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Same	  basic	  structure,	  many	  physical	  proper5es:	  
Dielectric	   	   	  CaTiO3,	  SrTiO3	  
Ferroelectric 	   	  BaTiO3,	  PbTiO3	  
Magnetoelectric 	  TbMnO3,	  BiFeO3	  
An@ferroelectric 	  PbZrO3	  
An@ferromagne@c 	  LaMnO3	  
Ferromagne@c	   	  SrRuO3	  
Superconduc@ng 	  doped	  SrTiO3	  
Semiconduc@ng 	  doped	  SrTiO3	  

(BaTiO3)6(SrTiO3)5	  
Haeni,	  Schlom,	  	  
Tian,	  &	  Pan	  
J.	  Mat.	  Res	  (2001)	  

(LaTiO3)1(SrTiO3)n	  
Ohtomo,	  Muller,	  	  
Grazul,	  &	  Hwang	  
Nature	  (2002)	  

Advances	  in	  synthesis	  and	  characteriza5on	  mean	  
proper5es	  can	  be	  tailored	  at	  the	  nanoscale:	  

(BaTiO3)n(SrTiO3)m(CaTiO3)k	  
Lee,	  ORNL 

• 	  Now	  possible	  to	  grow	  oxide	  thin	  films	  
with	  atomic-‐level	  precision	  

• 	  Proper@es	  can	  be	  customized,	  new	  
func@onali@es	  can	  be	  created	  

• 	  Can	  grow	  thin-‐film	  interfaces	  that	  cannot	  
be	  made	  by	  other	  methods	  

Enormous	  diversity	  of	  proper5es	  in	  complex	  oxides,	  par5cularly	  in	  the	  ABO3	  
perovskite	  family	  

A	  

O

B	  



Lufaso	  and	  Woodward	  Acta	  Cryst.	  B57	  725	  (2001)	  

Most	  perovskites	  do	  not	  have	  the	  cubic	  structure	  in	  their	  ground	  state	  

• 	  Majority	  of	  perovskites	  undergo	  octahedral	  
rota@on	  distor@ons	  

• 	  There	  are	  23	  different	  ‘rota@on	  paberns’,	  
leading	  to	  15	  unique	  space	  groups	  

Pnma 

Rota@on	  paberns	  can	  be	  conveniently	  described	  using	  
Glazer	  nota@on:	  

a#b#c#	  

Lebers	  specify	  rota@ons	  about	  each	  cubic	  axis	  

Superscripts	  specify	  whether	  adjacent	  octahedra	  rotate	  in-‐
phase	  (+)	  or	  out-‐of-‐phase	  (-‐)	  



Most	  perovskites	  undergo	  some	  form	  of	  structural	  distor5on	  

A-‐site	  underbonded	  

Octahedral	  rota5ons	  	  
(not	  polar/ferroelectric)	  

R-3c 

Pnma 

B

AO

Cubic ABO
3
 aristotype structure

B-site underbonded
A-site underbonded

Polar/ferroelectricOctahedral rotations
a-a-c+ Pnma

Octahedral rotations
a-a-a- R-3c

a0a0a0

B-‐site	  underbonded	  

Polar/ferroelectric	  

t = RA�O�
2(RB�O)

t = 1

t < 1 t > 1

It	  is	  assumed	  that	  octahedral	  rota0ons	  	  
and	  ferroelectricity	  compete	  with	  and	  	  
suppress	  each	  other	  



How	  can	  we	  take	  advantage	  of	  structural	  distor5ons	  to	  create	  new	  
func5onal	  materials?	  

We	  have	  known	  for	  some	  5me	  that	  octahedral	  rota5ons	  can	  have	  a	  significant	  
effect	  on	  material	  proper5es	  

• 	  Magne@c	  proper@es	  of	  ruthenates	  and	  rare	  earth	  
manganites	  can	  be	  tuned	  by	  changing	  octahedral	  
rota@on	  angle	  

Woodward,	  et	  al.	  Chem.	  Mater.	  10	  3652	  (1998)	  
Jin,	  Zhou,	  Goodenough,	  et	  al.	  PNAS	  105	  7115	  (2008)	  

Kimura,	  et	  al.	  PRB	  68	  060403(R)	  (2003)	  

• 	  Changing	  octahedral	  rota@on	  angle	  causes	  five	  orders	  
of	  magnitude	  change	  in	  resis@vity	  in	  doped	  CaMnO3	  
Polli,	  et	  al.	  Nature	  Mat.	  6	  643	  (2007)	  

How	  can	  we	  manipulate	  these	  proper0es	  in	  a	  prac0cal	  way?	  

