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Forsbergh patterns in BaTiC Lonoon TR FoR
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Schilling et al. Phys Rev B 2016

Forsbergh (Phys. Rev. 1949)



& Discovery of f

PIEZOELECTRIC AND ALLIED PHENOMENA IN ROCHELLE SALT.

Joseph Valasek in 1922.
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Physical Review 1921

Ferroelectrics named after ferromagnets (not because they

contain Fe...but there are some, e.g. BiFeO,)
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Symenatry
Peint Groups _
! Ferroelectrics:
21 11
”"'“""T““'""“’* m 1) Possess spontaneous polarisation
30 b | . .
- - (restricted by symmetry to pyroelectric
| Polarized under syess point groups)
10 I +
PryTossbesoiric _
e e Lo 2) Polarisation must be switchable by
ooy, applied field (below breakdown field)
| neversibl (practical restriction)

Haertling J. Am. Cer. Soc. 1999

* All ferroelectrics are piezoelectric & pyroelectric
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A few examples of ferroe LoNDON ceNTRE Fon

Rochelle salt
Wide range of crystal structures from

very complex to very simple

* KH,PO, (KDP),

* (NH,CH,COOH);H,SO, (TGS)
* P(VDF-TrFE)

* NaNO,

e HCI, HBr

e and many, MANY others

Image: Mo et al. IUCrJ 2015

Oxides

Perovskites

e BaTiO;, PbTiO;, KNbO,, BiFeO,, Pb(Zr,Ti)O, (PZT)...
Other oxides:

* LiNbO,, LiTaO,, SrBi,Ta, 0, (SBT), Bi,Ti;O,,, HfO, ...
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Megaw 1947 .. C/cm? Merz 1949
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Phase transition: T > T, - cubic, centrosymmetric

T < T, - tetragonal, polar

Cooperative alignment of dipoles = macroscopic polarisation
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Hold on...there are more! oo v Fon
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Massive dielectric res et
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A Rhombohedral : Orthorhombic : : Cubic
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Huge dielectric constants! Especially near T

BaTiO;-based dielectrics used in multilayer capacitors

10
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Landau theory

* based on symmetry considerations
e provides no microscopic insight...but...
* links different macroscopic properties through thermodynamics

Landau anzatz: expand free energy in powers of order parameter(s).

Primary OP = P (proper ferroelectrics)

b 14
P?+—P*+=pP®+..-—EP
20 TET T

a
F==

Allowed terms constrained by symmetry (free energy must describe ferro- and
para- phase)

Landau — Devonshire

11



LCN

Phenomenology: 2"9 orde voon coee
Simplest potential describing a phase transition F ‘
|I |I i' I. I
T S I| | ||
a ﬂ T - }F{ - T |II II| ||
—_— 2 - 4 — | |'I
F = 2P + 4P EP |\ !f

I = Tt. - H"-H\ j
Assume:
c a=ayT —Tp) \/ -

T < TC — \/ P
e [ > 0 &temp. independent (last term in \/
expansion must be positive for stability)

: I oOF , .
In zero field, equilibrium when —— =0 Images: N. Stucki

OF
— =qP+fP3=0

0P \
— spontaneous polarisation P >

T, T

p2 — @ ao(Ty —T)
ST R B 2"d order PT — OP changes continuously

12
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dP o o
Pyroelectricity T =—
dT 2 b
4 -
Change T, measure ~dD dP +2
. . = —=— — B 5
short circuit J dt  dt = 3
pyroelectric current Ty 8k 8
-
. ] = -4 ©
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Glass, Phys. Rev. 1968
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Phenomenology: homc ok e o
a .
F=Zp2, EP‘* _EP P Unstable region
2 4 A (—ve slope)
L oF . .
In electric field, T 0 gives
aP + P2 —E =0 -

— Ferroelectric hysteresis / E q
— Intrinsic coercive field E; \./LEC
o Chandra,
Littlewood

Intrinsic coercive field (homogeneous reversal
of polarisation)>> experimental E,

In practice switching is domain mediated and the

intrinsic coercive field is not observed
14
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Polarisation switching Covpan cevTn on
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Switching proceeds via domain nucleation and growth

