−0.15

−0.1

−0.05

0

0.05

0.1

0.15

0.2

Ferroelectric phase P = +Ps ≠ 0 P = -Ps≠ 0 

Paraelectric phase  
P = 0 

P ➝ +Ps + Δ -P ➝ +Ps - Δ 

P ➝ 0 + Δ -P ➝ 0 - Δ 

Polarization  

E
ne

rg
y 

FFE(�P ) =
1
2
a��2

P +
1
3
c��3

P +
1
4
b��4

P

�P ⇥ ��P

Note, that the cubic term is allowed since there is NO 
symmetry that takes  
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Proper ferroelectric transition: phenomenology 
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One can also investigate the ferroelectric phase within a Landau theory.   
 
A far more pedagogical approach towards understanding the properties of 
the ferroelectric phase, is to consider a reference structure in which the 
primary order parameter (and all additional order parameters that have 
identical symmetry transformational properties) is zero, this is the 
paraelectric reference structure. 

FPE(P ) =
1
2
aP 2 +

1
4
bP 4Starting with  

let P � P0 ±�P

F(P ) = FPE |P0 +
1
2
a��2

P +
1
3
c��3

P +
1
4
b��4

P
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Proper ferroelectric transition: phenomenology 
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FFE(P ) =
1
2
a�P 2 +

1
3
c�P 3 +

1
4
b�P 4

One can also investigate the ferroelectric phase within a Landau theory.   
 
Confusion sometimes arises due to the standard notational practice of using 
the symbol “P” as the order parameter in the ferroelectric phase, i.e., 
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Proper ferroelectric transition: phenomenology 
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One can also investigate the ferroelectric phase within a Landau theory.   
 

F(P ) = FPE |P0 +
1
2
a��2

P +
1
3
c��3

P +
1
4
b��4

P

a� = a + 3bP 2
0

c� = bP0

b� = b

1.  P → -P implies switching from one ferroelectric well to its symmetry 
equivalent direction.  

2.  One can explicitly see that a new term, the cubic term, arises whenever 
the equilibrium value of the primary order parameter is non-zero, its 
coefficient increasing linear with P0.  

3.  the response to small fields in either the paraelectric phase, i.e., P0= 0, 
(if it actually exists in the equilibrium phase diagram of the the 
ferroelectric phase of interest) or the ferroelectric phase can be 
calculated. 
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Proper ferroelectric transition: phenomenology 
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A intuitive way to find the susceptibility in both the paraelectric and 
ferroelectric phases 
 

F(P ) =
1
2
aP 2 +

1
4
bP 4 � EP

�F/�P |P = aP + bP 3 = E

⇥ �E = a(P0 + �P ) + b(P0 + �P )3

= aP0 + bP 3
0⇤ ⇥� ⌅

= 0�P0

+ (a + 3bP 2
0 )⇤ ⇥� ⌅

��

�P +O(�2
P )

⇥ � � �P
�E =

1
a + 3bP 2

0

E � �EP � P0 + �Plet when 
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Phenomenology is nice, we need to 
start understanding microscopic 
mechanism and the relevant 
microscopic degree of freedom. 

41 
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Ferroelectricity as a lattice property 

+ 
– P 

cubic-paraelectric 
Space group Pm3m 

tetragonal-ferroelectric 
Space group P4mm 

FE lattice distortion, Q, has identical symmetry properties as the 
polarization, i.e. Q∝ P, involve small atomic distortions 

Pb 

Ti 
O 
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Soft-mode theory of ferroelectricity 

Energy (E) 

Normal mode 
displacement (u) 

Energy (E) 

Normal mode 
displacement (u) 

Born and Huang, 1954, W. Cochran, Phys. Rev. Lett. 1959 

Stable phonon Unstable phonon 

→ Paraelectric → Ferroelectric 

Temperature Tc 
0 

χ-1 ∝ ω2 
Currie Weiss 

Where ω is an infrared-active 
phonon frequency  

Experiments see: 
Jim Scott  
RMP 46, 83 (1974) 
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Phonon dispersion at T=0 of cubic ABO3 from first 
principles 

Fig 3, page 135; Karin M. Rabe and 
Philippe Ghosez, Topics in Applied 
Physics 105: 117-174 (2007). 