Rota5ons	  alone	  cannot	  break	  all	  inversion	  symmetries	  in	  ABO3	  perovskites	  
and	  rota5ons	  tend	  to	  suppress	  ferroelectricity	  



CaTiO3	  and	  CaMnO3	  Ruddlesden-‐Popper	  phases	  as	  candidate	  mul5ferroics	  

n=2	  Ca3Ti2O7	  and	  Ca3Mn2O7	  proper5es	  	  

• 	  Crystallize	  in	  a	  polar	  space	  group,	  
A21am	  
Guiblin	  et	  al,	  Acta	  Cryst.	  C58,	  i3,	  2002	  
Elcombe	  et	  al,	  Acta	  Cryst	  B47,	  305,	  1991.	  

• 	  Ca3Mn2O7	  is	  a	  (weak)	  ferromagnet	  
Guiblin	  et	  al,	  Acta	  Cryst.	  C58,	  i3,	  2002	  

Ca	  
Ti/Mn	  
O	  

• 	  Both	  materials	  occur	  naturally	  in	  BULK	  
CaO	  	  
rocksalt	  	  
layers	  

Perovskite	  
blocks	  

• 	  Octahedral	  rota@ons	  induce	  ferroelectricity	  AND	  
ferromagne@sm	  (spin	  canted	  an@ferromagnet)	  

• 	  Theory	  predicts	  that	  magne@za@on	  is	  
electric	  field	  controllable	  

Benedek	  and	  Fennie,	  Phys.	  Rev.	  Leb.	  106	  107204	  (2011)	  	  



It	  is	  assumed	  that	  octahedral	  rota5ons	  and	  ferroelectricity	  suppress	  
each	  other	  in	  ABO3	  perovskites…	  

Is	  this	  really	  true??	  







The	  structures	  of	  Pnma	  perovskites	  can	  be	  decomposed	  into	  
contribu5ons	  from	  five	  different	  modes	  

structures in which the polarization can in principle be switched to a symmetry-equivalent state

with an applied electric field and that satisfy the simple structural criteria devised by Abrahams

and co-workers.30
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Figure 2: Phonon dispersion curve of Pm3̄m CaTiO3 from density functional perturbation theory
calculations. There are instabilities at three points in the Brillouin zone: M, R and G. The M and
R instabilities correspond to octahedral rotations whereas the G-point instability corresponds to
a polar/ferroelectric distortion. For the M and R distortions, we have listed the most commonly
occurring space groups for each, together with their Glazer tilt patterns. Note that the A-site is
not fixed by symmetry in Imma and that there are two distinct sites for the A cation in Im3̄. The
ground state Pnma structure of CaTiO3 is built from a combination of the a
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Competing Instabilities?

Over a decade of first-principles calculations has taught us that the cubic phases of Pnma per-

ovskites are unstable to both ferroelectric and octahedral rotation distortions.3,8,31 Figure 2 shows

the phonon dispersion curve of the mineral perovskite, CaTiO3, in the cubic Pm3̄m structure from

first-principles calculations. CaTiO3 adopts the Pnma structure in its ground state, which can be

obtained by ‘freezing-in’ a combination of the rotation instabilities at the Brillouin zone boundary

M and R points. However, Figure 2 shows that the cubic phase is also unstable to a ferroelec-
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5

•  Two	  rota@on	  modes	  makes	  largest	  contribu@on	  

•  Of	  the	  modes	  that	  aren’t	  rota@ons,	  an@-‐polar	  (X5+)	  A-‐site	  mode	  makes	  largest	  
contribu@on	  



This	  plot	  shows	  the	  cumula5ve	  effect	  of	  all	  five	  modes	  on	  the	  FE	  mode	  frequency	  