Damjanovic, Rep. Prog. Phys. 1998
5 0 T T T T Stage'": Forward Growth

40r Electric field applied
o~ 30} A l\
E
S 20¢t
S 10t ‘ f * ‘ f ' * f Stage-lll: Sideways Growth
- _»Domain wall
c 0
RYUIRNCIE
N Stage-I: Nucleation "
E - 2 0 o Ferroelectric domain
;_6 .30} @ V v U Domain reversal complete
40t G | A il A\ 11111111
oo . 1111111
-300 -200 -100 0 100 200 300

Electric field (kV/cm)
Dawber et al. Rev. Mod. Phys. (2005)

Switching is usually inhomogeneous (nucleation at predetermined sites)

15
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Measuring polarisatio Lowon e on
C tal r r 1~ 1 t r 17 60
r 3 a — & — Curre FA

P‘)llatef 0T 100 —-—pﬂlaﬁnzwfr?H ] 4 40
R3 50 |- 1., B
130 volts éR _ S
60 T { I S.
cycles G&J“ c % | 1, %
| tube o I ! 2
Rz J- S sof J/ 17 8
- EN
440 ~

-100 |- i
Sawyer-Tower method e

Sawyer, Tower, Phys. Rev. 35, 269 (1930)

Commercial testers

16
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Beware of bananas! oo e ron
e o S 001 i s
VIEWPOINT
. dP
Ferroelectrics go bananas J =57 T Oack
J F Scott

(a)
(a) L {b)

R

E (kWlem)

Common hysteresis artifacts:
(a) dead short
(b) linear lossy dielectric,

Rs (c) saturated amplifier
| (d) nonlinear lossy dielectric.
C, | Dawber et al. Rev. Mod. Phys. (2005) 17
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Measuring remnant po
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Image: N. Stucki

e .

tpulse

A switching current
non-switching current

nmV

Image: Damjanovic, Rep. Prog. Phys. 1998
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e Look at switching current
* Frequency dependence

* PUND

Note: only measure changes in

polarisation
18
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More subtle artefacts Lowon e on
1.0: b
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Schottky diodes

Domain wall conductivity Pintilie & Alexe, APL 2005

McClusky et al. Adv. Func. Mater. 2020 1
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Phenomenology: dielectric LoRpw CevTR o8
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_ 0P
XEO_aE
E = aP + BP3

(xeo)™ ! = a + 3BP?

(a T>T, LiTaO,
! Curie-Wei
(0'¢ -
XX m T, urie-Weiss /

0 | | 1 I L 1 1 1
450 500 550 600 650 700 7S50 800

TEMPERATURE (°C)

Glass, Phys. Rev. 1968

Dielectric constant diverges at 2" order PT

20
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Maxwell-Wagner effects LoRpw CevTR o8
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Often have a two (or more) component system, e.g. bulk + grain boundaries +
metal/dielectric interface, Schottky barrier capacitance, etc...

Different C;, R; have different temperature dependences that combine to give a
complex, frequency dependent dielectric response

N\
R‘i Rz
Ay AN, C,
e
Cy Ly
1 o1 -
Z(w)=2"—-iZ" = (—+iwC1> +<—+iwC1) c"
R, R,
1
Clw)=C"—-iC"=—

WV

lwZ
log w

Relaxations also due to space charge, domain wall motion etc.

Always measure the frequency dependence!
21
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Maxwell-Wagner effects LoRpw CevTR o8
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Mechanism for Internal Barrier Layer Capacitors (IBLC)

A

Internal barrier
structure important for
PTCR BaTiO, ceramics

‘ S 108
10°8 Ri Ry
E — WA AV AN 10?"
: —] A
I L ; (e}
10° Cs 2 108-
E e " ‘A
R ® ] v
- S =5 105+
‘TE .. = v
51079, A I. v
o 0. s 7 10,['__ !
° ]
i °“ & i Ry
| ®104K
1071 = 150K Ny 103
F v 8
F 250K j * Ry froa 2
102 o Ry from M*vs toglfi
10-1 Lorooel | vl ¢ ool g el v vl vl g o
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Frequency/Hz 0 ok 200 300 400

Temperature {°C)
‘giant dielectric constant’ of CaCu;Ti,O,,

Sinclair et al. APL 2002 Sinclair & West JAP 1989
22
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Phenomenology — 15 orde omoncore o

If B < 0, need to include P°® term. T>T. F

_ u \
a B 14 _ - |
F=_P2 _P4- _P6 T—Tﬁ, - |
2" T4 T '&1
Tﬂ < T < Tf.' - |
— 3 32 T T. \
Tc-%"‘g@ c * Iy T,=T<T. ~ " L