Remember: Imaginary frequencies 
imply lattice instability 

Phonon Symmetry Labels 
Γ : q=0 
M: q=(1,1,0) 
X: q=(1,0,0) 
R: q=(1,1,1) 

Identify 
microscopic 
degrees of 
freedom from 
first principles 



45 Cornell University!
School of Applied and Engineering Physics !

 fenniegroup.aep.cornell.edu!

Soft-mode theory of ferroelectricity 

n  Crystal is stable against small deformations if all normal modes 
have real frequencies 

n  Ferroelectricity is associated with the freezeing-in 
(condensation) of an unstable or soft polar phonon (IR-active) 

Stable phonon 

Unstable phonon 

Primary distortion mode becomes the order parameter 

coordinate (u) Normal mode displacement 

45 
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Ferroelectric mechanisms: Chemical   
 (formally) d0 transition metals  e.g. Ba2+Ti4+O2-   Ti4+:  3d04s0 

Δ 
Ed 

Ep 

tpd → tpd (1 +/- gu) 
 

δE ~  - t2pd
 (gu)2/Δ 

“simple picture” 
Daniel Khomskii 
JMMM 2006 

Δ Charge transfer gap 
tpd hybridization 
 

Ron Cohen, Nature 1993 

Change in hybridization 
of empty d-states with 
filled O p-states  (2nd 
order Jahn-Teller) 

Origin of FE distortion 
Balance between two competing forces:  
•  short-ranged repulsive forces favor centrosymmetric structure  
•  changes in chemical bonding favor ion off-centering 
 
→ dipole-dipole interactions stabilize long-range order 

Nicola Spaldin, Analogies and 
differences between ferroelectrics 
and ferromagnets, in Topic in 
Advanced Physics V 105 (2007). 

u 

energy 

Ti 3d0 

O 2p2 
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n  Electronic description for the local polar displacements is 
required 

n  Chemistry description via the second-order (pseudo-) Jahn-
Teller Effect 
–  Bersuker and Vekhter, The vibronic theory of ferroelectricity, 

Ferroelectrics, 19, 137-150 (1978) 
–  Pearson, Proc. Nat. Acad. Sci. 72, 2104 (1975) 
–  Burdett, Inorg. Chem. 20, 1959 (1981) 
–  Kunz and Brown, J. Solid State Chem. 115, 395 (1995) 

47 

Vibronic theory of ferroelectricity 
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Small detour: microscopic mechanisms 

Lets consider a Born-Oppenheimer system 

48 

He(r;Q) = Te + V (r, Q)

He(r;Q)�n(r;Q) = En(Q)�n(r;Q)

MI
d2QI

dt2
= ��E0(Qj)

�QI
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Vibronic theory: 1st and 2nd order Jahn-Teller 

49 

first-order JT does not 
give rise to FE 

distortions, non-zero if 
orbitally degenerate 

second-order JT is a competition between two 
terms 

Expanding the Hamiltonian as a function of normal coordinate Q about the 
electronic Hamiltonian for the high symmetry reference phase,  
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Conventional mechanisms for inversion symmetry breaking 

n  Second-order Jahn-Teller effect 

50 

first-order JT does not 
give rise to FE 

distortions, non-zero if 
orbitally degenerate 

first-order JT does not 
give rise to FE 

distortions, non-zero if 
orbitally degenerate 

energy raising term describes the 
short-range repulsive forces and 

tends to be small in the case of d0 
cations 

energy lowering term describes the 
relaxation of the electronic system to 

atomic displacements (bond 
formation) 

second-order JT 

polar displacements 
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n  Ti off-centering enhances cross-gap p-d hybridization 

51 

Electronic/chemical mechanism for ferroelectricity 

R.E. Cohen, Nature 358 136 (1992) 
A. Filippetti & N.A. Spaldin, Phys. Rev. B 65 195120 (2002) 

BaTiO3 
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Electronic/chemical mechanism for ferroelectricity 
n  Second-order Jahn-Teller effect 