What	  if	  we	  consider	  each	  mode	  individually?	  
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Rota5ons	  alone	  do	  not	  suppress	  ferroelectricity	  in	  Pnma	  as	  tolerance	  
factor	  decreases	  
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Pnma, fully relaxed

Rota5ons	  alone	  do	  not	  suppress	  ferroelectricity	  in	  Pnma	  as	  tolerance	  
factor	  decreases	  



F = ↵02Q2
FE + ↵20Q2

R + �02Q4
FE + �20Q4

R + �22Q2
FEQ

2
R

!2
FE ⇠ ↵02 + �22R2

For	  materials	  with	  larger	  tolerance	  factors:	  
Ferroelectric	  energy	  scale,	  ω2FE,	  is	  much	  less	  nega@ve	  than	  the	  posi@ve	  
contribu@on	  coming	  from	  rota@ons,	  β22R2,	  so	  the	  two	  distor@ons	  don’t	  
really	  compete	  

For	  materials	  with	  smaller	  tolerance	  factors:	  
As	  the	  tolerance	  factor	  decreases,	  α02	  becomes	  increasingly	  nega@ve	  and	  
wins	  compe@@on	  with	  rota@ons.	  However,	  A-‐site	  displacements,	  coupled	  
to	  rota@ons,	  ul@mately	  suppress	  ferroelectricity.	  

Free	  energy	  expansion	  about	  cubic	  phase	  as	  a	  func5on	  of	  ferroelectric	  
mode	  and	  rota5on	  mode	  



•  Main	  contribu@on	  to	  FE	  mode	  comes	  from	  the	  A-‐site	  for	  materials	  with	  Pnma	  
ground	  states	  

FE	  distor5on	  can	  op5mize	  A-‐site	  coordina5on	  environment	  in	  Pm-‐3m	  
Bilc	  and	  Singh,	  PRL	  96	  147602	  (2006);	  Halilov,	  Fornari	  and	  Singh,	  PRB	  69	  174107	  (2004)	  



Do	  rota5ons	  suppress	  ferroelectricity?	  
It	  depends:	  for	  larger	  tolerance	  factor	  materials,	  rota@ons	  alone	  are	  
enough	  to	  suppress	  ferroelectricity.	  For	  smaller	  tolerance	  factor	  
materials,	  A-‐site	  displacements	  are	  needed	  to	  completely	  suppress	  
ferroelectricity.	  	  

Why	  are	  there	  so	  few	  perovskite	  ferroelectrics?	  
Because	  most	  perovskites	  adopt	  the	  Pnma	  structure,	  in	  which	  
either	  rota@ons	  alone,	  or	  rota@ons	  plus	  A-‐site	  displacements	  
suppress	  ferroelectricity.	  



6

Material Pnma, fully relaxed Pnma, with QX+
5

= 0

YAlO3 -0.13 0.12
GdAlO3 -0.08 0.10
LaGaO3 -0.02 0.03
GdScO3 -0.11 0.34
CaZrO3 0.04 0.14
CaSnO3 -0.07 0.13
LaScO3 -0.11 0.07
GdGaO3 -0.22 0.22
SrZrO3 -0.19 -0.13
CaTiO3 -0.03 0.07

(a)

R3c Pnma R-3c

R3c

Pnma

R-3c

Pnma, fully relaxed

Pnma, with Q(X
5

+) = 0

t ~ 0.8 t~1

t ~ 0.8 t~1

(b)

FIG. 5: a) Energy di↵erence, per formula unit, between
Pnma and R3c (R3̄c for YAlO3, GdAlO3 and LaGaO3) for
Pnma structures with relaxed ions and for those with anti-
polar A-site displacements zeroed out. A negative energy dif-
ference indicates that the Pnma structure is more stable than
R3c/R3̄c. b) Schematic of the ABO3 phase diagram as a
function of tolerance factor (top) and a hypothetical phase
diagram in which anti-polar A-site displacements have been
suppressed in the Pnma structure (bottom).