— 2 —
PSz = Pt \/ﬁ * 4yao(T = To) # 0atT, Images: N. Stucki
P, 2y )

" A

i K><

T, r Ty T, T
Discontinuous order parameter
— thermal hysteresis

No divergence

Many ferroelectrics are weakly first order in bulk (e.g. PbTiO,, BaTiO,) 23
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Displacive vs. order-disor tonpow cewmE o
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Ferroelectric phase transitions often classified as being displacive or order-
disorder:

- Displacive — symmetry change results from displacement of atoms with
respect to the more symmetric phase

- Order-disorder — symmetry change at transition results from
redistribution of atoms over equiprobable positions

Generally, phase transitions have both displacive and order-disorder
character

24
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Soft mode picture of disp
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Cochran 1960

Toy model:
K
D S (D (2
59 u ve: — U vV <—
=0
Poué E=u—v
g = 0 ionic displacements mé :;Kf + Cst\
s P Short range long range dipole-
— local field E;,, ¢ P « & dipole interactions
— force = C¢
w? = K—_C (TO phonon)

25
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Soft mode picture of displ oo e on

Displacive transition in PbTiO,

w? o« (T — Ty) Mode softens! o °

Below T f ilibri y g P Z*f
elow T, freeze new equilibrium PR = —SrE

structure with finite & ° ng ? d

— Remeika & Glass (1970)

. PbTI Oy 3 ' 4 Y
Lyddanne-Sachs-Teller relation oL 420 B €'% 10
2 —
50 |- / —
,/ I C=4.Ix 105 °C
/
e(0) w? 1 v oL ) 1 o ! L
= — E /- 400 500 600
E(OO) W T — TO 7 e TeC
£ a0 Tc //1 -
/ To =449 °C
20 |- ’ — Tc =492 °C
//
Ve
10— / -
,/ Shirane et al. PRB 1970
7/
1 | | ! !

400 500 600 700 800 800
T, °C 26
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Order-disorder transiti RRiEr e
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e.g. eight-site model for BaTiO,

cubic tetragonal orthorhombic rhombohedral

Comes Acta Cryst. 1970

A A A A A ¥ ]

0.3 | ®Tbagg .
— i %G"Gﬂ 4
- : IEI'\EI'EIEH:! a {34‘
< 1
" 0‘2 'Ir_ = ...IA.__..‘ 'ul "j
§ o lamttt o Lw
= i | '- s Uz ]
s o1 R O T C
g i : . " 1
— : A‘ ‘-‘. .._n",.-..‘ .......... <1

0 - 2(‘;0 X LK "'*‘30’;‘&"&'!‘i""“"";:)o Zhong, Vanderbilt, Rabe,

PRL 1994

Temperature (K)

Generally, both displacive and order-disorder character present .
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The elastic dielect et
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F = Epz + EPLL Tt lan . gan —no — EP P — P; polarisation vector
2 4 2 C — C;jk elastic compliance tensor
n — 1n;j strain tensor
T OF OF — ikl €lectrostrictive coefficients
In equilibrium—=0,—=0 97 Giju
oP on g — 0;j stress tensor

Cn—gP*—a=0

Freecrystal, fix o =0 - n= v

Spontaneous strain along P

Coupling to strain especially strong in PbTiO,
due to polarisability of the lone pair on Pb

Cohen Nature 1992

28
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Using Landau theory fo oo e on
a, B 9° a9 4 _ @ B_g°
F=—-P2+=pPt4 4 =P - Pt=—pP2 (- |Pt+ .
20 gt T e C 2" "\aT2c)" T

Spontaneous strain renormalizes P* coefficient! Can lead to change in the order of PT

If instead we fix 7 (clamped crystal) — renormalize P? coefficient — change T!

A or——r—r——r
80 [ = BaTiO, (200 nm) on GdScO, b
| == BaTiO, (200 nm) on DyScO, 1
_ 60 |-~ Single crystal BaTiO, (Ref. 32 -
Sop -.
i 0] kviem 1
S OF— : ]
— - B 4
+ —> e AL ) ]

L b
§ -40 3
-60 | g ’ -
80 T=25°C =
.1w L i L " L i 1 1 1 " 1

-500 -400 -300 -200 -100 O 100 200 300
E (kV/cm)

Choi et al. Science 2004
BASIS FOR STRAIN ENGINEERING!