–  Ligand field stabilization of empty cation d-orbitals by oxygen p-electrons 
–  Polar cation displacements in d0 metals (group 4, 5 or 6 transition 

metals) 
–  Stereochemical lone pair activity (Tl+,Pb2+,Sn2+,Sb3+,Bi3+, Se4+, Te4+) 

non-bonded electrons stabilized through s–p mixing 
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n  Second-order Jahn-Teller effect 
–  Ligand field stabilization of empty cation d-orbitals by oxygen p-electrons 
–  Polar cation displacements in d0 metals (group 4, 5 or 6 transition 

metals) 
–  Stereochemical lone pair activity (Tl+,Pb2+,Sn2+,Sb3+,Bi3+, Se4+, Te4+) 

non-bonded electrons stabilized through s–p mixing 

53 

Electronic/chemical mechanism for ferroelectricity 

Chemistries that favor this form of 
ferroelectricity are problematic for magnetism 
and in turn M&Ms 

Requires un-paired electrons. Consider: 
LaMnO3, Mn3+ has 3d44s0 electronic configuration 

Recognized as early as 1950s by Matthias, that 
large ferroelectric polarizations require d0-ness 
B.T. Matthias, Phys. Rev. 75 1771 (1949) 
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54 

Generic paradigm to design new multiferrroic 

T 

0    1    

Control Parameter 

Colossal  
Magnetoelectric effect 

Antiferromagnetic         Ferromagnetic  
        +    + 
Paraelectric         Ferroelectric 

Start with AFM-PE material and 
tune to a FM-FE phase 
1.  Identify microscopic 

mechanism to achieve 
coupling of order parameters 

2.  Identify tuning mechanism  
3.  Identify material realization  
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Soft-mode theory of ferroelectricity 

Energy (E) 

Normal mode 
displacement (u) 

Energy (E) 

Normal mode 
displacement (u) 

Born and Huang, 1954, W. Cochran, Phys. Rev. Lett. 1959 

Stable phonon Unstable phonon 

→ Paraelectric 
     at T = 0 

→ Ferroelectric 
     at T = 0 

Where ω is an infrared-active phonon frequency  

Keep in mind we want the 
ground state to be PE, but 
also want a way of tuning to 
the FE border, how? 
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56 

Outline: Part 1 and Part 2 

A.  Introduction to multifunctional materials 

 

B.  Phase Competition: a Generic paradigm to achieve colossal 
responses 
1.  Basics of proper ferroelectricity: Landau theory phenomenology, Structural phase 

transitions, and Microscopic mechanism 
2.  Strain tuning: controlling ferroelectricity with strain and improper ferroelastics 
3.  Spin- phonon coupling → ~ P2M2 interaction by design 
4.  Spin-lattice coupling → ~ P∙L×M interaction by design 

C.  Octahedral rotation induced antiferroelectricity as the origin hybrid 
improper ferroelectricity, or more accurately, ferrI-electricity (i.e., 
how to make Pnma perovskites useful:-) 
1.  Octahedral rotations in perovskites 
2.  Basics of improper ferroelectricity: primary lattice, secondary polarization 

3.  hybrid improper ferroelectricity 
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57 

Detour – Tuning perovskite ferroelectrics: Pressure 

Positive pressure→ smaller volume  
short-range repulsive forces increase faster than long range 
dipole-dipole interactions ⇒ FE soft-mode hardens 

For a modern first-principles take see work by Ph. Ghosez on e.g., BaTiO3 
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Detour – Epitaxial strain-induced ferroelectricity 

Sr2+Ti4+O3   
•  In bulk: paraelectric (PE) ground state 
(cubic) 
 
•  epitaxially strained film: room 
temperature ferroelectric (FE) (Nature 
2004, Schlom et al.) 
 a"

a"

c-FE PE aa-FE 

First-principles epitaxial strain-induced 
ferroelectricity (Antons, PRB 2004) 

Cubic  
(Unstrained) 
Paraelectric  

Tensile-strain 
Ferroelectric aa-phase 
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Detour – Tuning perovskite ferroelectrics  

Why strain and ferroelectricity are 
naturally coupled and how to account 
for the coupling 

59 
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Detour – Symmetry lost at transition 
So ferroelectricity in the cubic perovskite like PbTiO3 is associated with 

the instability of a Γ15 mode, i.e., a polar lattice distortion, is 
translational symmetry changed? 