three shortest A-O bonds are always longer in R3̄c than
R3c). The driving force for the distortion can also be
understood from bond valence arguments. Although the
A-site is technically nine coordinate in R3̄c, the major-
ity of the bonding is confined to the three oxygens that
form a coplanar environment around the A-site (Figure
7), which reduces the e↵ective coordination number to
three. For example, for CaZrO3 the bond valence of the
three short bonds is 0.349 whereas that of the six long
bonds is just 0.067. However in the R3c structure, six
oxygens e↵ectively coordinate the A-site. Again, using
CaZrO3 as an example, the bond valence of the three
shorter Ca-O bonds is 0.290 and the bond valence of the
three longer Ca-O bonds is 0.243. Essentially what this
analysis is telling us is that in the R3c structure, the A-
site coordination number is maximized and hence so is
the number of orbitals on the A-site that can participate
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FIG. 6: Frequency squared of ferroelectric mode in Pm3̄m
and R3̄c versus tolerance factor for the materials we inves-
tigated. For the sake of clarity, we have omitted labels for
the data points. This figure can be found in table form in
the Supporting Information. The R3̄ ‘region’ consists mostly
of materials that form in the Ilmenite structure whereas the
Pnma region consists mostly of materials that form in the or-
thorhombic perovskite structure (this is the same Pnma data
that is depicted in Figure 1).

in bonding.4

The A-site displacement that takes the R3̄c structure
to R3c is analogous to that which accompanies the octa-
hedral rotations in Pnma. There is a strong correlation
between the tolerance factor and ferroelectric mode fre-
quency for Pm3̄m and R3̄c because in these space groups,
the A-site displacements of the ferroelectric mode play a
significant role in optimizing the bonding environment.
Also notice in Figure 3 that there is a reasonable depen-
dence of the ferroelectric mode frequency on tolerance
factor in the Imma space group (considering the rota-
tion mode only) and in P4/mbm, a space group in which
A-site displacements are symmetry-forbidden. Of the
materials we investigated, FeSnO3 and MgSnO3 appear
particularly promising as new R3c ferroelectrics. The en-
ergy di↵erence between the Ilmenite and R3c structure
is only 5 meV for MgSnO3; our calculations predict that
R3c FeSnO3 is actually more stable than the Ilmenite
form and is therefore a particularly exciting candidate.
In addition, FeSnO3 satisfies exactly the same symmetry
criteria as FeTiO3 and is therefore also a strongly cou-
pled multiferroic. As far we are aware, it has not yet
been synthesized.

We have identified the structural features that may
make a particular material a good candidate for a new
ferroelectric or polar functional material, e.g., small tol-
erance factor, large octahedral rotation distortions. Such
materials are likely to be metastable phases and hence the
synthesis challenge lies in devising a procedure to stabi-
lize the ferroelectric structure. For the Ilmenites, high-
pressure, high-temperature synthesis methods provide an
established and reliable route to obtain the R3c phase
and recent work (discussed above34) has shown that the
R3c phase can also be obtained in thin-film form for some

Nega@ve	  numbers:	  Pnma	  more	  stable	  
Posi@ve	  numbers:	  R3c	  more	  stable	  

In	  the	  absence	  of	  A-‐site	  displacements,	  most	  Pnma	  perovskites	  would	  
be	  R3c	  



In	  the	  absence	  of	  A-‐site	  displacements,	  most	  Pnma	  perovskites	  would	  
be	  R3c	  

R3c Pnma R-3c

R3c

Pnma

R-3c
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R3c Pnma R-3c

R3c

Pnma

R-3c

Pnma, fully relaxed

Pnma, with Q(X
5

+) = 0

t ~ 0.8 t~1

t ~ 0.8 t~1

Select	  a	  material	  with	  a	  small	  tolerance	  factor	  and	  
stabilize	  it	  in	  a	  rota5on	  pafern	  that	  forbids	  A-‐site	  

displacements,	  such	  that	  any	  further	  op5miza5on	  of	  
the	  A-‐site	  must	  come	  from	  a	  ferroelectric	  distor5on	  

How	  can	  we	  exploit	  these	  findings	  to	  create	  	  
new	  func0onal	  materials?	  