29
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Strain engineering o cve o

New phases unavailable in bulk!

Damodaran et al Adv. Mater. (2017)

600 Paraelectric . 1000
PbTiO,
9 400-
& g 750
=
] aa-phase o
@ 200- =2
a © 500
E S
S ()
= Q
;
= 250
-200 T T T T 1

Misfit Strain u,,, 103 0
Strain (%)

Pertsev et al. PRL 1998

mix

Koukhar et al. PRB 2001

See also review by Schlom et al. Annu. Rev. Mat. Res. 2007

30
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Strain engineering LoNbON TR on
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Strain-induced ferroelectricity in SrTiO;

| _25x 10°
300 - 6,000 I (T=257) .
w
FTi o g 23
s [ | i
% 200 - g iL
g S 4,000 240 280 320 "
3 £ Temperature (K)
1] 3] o 2
£ 3 - 'SITi0, / DySco, .
T — I 3 3
100 - FTI o
{ <
2 2,000} f=10GHz -
&
0 i SITIO, / LSAT 3
-20 =15 =10 -5 0 5 10 15 20 Z TS
M‘f.tSt.S,‘O-S a2 2 2 TR W IV Y & alla v v re e
isfit Strain 5, (107) 0 100 200 300
Temperature (K)
Pertsev et al. PRB 2000 Haeni et al. Nature 2004
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The elastic dielectric = p covpon covee Fon
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GENERATOR MOTOR

Haertling J. Am.
Cer. Soc. 1999

[ Direct Effect | [ Converse Effect |

D =do n=dE

Linear electromechanical coupling

d_an_anap_ 2gP
TO9E 9P OE \ ¢ )Xo

32
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Noheda PRB 2000

QO Jaffe et al.
800 C & Noheds er al.

— .5{"}_.
g
° ot
5 =
§ 400
-
200
0 ¥ T i T . T ¥ I . T L L I
5 - N . 40 42 44 46 48 50 52 54
reuss 0 % % Ti content
Jaffe 1971
[ool]'\ct 0011 T ACm [OOIJ,Tar
. . . . . [
Dielectric and piezoelectric properties i i
enhanced at morphotropic phase RA
boundary (MPB) & > Kv > &
[110] [1101,-3m [110]
Tetragonal Monoclinic Rhombohedral

Intermediate monoclinic phase (M) facilitates

polarisation rotation — large piezoresponse
33
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Pb-based relaxor: TEI
Bokov, Ye — J. Mater. Sci. 2006 Park & Shrout — JAP 1997
1.4
] Single Crysté]
PZN-4.5%PT
1.2 001)
1.0 single Crystal
"~ | PZN-8%PT ff B Single Crystal
- A (001) é’; Bingle Crystal pp1N_24%PT
o X 0.8 g—PZNA00D) (00t
= N’ |
c
=5 0.6
a‘g L
0.4
ics,PZT-3H
| 0.2 TS PVINPT
150 200 250 300 350 400 . i
. 0.0 ¥ | . ICS:PZT 8 .
PMN = Pb{Mgy/sNb,/3)03 0 30 60 90 120 150

Electric Field (kV/cm)

* Broad, frequency dependent dielectric anomaly

* No macroscopic structural phase transition
« Compositional disorder * Giant electromechanical response!

* Mobile polar nanoregions (PNRs) that freeze
below T or transition to ferroelectric state at T See lecture by Brahim Dkhil

34



Exploit piezoresponse to probe ferroelectricity and ferroelectric domains using AFM

Imaging:

Apply voltage between tip and sample
Sample expands or contracts
piezoelectrically depending on local
direction of P

Writing:

Apply large enough voltage to switch P

30

25

300

20 250

200

15
150

10 100

50

0 5 10 15 20 25 30
pm

PFM microportrait of Jim Scott
Canvas: BiFeO, thin film

LCN

Piezoresponse Force Mic oo e o

E FOR
LOGY

kDeg
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Ferroelectric thi ittt
Finally enabled ferroelectricity to be P H YS I E S .[ “ “ H Y
exploited JULY 1398
* FeRAM
* Fe tunnel junctions
* FeFET

Must consider the properties of the
whole system (M-F-M or M-F-S)

Properties can be dominated by the
interface rather than the ferroelectric
itself

FERROELECTRIC MEMORIES

36
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Ferroelectric thin films RRiEr e