60 

+ 
– P 

cubic-paraelectric 
Space group Pm3m 

tetragonal-ferroelectric 
Space group P4mm 

Pb 

Ti 
O 
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Detour – Symmetry lost at transition 
So ferroelectricity in the cubic perovskite like PbTiO3 is associated with 

the instability of a Γ15 mode, i.e., a polar lattice distortion, is 
translational symmetry changed? 

61 

+ 
– P 

cubic-paraelectric 
Space group Pm3m 

tetragonal-ferroelectric 
Space group P4mm 

Pb 

Ti 
O 

spontaneous 
strain 

η≝  
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Detour – Symmetry lost at transition 
So ferroelectricity in the cubic perovskite like PbTiO3 is associated with 

the instability of a Γ15 mode, i.e., a polar lattice distortion, is 
translational symmetry changed? 

62 

cubic-paraelectric 
Space group Pm3m 

Tetragonal-paraelectric 
Space group P4/mmm 

Pb 

Ti 
O 
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Detour – Improper ferroelastic transition: phenomenology 

Primary order parameter  

F(P, ε) =  a1 P2 + c1 P4 + a2 ε 2 + b1 εP2   

Secondary order parameter 

εeq ~ - P2   
Once P becomes 
nonzero, a strain is 
induced 

Spontaneous polarization  P Spontaneous strain ε 

BaTiO3 and PbTiO3 have a proper ferroelectric 
transition, but an improper ferroelastic transition 

∂F/∂ε = 2 a2ε + b1 P2 = 0  

(note energy expansion for cubic-to-tetragonal pt, simplified for pedagogy)  
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Internal energy from first principles 

Internal energy as a function of FE distortion, u, and strain, ε 
E(u, ε) = -ω2

0 u2 + Bu4 + Cε u2   

BaTiO3 

In PbTiO3, polarization-
strain coupling is 
essential to observe 
tetragonal ground state 

Fig 1, page 137; Ron Cohen, Origin of ferroelectricity in perovskite oxides, Nature 358: 136-138 (1992). 

PbTiO3 Neglecting strain: 
Both BaTiO3 and 
PbTiO3 have 
rhombohedral 
ground states, in 
contradiction to 
experiment! 

Tetragonal ignoring strain 
Tetragonal w/ strain 
Rhombohedral 
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Detour – Tuning perovskite ferroelectrics: Strain 

F(Pz, η) = κ Pz
2 + c1 Pz

4     Soft-mode 
 
+ ½ β11(2 η2 + ηz

2 ) + ½ β12(η2 + 2ηηz )     Elastic 
 
+ β1xx(2η Pxy

2 + ηz Pz
2)     Coupling 

∂F/∂ηz = β11  ηz + β12 2η + β1xx Pz
2     

(note energy expansion simplified for 
pedagogy, see Dieguez et al PRB 2005 
for full details )  

⇒ ηz ~ - β12/β11 η 
⇒ κ → κ + - β1xxβ12/β11 η 

Soft-mode “frequency” gets renormalized by epitaxial strain 

For the case of 
biaxial strain, 
i.e., ηx

 = ηy
 ≡ η   Cubic  

(Unstrained) 
Compressive strain

  



66 Cornell University!
School of Applied and Engineering Physics !

 fenniegroup.aep.cornell.edu!

66 

Detour – Strain-induced ferroelectricity 

+ 
 

0 
 
- 

Biaxial strain (%), η 

Energy (E) 

Energy (E) 

Paraelectric 

Ferroelectric 

ω
2  

Strain couples strongly to the lowest polar mode 
“polarization-strain coupling” (Cohen, Nature 1992) 
 

In paraelectric phase → epitaxial-strain-induced 
ferrroelectricity 

0.0         1.0             2.0 

Paraelectric 

Ferroelectric 

For example, Strain-
induced ferroelectricity 
in SrTiO3, Nature 2004, 
Schlom group 
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Detour – Epitaxial strain-induced ferroelectricity 

