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Ferroelectric Oxides

Perovskite Ferroelectric Fluorite-type Ferroelectric
PbTiO; (Pb2*Ti**05°") HfO, (Hf*O,*)

A ferroelectric is an insulator with a spontaneous
polarization, which can be switched by an above
coercive voltage .
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Ferroelectric Oxides

Charge-Voltage Characteristics

Ferroelectric Capacitor
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electrically switchable spontaneous Voltage \/ L
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Ferroelectric Oxides: Landau Theory

Ferroelectric Capacitor Charge-Voltage Characteristics
A
+Qo'_
Ferroelectric
Metal @ :
& Negative
O 0 Capacitance
V=0a,0+a;,0%+a;4,0°+ - o
' " - © ‘/ C=dQ/dV<0
a; = ay(T — T,)<O0 below T, e
T = temperature O
T, =Curie temperature
ay =positive constant
@, ,=positive (2" order) or negative (1% order) 'QO T
a111=positive
. | | )
Landau theory: In certain Qand V V 0+

v
range, C=d(Q/dVis begative Voltage \/ - L @
eor I




History of Landau theory of ferroelectrics

1937: Lev Landau first proposes the framework for phase transition

L. D. Landau, Phys. Z. Sowjun, vol. 11, pp. 545, 1937.; “On the theory of phase
transitions. Il,” Zh. Eksp. Teor. Fiz. Vol. 7, pp. 627, 1937

Late 1940s: Ginzburg and Devonshire applies Landau theory to

ferroelectrics after discovery of ferroelectricity in BaTiO;
V. L. Ginzburg, Zh. Eksp. Teor. Fiz., vol. 15, pp. 739, 1945; V. L. Ginsburg, J.
Phys. USSR, vol. 10, pp.107, 1946.
A. F. Devonshire: Philos. Mag., vol. 40, pp. 1040, 1949.

Landau framework is phenomenological mean-field theory based

on symmetry to analyze phase transitions.
-Connects microscopic models to macroscopic behavior

But does not talk about underlying microscopic origin!
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History of Landau theory of ferroelectrics

‘S’-shape in polarization-electric field curve appeared in early
papers in 1950s on the Landau Theory of Ferroelectrics!

But negative capacitance region in ferroelectric was not explicitly
discussed except for asserting that this region is
“thermodynamically unstable.”

Janovec
Merz R. Landauer ,
Physical Review, 1953. J. Appl. Phys, 1957 Czech. fiz. zurnal, 1959.
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Toy model of Negative Capacitance (‘S’-curve)
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Toy model of Negative Capacitance (‘S’-curve)
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Toy model of Negative Capacitance (‘S’-curve)
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Toy model of Negative Capacitance (‘S’-curve)

Dipole Electric Field E —)
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Toy model of Negative Capacitance (‘S’-curve)

Dipole Electric Field Edipo/e —)
Applied Electric Field E —)
Local Electric Field E,___
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Toy model of Negative Capacitance (‘S’-curve)
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Toy model of Negative Capacitance (‘S’-curve)
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Toy model of Negative Capacitance (‘S’-curve)

Dipole Electric Field Edipo/e —)

Applied Electric Field E —P
Local Electric Field E

local

+
' loca/ Edipole

Local Electric

Field
E__=E+E_
Applled local / dipole
Electric f_D . Polarizability
Field E £ a
) Structural
Dipole Electric Factor {
Field
Edipolequ
“a
+
0

. S 4 <
Dipole moment: p = ——"
Dipole 1
> Moment
p=aef O = C = )/TC
Yeol 1
‘ ‘ Curie
Constant Temp. Temp.
dp _  «aeg 1

= 0.6
T-Tc dE 1—0(606 T_TC

4

> |
B Curie-Weiss Law 9N &




Toy model of Negative Capacitance (‘S’-curve)

Dipole Electric Field Edipo/e —)

Applied Electric Field E —P
Local Electric Field E » E.EYE o0

local

dEp

Dipole moment: p = 1—an(E If ey > 1 (if the material
is highly polarizable),
d—p = 2€o dp
dE 1—aeg I <0

Polarization Catastrophe
The negative dielectric negative capacitance that sets off
the polarization catastrophe and leads to the emergence of
the spontaneous polarization in ferroelectric material.
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Toy model of Negative Capacitance (‘S’-curve)
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Toy model of Negative Capacitance (‘S’-curve)