NANOTECHNOLOGY

Shaw APL 75, 2129 (1999)

100000 ————————1————
1 Ba,,Sr,,TiO,
g
- 10000 - E . .
2 3 _ : Thin films tend to have:
S Ceramic .
g * smeared out transition
5 * reduced dielectric constants
() - ] o o
© 1000; ; * reduced/less stable polarisation
0 :
P Thin Film e
t=100nm
100 ———

0 100 200 300 400 500 600 700
Temperature (K)

37
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Ferroelectric thin films RRiEr e
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What is the thickness limit for ferroelectricity? pe (™ T Sl = = R
o) = o
5 5 3
Tt 2 1 . & i
8 & 2 E & 2
Ghosez & Junquera 2006 sle £ & & ;T. .
—_ 2 ﬁ = = Sy - s
e | N i g™ 8 5§ 5 B
c @ = G co i § 5 8 38
=100} E Nm R3] 2p : o m 2 "&
E f: e 2t A -
| g L4 E, L 55 ) 722272 2 A S A I
@ 2 % 5 [ >l>‘ 1996 1997 1998 1999 2000 2001 20022003
[ = u
Q@ 2 @ N ]
z 0= =L By
o E S B
E . ‘g g " PTO: PbT10
2 10,
i @ l-. . :
n s PZT: Pb(Zr.T1)0;
1k BTO: BaTiO;
1970 1975 1980 1985 1990 1995 2000 TGS:tryglycime suiphate

s : PWVDF: Ferroelectric polymer
Year of Publication

Critical thickness for ferroelectricity has
progressively decreased as better quality
films have been made

At surfaces

* Change in bonding

* Electrostatic boundary conditions
* Mechanical boundary conditions

Boundary conditions — very important! .
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Depolarising field LoNpow covTRE Fop
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D =¢eE+P
ideal short circuit

open circuit

+++++++++

Edep T P

+++++++++

39
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Depolarising field — imperfect LotooNcevT on

NANOTECHNOLOGY

Perfect electrodes + Real electrodes
dead layer (imperfect screening)

*

1/2
+++++++++

+++++++++

D = €oEf + Pr = €4€0L4
A¢:Edl+Efd=O Ef=———=— —

40
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a
~ SrRu();,
BaTiO;
SrRuQ;
A
S
= SrTiO;
30 35I | II | III |_I I __.1 ‘I," h
0.15
0,10
S 005
=
= 0,00
2
£ -0.05

-0.10
-0.15

Ll
S RSP A GGG GPOREREREF

£ (%)

Aeff"'lo — 20 pm Junquera, Ghosez Nature 2003 a1
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* For certain metal-ferroelectric
combinations, ‘dead layers’ can be
avoided

= A e Ferroelectricity can even be
\\‘ i \ K enhanced!
-0.02 = K = \

-0.03

SRO Pt

0o —

(=]

Inverse permittivity

|

(=]

=1
|

Stengel et al. Nature Mater. 2009 Experiment
150 e 9
3 8 & 8f 1 Thinlamellae
| - x C :" ?. - -
_% 5% £ 5t . FIB-cut from
o [ - — .

§§% 100 EE > g: ] single crystal
o @ O g E % - 1 -O-
- ES - EE ar i
ST 50 © 5. 3[ ] VS
5 c > S cw L _ .
s L 2 £ 2¢ - single crystal
@O
= % 2 1 C i -H-

0 e 0 | 1

0 100 200 300 300 400 500

Temperature / K Temperature / K

Chang et al. Adv. Mater. 2009 45



Domain formation

Edep
+++++++++++

Lt

Domain wall energy (o4,,) Vs. electric field energy (U)

Landau-Lifshitz-Kittel law

k— 2w —|

Az

PATAS

F
=

C

LONDON CENTRE FOR
NANOTECHNOLOGY
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Domains in tetragonal ferroel oo oo for
180° DW 90° DW
"¢+ domain ¢ domain a domain ¢ domain
@ . @ . S—& @ @ @ @ @ @
> o © © o o @ e e <0
@ @ @ @ [
p‘oaeam—ogoaa\p y _oi a_ﬁ-g"eig
: o @ @ 4%}-~ b ° /P
@ S @ . —& @ @ ! @ @
0 @
e o © © o o Yoo o ° b
Respond to applied electric Ferroelastic — respond to
fields electric fields and mechanical
stress