Sr2+Ti4+O3   
•  In bulk: paraelectric (PE) ground state 
(cubic) 
 
•  epitaxially strained film: room 
temperature ferroelectric (FE) (Nature 
2004, Schlom et al.) 
 a"

a"

c-FE PE aa-FE 

First-principles epitaxial strain-induced 
ferroelectricity (Antons, PRB 2004) 

Compressive 
Ferroelectric c-phase 

Tensile 
Ferroelectric aa-phase 
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Detour – Epitaxial strain-induced ferroelectricity 

Sr2+Ti4+O3   
•  In bulk: paraelectric (PE) ground state 
(cubic) 
 
•  epitaxially strained film: room 
temperature ferroelectric (FE) (Nature 
2004, Schlom et al.) 
 a"

a"

c-FE PE aa-FE 

First-principles epitaxial strain-induced 
ferroelectricity (Antons, PRB 2004) 

Compressive 
Ferroelectric c-phase 

Tensile 
Ferroelectric aa-phase 

Can we make the ferroelectric 
transition spin dependent?  
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Outline: Part 1 and Part 2 

A.  Introduction to multifunctional materials 

 

B.  Phase Competition: a Generic paradigm to achieve colossal 
responses 
1.  Basics of proper ferroelectricity: Landau theory phenomenology, Structural phase 

transitions, and Microscopic mechanism 
2.  Strain tuning: controlling ferroelectricity with strain and improper ferroelastics 
3.  Spin- phonon coupling → ~ P2M2 interaction by design 
4.  Spin-lattice coupling → ~ P∙L×M interaction by design 

C.  Octahedral rotation induced antiferroelectricity as the origin hybrid 
improper ferroelectricity, or more accurately, ferrI-electricity (i.e., 
how to make Pnma perovskites useful:-) 
1.  Octahedral rotations in perovskites 
2.  Basics of improper ferroelectricity: primary lattice, secondary polarization 

3.  hybrid improper ferroelectricity 
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Spin-phonon coupling: Novel way to achieve phase 
control 

J(u) 

J(u+δ) 

Phonon modulated exchange interaction 
Baltensperger and Helman, Helvetica physica acta 1968. 

e.g. can understand large spin-phonon coupling in ZnCr2O4 
Fennie and Rabe, Phys. Rev  Lett. May 2006 

Eph = 1/2 ω0
2u2

 

E = E0 +Ephonon+ Espin 

Esp = -∑Jij 〈Si⋅Sj〉  

⇒  ω2 ∝  ω0
2  - ∂2J/∂u2 〈Si⋅Sj〉 

            renormalized           bare    magnetic contribution 
                  phonon            phonon 

J(u) ≈ J(0) + 1/2 ∂2J/∂u2 〈Si⋅Sj〉 u2 
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71 

Spin-phonon coupling: Novel way to achieve phase 
control 

Energy (E) 

Normal mode 
displacement (u) 

Energy (E) 

Normal mode 
displacement (u) 

Stable phonon Unstable phonon 

→ Antiferromagnetic, Paraelectric → Ferromagnetic, Ferroelectric 

AFM → 〈Si⋅Sj〉 = -1   FM   → 〈Si⋅Sj〉 = +1 

Leads to a FM-FE state competing with the AFM-PE ground state 

With control parameter take ω0 = 0      
 
⇒    ω2  ∝ - 〈Si⋅Sj〉 
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Generic paradigm to design new multiferrroic 

T 

0    1    

Control Parameter 

Colossal  
Magnetoelectric effect 

Antiferromagnetic         Ferromagnetic  
        +    + 
Paraelectric         Ferroelectric 

Start with AFM-PE material and 
tune to a FM-FE phase 
1.  Identify microscopic 

mechanism to achieve 
coupling of order parameters  

E H 

M P 
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73 

Generic paradigm to design new multiferrroic 

T 

0    1    

Control Parameter 

Colossal  
Magnetoelectric effect 

Antiferromagnetic         Ferromagnetic  
        +    + 
Paraelectric         Ferroelectric 