Ilmenite	  —	  BORING	  

R3c	  —	  mul5ferroic	  

Mul5ferroics	  with	  R3c	  structure:	  

• 	  FeTiO3	  Fennie	  PRL	  (2008);	  Varga	  PRL	  (2009)	  

• 	  MnTiO3	  Aimi,	  et	  al	  Inorg.	  Chem.	  (2011)	  

All	  electric-‐field-‐switchable	  ferromagnets	  
with	  large	  es@mated	  polariza@on	  (~55	  –	  
100	  µC/cm2)	  

• 	  MnSnO3	  Aimi,	  et	  al	  Inorg.	  Chem.	  (2011)	  

Ferroelectrics	  with	  R3c	  structure:	  
• 	  ZnSnO3	  Inaguma,	  et	  al	  JACS	  (2008);	  Son,	  et	  al	  
JACS	  (2009)	  

• 	  PbNiO3	  Inaguma,	  et	  al	  JACS	  (2011)	  

Large	  es@mated	  polariza@on	  (~59	  µC/cm2)	  for	  
ZnSnO3	  

The	  ABO3	  ilmenites	  —	  A	  new	  place	  to	  look	  for	  mul5func5onal	  
materials?	  



R3̄c R3c
Rota@on	  of	  octahedra	  about	  [111]	  

Polar	  displacements	  along	  [111]	  

Pm3̄m

R+
4

��
2

A-‐site	  displacements	  forbidden	  by	  symmetry	  in	  R-‐3c	  

MgSnO3	  

MnSnO3	  

FeSnO3	  

ZnSnO3	  

	  

MgGeO3	  

ZnGeO3	  

MnTiO3	  

ZnTiO3	  

FeTiO3	  

MgTiO3	  

Test	  materials:	  
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Materials	  with	  Ilmenite	  ground	  states	  have	  small	  tolerance	  factors	  
and	  large	  ferroelectric	  instabili5es	  in	  R3c	  



Strategy	  number	  1:	  
Select	  a	  material	  with	  a	  small	  tolerance	  factor	  and	  stabilize	  it	  in	  a	  rota@on	  
pabern	  that	  forbids	  A-‐site	  displacements,	  such	  that	  any	  further	  op@miza@on	  
of	  the	  A-‐site	  must	  come	  from	  a	  FE	  distor@on	  

Strategy	  number	  2:	  
Exploit	  an@-‐polar	  A-‐site	  displacements	  by	  breaking	  topology	  of	  perovskite	  
lauce	  



BO2	  

-‐P	  

+P	  AO	  

BO2	  

AO	  

Macroscopic	  polariza0on	  is	  zero	  

Octahedral	  rota5ons	  induce	  an5ferroelectric	  A-‐site	  ca5on	  displacements	  in	  
the	  Pnma	  space	  group	  

• 	  Displacements	  of	  A	  ca@ons	  in	  successive	  AO	  layers	  are	  an@-‐parallel	  

• 	  Polariza@on	  induced	  in	  one	  AO	  layer	  exactly	  canceled	  by	  polariza@on	  induced	  
in	  next	  AO	  layer	  

+P	  AO	  



Ruddlesden-‐Popper	  phases	  are	  naturally	  occurring,	  bulk	  materials	  that	  may	  
display	  the	  right	  proper5es	  

n 
perovskite 

layers 
Rocksalt 

layer 

n=1	   n=2	   n=3	  

A2BO4	   A3B2O7	   A4B3O10	  

An+1BnO3n+1	  

The	  proper@es	  of	  Ruddlesden-‐Popper	  phases	  can	  significantly	  differ	  from	  that	  of	  the	  parent	  
perovskite,	  e.g.	  SrTiO3	  RP	  phases	  [Birol,	  Benedek	  and	  Fennie,	  Phys.	  Rev.	  Leb.	  107	  257602	  (2011)]	  



‘Layering’	  plays	  a	  crucial	  role	  in	  allowing	  ferroelectricity	  to	  arise	  in	  
Ruddlesden-‐Popper	  phases	  

Octahedral	  rota0ons,	  together	  with	  A	  ca0on	  displacements,	  	  
induce	  ferroelectricity	  in	  layered	  perovskites	  