(The Vd law also applies to ferroelastic domains)
44
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Landau-Lifshitz-Kittel scali
Schilling et al. PRB 2006

BaTiO . - o :
Iamellg Ultrathin PbTiO, films (180° domains)
(900 I
domains) 644| 100 300 1000 K
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film thickness(nm) Fong et al. Science 2004
Catalan et al. Rev. Mod. Phys. 2012 45
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Experiment (PZT capacitors)
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VIt 4] o IR I

PZT ceramics PbTiO;-SrTiO; superlattices
1200 R S —— 2500 1 I Ll I L]
" (a) 100kHz . e i , g
900 | \@r.‘%" [ ] 2000 ferroelectric
600 L -::___;_.:':"3.“’ I N y
A il ﬁ 1500 } -
300 - L % i
| LGD theory 134GHz | w1000 iy
0 T T T T T I T T T TR S
50 100 150 200 250 300 = % LY .. o
Temperature [K] 500 DW
e PZT(52/48) enhancement
= ==-PZT(52/48)Nb1.0 0
=+==PZT(52/48)Fel.0 00 0.2 0:4 0.6. 08 1.0
PbTIO, fraction
Lin, Damjanovic — APL 2010 PRL 104, 187601 (2010)

See also lecture on negative capacitance on Friday
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Domain walls break symmetry of the bulk = new properties!

Ferrielectric domain walls in CaTiO,
Polar domain walls in SrTiO;

Conducting domain walls in ferroelectrics

Photovoltaic response at domain walls in
BiFeO,

Yang et al. Nat. Nanotech. 2010 = m -
- ‘?‘?‘?‘?‘?‘
Superconducting DWs in WO, 090000

Farokhipoor et al. Nature 2015

Magnetism at domain walls

“Domain Wall Nanoelectronics” — Catalan et al. Rev. Mod. Phys. 2012 .8



Domain walls — 2D nanoscale

DW structure often not purely Ising-like

Lee et al. Phys. Rev. B 2009

(also Stepkova et al. JPCM 2012)

F
=

C

LONDON CENTRE FOR
NANOTECHNOLOGY
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Phase transitions wit oo ce o
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Many interesting theoretical predictions
for domain walls and domain structures 9% 300 200 S00 500 700
still to be experimentally explored! Temperature (K)

Wojdel & Iniguez, PRL 2014
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Catalan et al. Rev Mod Phys 2011

e Large polarisation-strain coupling — large energy
penalty for polarisation rotation in bulk

BUT in very thing films & nanostructures can have
large local distortions - unusual polarisation
structures possible

Above T, Below T,
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Naumov & Bellaiche Nature 2004 Nelson et al. Nano Letters 2011 Jia et al. Science 2011
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ferroelectr
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‘Flux-closure domains/vortices’_
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Yadav et al. Nature 2016

Tang et al., Science. 2015

Zubko et al. PRL 2010;

Nano Letters 2012

‘Supercrystals’
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Liu et al. Nano Letters 17, 7258 (2017)
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Das et al. Nature 2019

Looped
— domain wall

Zubko, Nature N&V (2019)
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Pereira Goncalves et al. Science Advances 2019
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See lecture by Jorge liiguez

Polarization

Domain wall
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Merons

Wang et al. Nat Mat 2020
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Skyrmion il 3 Hopfions
bubbles
Das et al. Nature 2019

Luk’yanchuk et al. Nat Comms 2020

Polar bubbles Zhang et al. Adv Mat 2017
Lichtensteiger et al. Nano Lett 2014

See lecture by Jorge liiguez s
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A flavour of current ac worcarm o
Hafnia ferroelectrics — talk by Beatriz * Multiferroics — talk by Morgan Trassin
Noheda  Topology in ferroelectrics — talk by Jorge
Antiferroelectrics — talk by Karin Rabe lhiguez
2D van der Waals ferroelectrics * Relaxors — talk by Brahim Dkhil
Domain wall functionality * Ferroelectric quantum criticality
Strain engineering » Artificially layered ferroelectrics
Flexoelectricity — talk by Tae Won Noh * ‘Ferroelectric metals’

Ferroelectric photovoltaics

Negative capacitance — talk on Friday

Ferroelectric field effect devices & tunnel
junctions

Ferroelectrics for neuromorphic
computing — talk by Beatriz Noheda

Electrocalorics — talk by Emmanuel Defay

Free-standing films — talk by Mariona Coll
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