Start with AFM-PE material and 
tune to a FM-FE phase 
1.  Identify microscopic 

mechanism to achieve 
coupling of order parameters 

2.  Identify tuning mechanism  
3.  Identify material realization  
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EuTiO3 magnetocapacitance 

74 

TN 

Bulk Eu2+Ti4+O3: Ground state 
antiferromagnetic paraelectric  

•  r(Eu2+) ~ r(Sr2+); Cubic perovskite 
•  Eu2+ → J=S=7/2; Tn ~ 5.5K, G-type AFM 

Katsufuji, PRB 64, 054415 



75 Cornell University!
School of Applied and Engineering Physics !

 fenniegroup.aep.cornell.edu!

75 

EuTiO3: Soft-phonon frequency vs. epitaxial strain from 
first principles 

Note: FM refers to 
calculation with spins 
fully aligned.  

+1 
 
 

0 
 
 

-1 ω
2  (

ar
bi

tra
ry

 u
ni

ts
) 

Intermediate  
region 

0.0         1.0             2.0 
ω2 ∝  ω0

2  - ∂2J/∂u2 〈Si⋅Sj〉 

Energy (E) 

Energy (E) 
Paraelectric 

Ferroelectric 

     AFM 
 

       FM 

Paraelectric 

Ferroelectric 

Biaxial compressive strain (%), η 

C.J. Fennie and K.M. Rabe, Physical Review Letters 97 (2006) 267602	
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Spin–Phonon Coupling in EuTiO3 

76 

Eu 

Ti 

O 

EuTiO3 is an insulating 
antiferromagnet. 
 
It is different from other materials 
with spin – phonon coupling: Polar 
mode involves displacement of Ti 
ions, while magnetization involves 
Eu ions.  

1st Nearest 
Neighbor

2nd Nearest 
Neighbor

3rd Nearest 
Neighbor

The AFM state is stabilized 
by a unique superexchange 
mechanism, which 
connects the first three 
nearest neighbors.  
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Spin–Phonon Coupling in EuTiO3 

77 

Eu 
 
Ti 
 
O 

Electrons from Eu-f orbitals are 
virtually excited to Ti-d orbitals and 
then to the f orbitals of another Eu 
ion, leading to an antiferromagnetic 
superexchange.  

[110] 

[001] 

The strength of this antiferromagnetic tion-
mediated superexchange depends very 
sensitively on the overlap of Ti-d and Eu-f 
orbitals, and decreases when Ti atom is 
displaced from the center of the cell. So, 
energy cost of the polar distortion is smaller 
when the system is FM.  

Polar mode softens in the FM state.  

[110] 

[001] 
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Detour – Epitaxial strain-induced ferroelectricity 

Sr2+Ti4+O3   
•  In bulk: paraelectric (PE) ground state 
(cubic) 
 
•  epitaxially strained film: room 
temperature ferroelectric (FE) (Nature 
2004, Schlom et al.) 
 a"

a"

c-FE PE aa-FE 

First-principles epitaxial strain-induced 
ferroelectricity (Antons, PRB 2004) 

Compressive 
Ferroelectric c-phase 

Tensile 
Ferroelectric aa-phase 
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EuTiO3:  A new paradigm in strain-enabled multiferroics 

a"

a"

Compressive 
Ferroelectric c-phase 

Tensile 
Ferroelectric aa-phase 

Eu2+Ti4+O3   
•  In bulk: paraelectric (PE) and 
antiferromagnetic (AFM)  
•  Epitaxially strained thin film: 
ferroelectric (FE) and ferromagnetic (FM) 

Eu2+ → 
J=S=7/2 

C.J. Fennie and K.M. Rabe, Physical Review Letters 97 (2006) 267602	


Biaxial compressive strain (%), η 
0.0           1.0      2.0 

     Antiferromagnetic 
       Ferromagnetic 

30 
 
 
 
 
 

20 
 
 
 
 
 

10 
 
 

0 

Intermediate  
region 

     AFM 
 

       FM 

P
s (
µ

C
/c

m
2 )
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EuTiO3: Static dielectric constant vs. strain 

Where ωn is ir-active phonon frequency 

0.0           1.0      2.0 

105 

 
 