+P	  

-‐P	  
+P	  

Hybrid	  improper	  ferroelectricity	  

Benedek	  and	  Fennie,	  Phys.	  Rev.	  Leb.	  106	  107204	  (2011)	  	  	  
Mulder,	  Benedek,	  Rondinelli	  and	  Fennie,	  Adv.	  Funct.	  Mater.	  In	  Press	  (2013)	  

King	  and	  Woodward,	  J.	  Mater.	  Chem.	  20	  5785	  (2010)	  
Knapp	  and	  Woodward,	  J.	  Solid	  State	  Chem.	  179	  1076	  (2006)	  

Benedek	  and	  Fennie,	  Phys.	  Rev.	  Leb.	  106	  107204	  (2011)	  	  	  

AO	  
BO2	  

AO	  

AO	  
BO2	  

AO	  



CaTiO3	  and	  CaMnO3	  Ruddlesden-‐Popper	  phases	  as	  candidate	  mul5ferroics	  

n=2	  Ca3Ti2O7	  and	  Ca3Mn2O7	  proper5es	  	  

• 	  Ferroelectric	  -‐-‐	  crystallize	  in	  a	  polar	  
space	  group,	  A21am	  
Guiblin	  et	  al,	  Acta	  Cryst.	  C58,	  i3,	  2002	  
Elcombe	  et	  al,	  Acta	  Cryst	  B47,	  305,	  1991.	  

• 	  Ca3Mn2O7	  is	  a	  (weak)	  ferromagnet	  
Guiblin	  et	  al,	  Acta	  Cryst.	  C58,	  i3,	  2002	  

Ca	  
Ti/Mn	  
O	  

• 	  Both	  materials	  occur	  naturally	  in	  BULK	  
CaO	  	  
rocksalt	  	  
layers	  

Perovskite	  
blocks	  

• 	  Octahedral	  rota@ons	  induce	  ferroelectricity	  AND	  
ferromagne@sm	  (spin	  canted	  an@ferromagnet)	  

• 	  Theory	  predicts	  that	  magne@za@on	  is	  
electric	  field	  controllable	  

Benedek	  and	  Fennie,	  Phys.	  Rev.	  Leb.	  106	  107204	  (2011)	  	  



Layering,	  making	  rota5ons	  func5onal	  

Pnma Pnma 
NOT	  POLAR/	  

FERROELECTRIC	  
NOT	  POLAR/	  

FERROELECTRIC	  

ABO3	   ABO3	  

Layering	  

AAB2O6	  

Pmc21 

A21am 

POLAR/	  
FERROELECTRIC	  

A3B2O7	  

•  A-‐site	  displacements	  are	  an@-‐ferroelectric	  à	  can	  exploite	  these	  to	  create	  ferroelectricity	  
in	  A-‐site	  ordered	  double	  perovskites	  and	  Ruddlesden-‐Popper	  phases	  

•  ABO3	  perovskites	  can	  be	  used	  as	  ‘building	  blocks’	  to	  create	  new	  func@onal	  materials	  

Knapp	  and	  Woodward,	  J.	  Solid	  State	  Chem.	  179	  1076-‐1085	  (2006).	  
Benedek,	  Mulder,	  Fennie,	  J.	  Solid	  State.	  Chem.	  195	  11-‐20	  (2012).	  
Mulder,	  Benedek,	  Rondinelli,	  Fennie,	  Adv.	  Funct.	  Mat.	  In	  Press	  (2013).	  
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superlattice. In order to regain an intuitive and predictive rela-
tionship between the polarization and simple chemical descrip-
tors such as tolerance factor, however, the microscopic origin 
of the coupling constant needs to be addressed. Does   γ   really 
depend on the specifi c material constituents of the superlat-
tice or can it be described by a universal functional form that is 
independent of chemistry? 

 To address this question, let us fi rst look more closely at 
the polarization within a specifi c family of compounds, the 
germanate, AGeO 3 /A ′ GeO 3  SLs. As shown in Figure  2 c, the 
polarization initially increases as   τ  avg   decreases, but then 
remains fairly constant as   τ  avg   is further reduced, but then 
increases substantially before steadily decreasing as average 
tolerance factor is still further reduced. As already concluded, 
this is not the   τ  avg   dependence expected from  Equations 5  
and  6 . 