Dipole Electric Field E —)
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Toy model of Negative Capacitance (‘S’-curve)
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Toy model of Negative Capacitance (‘S’-curve)
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Toy model of Negative Capacitance (‘S’-curve)

Dipole Electric Field Edipo/e —)
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Toy model of Negative Capacitance (‘S’-curve)
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Toy model of Negative Capacitance (‘S’-curve)
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Toy model of Negative Capacitance (‘S’-curve)
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Toy model of Negative Capacitance (‘S’-curve)
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Toy model of Negative Capacitance (‘S’-curve)
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Similar treatment: Clausius-Mossotti Equation

The Clausius Mossoti Picture

/'0'
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44 t 44
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E local — E applied + E Lorentz + E cavity
P
E orentz = % ’Ecavi = O
Lorent 3¢, 4
P
Elocal = Eapplied + g
P=Nak

local

Clausius-Mossotti Equation

=1 _ Na
Er+2 - 3€p
Na/
€0
¥=& —1= <0
1-Nayg,

. Na
if A‘C"o>1

Clausius-Mossotti equation is often
used to describe polar dielectrics.

[Kittel: Introduction to Solid State
Physics]

Ejocq=Local electric field, E,,,.,~Applied electric field,

Eorent,=LOrENtZ Cavity Field, E ., =E-field due to -

dipoles in the cavity, a = Electronic polarizability, N = )
i ' Georyiz
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Similar treatments of Ferroelectric

PHYSICAL REVIEW VOLUME 78, NUMBER 6 JUNE 15, 1950

The Lorentz Correction in Barium Titanate

J. C. SLATER
Massachusetts Institute of Technology, Cambridge, Massachusetis*

(Received March 13, 1950)

O E(Ba) = P(Ba)/N(Ba)a(Ba)
= Ey 4+ quP(Ba) 4+ ¢12P(T1) + ¢13P(0') + q14P(0");
P(Ti)/N (Ti)a(Ti)

= Eo + ¢2:P(Ba) + g22(Ti) + q23P(0") + q24P(0");
E(0") = P(O")/N(0")a(0')

= Eo + quP(Ba) + gs2P(Ti) + qa:P(0') + gs4P(0");
EO") = P(O")/N(O")a(0")

= Eo + quP(Bs) 4 qu2P(Ti) + qusP(0) + q1sP(0").

Il

E(Ti)

a(Ba) = 1.95 X 10" em?,

a(0) = a(0”) = 2.4 X 1072 em?,
a(Ti) = 0.19 X 107 4 a;(Ti);

€ B {(Ti) = 0.95 X 107%* em?,
T . 7 ’ a;("T1) )
(47 /3)N (Ti)as(Ti) = 0.062,
- . ~(9))
Similar treatment was done in 1950s. Georuiz
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More details

Khan, Asif Islam. "On the microscopic origin of negative
capacitance in ferroelectric materials: A toy model." 2018 IEEE
International Electron Devices Meeting (IEDM). |IEEE, 2018.

Hoffmann, Michael, Prasanna Venkatesan Ravindran, and Asif
Islam Khan. "Why Do Ferroelectrics Exhibit Negative
Capacitance?." Materials 12.22 (2019): 3743.
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Is a negative capacitance is a

real, physical phenomenon
or

an unphysical, artificial construct of the
phenomenology of the Landau Theory?
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Negative capacitance is a real....
physical phenomenon!

Arises from simple dipole-dipole interactions
and positive feedback mechanisms!

Without negative capacitance (i.e.,
static negative dielectric permittivity),
ferroelectrics do not exist!
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Experimentally Measured ‘S’-curve

Hoffmann et al. Nature 2018 Yadav et al. Nature 20109.
Hoffmann et al. [EDM 2018 p. 31.6

SrTio,
PbTIO,
1srTio,
n b SRR L.
30+ LGD theory 75 - 3
L o Experiment NTE\ c
15 o 50+ 2 §
O =
.«E [ 3 25+ 1 =
LQ 0 c D
) = 0 0 i
= | Y IS
Q .15 = =25 -1 5
[ Q
: o 50 - -2 W
-30
| ]

s L
E (MV/cm) Georyiz &




Microscopic Origin of Negative Capacitance in
Ferroelectrics
Sponsors

® ®
Semiconductor
@ Research % /ﬁl @FQ/FWWT/
Corporation

Global Research Collaboration jUMP

Thanks & Questions

Georg a@
Tec

[ —c