 
104 
 
 
 

 
103 
 
 
 

ε 3
3 

Biaxial compressive strain (%), η 

     AFM 
 

       FM 

Intermediate  
region Intrinsic static dielectric constant 

 * Explains measured magneto-
permittivity in bulk ceramic EuTiO3 
Katsufuji and Takagi, PRB 2001  
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EuTiO3:  A new paradigm in strain-enabled multiferroics 

a"

a"

Compressive 
Ferroelectric c-phase 

Tensile 
Ferroelectric aa-phase 

Eu2+Ti4+O3   
•  In bulk: paraelectric (PE) and 
antiferromagnetic (AFM)  
•  Epitaxially strained thin film: 
ferroelectric (FE) and ferromagnetic (FM) 

Eu2+ → 
J=S=7/2 

-1.2  -0.9       0      +0.5       +0.75 
Biaxial epitaxial strain (%), η 

Colossal 
ME-effect 

FM 
+ 

FE 

AFM 
+ 

PE 

Colossal 
ME-effect 

AFM 
+ 

PE 

Bulk-
like 

FM 
+ 

FE 

Colossal 
Magneto-

permittivity 

AFM 
+ 

PE 

Epitaxially strained film 
Rich magnetoelectric phase diagram 
due to spin-lattice coupling predicted 

from first principles 

C.J. Fennie and K.M. Rabe, Physical Review Letters 97 (2006) 267602	
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Spin–Phonon Coupling in SrMnO3 

82 

SrMnO3 is an insulating 
antiferromagnet.  
 
Mn – O – Mn angle is 1800 and 
the resulting superexchange is 
antiferromagnetic. 

1800 Mn 
 
O 

<1800

Polar distortion decreases the  
Mn – O – Mn angle, and weakens the 
AFM superexchange.  
 
The energy cost of this displacement 
is lower in the FM state.  

Polar mode softens in the FM state.  
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Spin–Phonon Coupling in SrCoO3 

83 

SrCoO3 is a metallic ferromagnet.  
 
The ferromagnetic Zener double 
exchange depends very sensitively on 
the overlap between Co-d and O-p 
orbitals.  

Polar distortion decreases the overlap 
between Co-d and O-p orbitals, and 
weakens the FM double exchange.  
 
The energy cost of this displacement is 
lower in the AFM state.  

Polar mode softens in the AFM state.  

Co 
 
O 
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“it takes a village …” 

84 

“Creating a Strong Ferroelectric Ferromagnet via Spin-Lattice Coupling” 
Nature 466, 954-958 (2010).  
J. H. Lee1,2, L. Fang3, E. Vlahos2, X. Ke4, Y. W. Jung3, L. Fitting Kourkoutis5, J.W. Kim6, P. Ryan6, T. Heeg1, M. 
Roeckerath7, V. Goian8, M. Bernhagen9, R. Uecker9, P. C. Hammel3, K. M. Rabe10, S. Kamba8, J. Schubert7, 
J. W. Freeland6, D. A. Muller5, C. J. Fennie5, P. Schiffer4, V. Gopalan2, E. Johnston-Halperin3 & D. G. Schlom1  
 
1 Department of Materials Science and Engineering, Cornell University, Ithaca, New York 14853- 1501, USA  
2 Department of Materials Science and Engineering, Pennsylvania State University, University Park, 
Pennsylvania 16802-5005, USA  
3 Department of Physics, Ohio State University, Columbus, Ohio 43210-1117, USA  
4 Department of Physics and Materials Research Institute, Pennsylvania State University, University Park, 
Pennsylvania 16802, USA  
5 School of Applied and Engineering Physics, Cornell University, Ithaca, New York 14853, USA  
6 Advanced Photon Source, Argonne National Laboratory, Argonne, Illinois 60439, USA  
7 Institute of Bio and Nanosystems, JARA-Fundamentals of Future Information Technologies, Research 
Centre Jülich, D-52425 Jülich, Germany  
8 Institute of Physics ASCR, Na Slovance 2, 182 21 Prague 8, Czech Republic  
9 Institute for Crystal Growth, Max-Born-Straße 2, D-12489 Berlin, Germany  
10 Department of Physics and Astronomy, Rutgers University, Piscataway, New Jersey 08854- 8019, USA  