 If, however, a similar exercise is performed but this time 
keeping the chemistry of one of the A-sites fi xed, a pattern 
begins to emerge. This is best seen by considering two cases. 
First, consider the AGeO 3 /BaGeO 3  SLs as the average tolerance 
factor decreases: 

(1)

     

SrGeO3/BaGeO3 τavg = 1.07 P = 0 µC cm− 2

CaGeO3/BaGeO3 τavg = 1.04 P = 4 µC cm− 2

MgGeO3/BaGeO3 τavg = 0.99 P = 16 µC cm− 2

→
→

 Here the polarization monotonically increases, consistent 
with one's intuition. Next consider the MgGeO 3 /A ′ GeO 3  SLs: 

(2)

     

0.99 P = 16 µ

0.96 P = 7

0.93 P = 2

SrGeO3

τavg =

τavg =

τavg =

C cm− 2

µC cm− 2

µC cm− 2CaGeO3

/BaGeO3

MgGeO3

MgGeO3

MgGeO3

→

→
/

/

 where even though the average tolerance factor is still 
decreasing, in contrast to case (1) the polarization steadily 
decreases. What do we learn from this? 

 Notice that in the fi rst case the largest alkaline-earth cation 
we considered (barium) is kept constant while the A-site cation 
steadily become smaller. In the second case, however, the 

     Figure  2 .     ABO 3 /A ′ BO 3  superlattices: a) Expected strength of a  −  a  −  c  +   rotations based on properties of ABO 3  constituents; b) stabilization energy (note: 
in a proper ferroelectric transition with an order parameter  Q ,  !E ∝ Q  . Since in our model  Q ∝ τ 2

avg
   we plot  ∆  E  as linear in  τ 2

avg  ); c) Polarization versus 
average tolerance factor with stannates highlighted; and d) Polarization versus the tolerance factor renormalized by the tendency for A-site displace-
ments showing an almost perfect fi t to the fi rst principles data.  

Adv. Funct. Mater. 2013,  
DOI: 10.1002/adfm.201300210

ASnO3/A’SnO3	  

Ferroelectricity	  from	  an5-‐ferroelectricity	  

Relevant	  design	  criterion	  is	  difference	  in	  tendency	  of	  A-‐sites	  to	  displacements	  –	  
large	  polariza0on	  and	  small	  switching	  barrier	  

P / �⌧ 3

Antipolar distortions.−Turning our attention back to
the ABO3 perovskite for a moment, it is well-known that
rotations in perovskites are driven by the coordination
preferences of the A-site cation [24, 25]. The combination
of octahedral rotation modes that establish the symmetry
of the Pnma structure – M+

3 and R+
4 – also favor dis-

placements of the A-site cations. It turns out, because
of the three dimensional connectivity of the perovskite
lattice, the A-sites displace in an antipolar pattern, the
exact motion of which can be thought of as local, polar
displacements confined to the two-dimensional AO lay-
ers but arranged 180◦ out of phase along ẑ, as shown in
Figure 1(c). We denote the amplitude of this distortion
as QX+

5
since it transforms like the irrep X+

5 in Pm3̄m.
When we decompose the fully relaxed Pnma structures
into symmetry-adapted basis functions of Pm3̄m, we find
that QX+

5
is non-zero only when both QM and QR are

non-zero, as shown in Figure 1(d). The X+
5 mode itself,

however, need not be unstable to appear in the Pnma
structure. Indeed, except for compounds with τ ! 0.91,
the perovskites considered do not favor this motion in
the absence of the a−a−c+ type of rotations (see Sup-
plemental Table S1.) The appearance of a finite QX+

5
in

the Pnma structure can be accounted for phenomenolog-
ically by a trilinear coupling in the free energy of Pm3̄m,

FMRX+
5
= βQMQRQX+

5
. (1)

This implies that once the rotations become non-
zero, a finite QX+

5
is induced [26], i.e., 〈QX+

5
〉 ∝

〈QM 〉〈QR〉/AX+
5
, where AX+

5
is the antipolar mode stiff-

ness and is also ∝ τ , see Supp. material).
In Figure 3(a) we plot a linear approximation to the

layer-resolved polarization calculated from first principles
(see Ref. [27] for an exact method) for Pnma SrSnO3 [28]
where the antipolar order can clearly be seen. Now, re-
placing alternating AO layers with A′O – for example,
replacing alternating SrO layers in SrSnO3 with BaO to
form (Sr/Ba)Sn2O6 – creates chemically inequivalent A-
sites and hence the possibility of a small noncancellation
of the layered polarization induced by the nominally an-
tipolar X+