In a collaboration involving 3 MRSECs (Cornell, Penn State, Ohio State) and international collaborators 
from Germany (Forschungszentrum Jülich and Institut für Kristallzüchtung), we have shown that 
appropriately strained EuTiO3 is simultaneously ferromagnetic and ferroelectric, with a spontaneous 
magnetization × spontaneous polarization product higher than any other material. The ability of strain (i.e. 
stretching or squishing) to create multiferroic EuTiO3 was predicted in 2006,* but the prediction required EuTiO3 
to be squished far past its normal breaking point. This work shows that stretching is a viable means to 
dramatically alter the properties of thin films.  
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Village Mayor (aka Sandwich Maker): Darrell Schlom, 
Cornell MSE 
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http://www.engineering.cornell.edu/faculty/new-faculty/new-faculty-2008/schlom.cfm	
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Biaxial Strain via Epitaxy 
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Unstrained  

Strained  
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First Principles Epitaxial Phase Diagram of 
Strained EuTiO3 (at T = 0 K) 
 

87 

FM 
+ 

FE 

AFM 
+ 

PE 

FM 
+ 

FE 

Biaxial Strain (%), εs 

-1.2 +0.75 0 

LSAT SrTiO3 DyScO3 

J. H. Lee, E. Vlahos, L. Fang, X. Ke, Y. W. Jung, L. Fitting Kourkoutis, P. Ryan, J.W. Freeland, T. Heeg, M. 
Roeckerath, C. Hammel, M. Bernhagen, R. Uecker, J. Schubert, D. A. Muller, C. J. Fennie, P. Schiffer, E. 
Johnston-Halperin, V. Gopalan, and D. G. Schlom,  
“A Strong Ferroelectric Ferromagnet created via Spin-Phonon Coupling,” Nature 466, 954-958 (2010). 



88 Cornell University!
School of Applied and Engineering Physics !

 fenniegroup.aep.cornell.edu!

Alchemy Made Possible by Strain  
Stretching changes boring ceramic into high-tech material 

 

Nature 466 (2010) 954	


Multiferroic (1000× stronger 
than prior ferromagnetic 
ferroelectrics)	


= Ferroelectric 
P ~ 20 µC/cm2 

Ferromagnetic 
~ 5 µB/Eu 

+ 
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Strong Ferromagnetic Ferroelectrics 
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Ferroelectrics with large P tend to have 
conventional ferroelectric mechanism  

Slide from D. Schlom 

EuTiO3 
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Spin–Phonon Coupling in Perovskites 

90 

FM G$AFM

Frequency of the polar soft mode can depend on the magnetic 
state. 

[Lee & Rabe (2011)] 

Note that it is not always the FM state that leads to a softer 
phonon mode.  

Soft Mode Frequency (cm-1)	
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n  Manganates, cobaltates and ferrates [cf. Lee & Rabe, Phys. Rev. B 84, 104440 (2011)]  
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Spin-phonon coupling operative in other perovskites 

Lee & Rabe, Phys. Rev. Lett. 104, 207204 (2010) 

SrMnO3 
Lee & Rabe, Phys. Rev. Lett. 107, 067601 (2011) 
SrCoO3 
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Phase Competition: Generic paradigm to achieve 
colossal effects 

T 

0    1    

Control parameter 

Colossal  Magnetoelectric 
Response 

Antiferromagnetic         Ferromagnetic  
        +    + 
Paraelectric         Ferroelectric 

In EuTiO3, Tune to border of phase transition, use spin-phonon coupling to 
produce magnetoelectric effect 

⇒ E ~ P2M2 
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Phase Competition: Generic paradigm to achieve 
colossal effects 

T 

0    1    

Control parameter 

Colossal Linear 
Magnetoelectric 

Response 

Antiferromagnetic         Ferromagnetic  
        +    + 
Paraelectric         Ferroelectric 

Can we combine the physics of ferroelectrically-induced weak-ferromagnetism 
and phase competition? 

93 

E ~ Pi Lj Mk 