5 displacements, resulting in a macroscopic po-
larization and a polar space group (Pmc21), as shown in
Figure 3b. This non-cancellation, or ferrielectric mecha-
nism, is the origin of HIF in this class of materials. This
being the case, the lack of correlation between P and τ
as depicted in Figures 2(c) and (d) is less surprising. We
now formulate a quantitative theory of HIF that relies
only on the properties of bulk ABO3 and A′BO3, and
use it to propose a rule thats allows for the simultaneous
design of a large P and low FE switching barrier.
Cation-ordering and the design of high P , low switch-

ing HIFs.−The essential problem with previous discus-
sions of HIF is that all have used the ten atom P4/mmm
cation-ordered perovskite as the reference structure.
Imagine instead that the A/A′ sites are disordered so
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FIG. 3. (a) Pnma SrSnO3 and the contributions to the polar-
ization, P =

∑
Player = 0, by symmetry. (b) (Sr/Ba)Sn2O6

superlattice where cancellation of Player is not exact and (c)
the Berry phase polarization as a function of cation order-
ing calculated within the virtual crustal approximation. Note
QX3− = 0 ⇒ A-site is fully disordered (Pnma). (Inset) Lay-
ered A-site cation ordering mode.

that the five atom cubic cell is the reference structure. In
this case we have to introduce an additional order param-
eter to account for the spontaneous ordering of A and A′

cations into layers. Symmetry analysis shows that this
‘composition’ mode, shown in the inset of Figure 3(c),
lowers the symmetry of Pm3̄m to P4/mmm and trans-
forms like the irrep X−

3 . Group theoretical techniques
show that two nontrivial invariants are introduced into
the free energy of Pm3̄m: a quadrilinear term,

FMRX−

3 P = γ̃1Q̃MQ̃RQ̃X−

3
P, (2)

(where the tilde’s refer to modes and coupling constants
of the 5-atom, disordered Pm3̄m structure) and an ad-
ditional trilinear term

FX+
5 X−

3 P = γ̃2Q̃X+
5
Q̃X−

3
P. (3)

We emphasize three points. First, if not for a finite
equilibrium value of Q̃X−

3
≡ 〈Q̃X−

3
〉, these nontrivial

couplings and therefore, hybrid improper ferroelectric-
ity, would be symmetry forbidden. Our first-principles
calculations of P in the a−a−c+ structure as a function
of cation-ordering, 〈Q̃X−

3
〉, within the virtual crystal ap-

proximation, Fig. 3(c), validate this conclusion. Second,

Mulder,	  Benedek,	  Rondinelli,	  Fennie,	  Adv.	  Funct.	  Mat.	  In	  Press	  (2013)	  



The	  same	  structural	  distor0on	  can	  manifest	  in	  different	  
ways	  to	  produce	  different	  physics/chemistry	  depending	  

on	  the	  material	  



•  The	  ferroelectric	  mechanisms	  uncovered	  and	  inves@gated	  in	  recent	  years	  all	  
involve	  octahedral	  rota@ons	  and/or	  A-‐site	  displacements	  	  

Although	  BaTiO3	  was	  the	  first	  known	  perovskite	  ferroelectric	  and	  has	  perhaps	  been	  the	  
most	  intensively	  studied,	  it	  appears	  to	  be	  an	  excep0on	  rather	  than	  the	  rule	  and	  is	  not	  

representa0ve	  of	  the	  majority	  of	  perovskite	  and	  perovskite-‐like	  ferroelectrics.	  	  

Take-‐home	  message	  and	  references	  
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App	  for	  calcula@ng	  tolerance	  factors	  with	  the	  bond	  valence	  model	  (works	  on	  iPhone	  and	  
Android).	  See	  ‘Tools’	  at	  

hbp://www.me.utexas.edu/~benedekgroup/	  


