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Is a negative capacitance is a

real, physical phenomenon
or
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phenomenology of the Landau Theory?
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Where does the S’-shape come from?

-Microscopically
(Landau theory is phenomenological.)
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A Ferroelectric cannot exist without negative
capacitance (i.e., static negative dielectric
permittivity).

No Neg-C
No Ferro-E
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Ferroelectric Oxides

Perovskite Ferroelectric Fluorite-type Ferroelectric
PbTiO; (Pb2*Ti4*0,%") HfO, (Hf**0,* )

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

Ferroelectric Capacitor

Ferroelectric

A ferroelectricis an insulator with
electrically switchable spontaneous
polarization.

A

AN

Charge-Voltage Characteristics

Non-volatile]

Memory
States
N
| I >
v, 0+,
Voltage, V

Georgia &
Tech




Ferroelectric Oxides: Temperature dependence
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Ferroelectric Oxides

Ferroelectric Capacitor

Ferroelectric

A ferroelectricis an insulator with
electrically switchable spontaneous
polarization.
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Ferroelectric Oxides: Landau Theory

Ferroelectric Capacitor Charge-Voltage Characteristics
A
+Qp 1
Ferroelectric
Metal Qo :
O Negative
O 0 Capacitance
V=a1Q+a;,0Q%+a;,0°+ - T
10 11¢ 111 ¢ E / C=dQ/dV<0
a; = ag(T — T,)<0 below T, L
T = temperature &
T,. =Curie temperature
Ao =positive constant
a,,=positive (2"% order) or negative (1t order) -QO L
(111 =positive
] l | | )
Landau theory: In certain Qand V v Y
range, C=dQ/dV is begative \foltage V
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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 modelsto 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.”

Merz
Physical Review, 1953.
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Fic. 3. Plot of function 2p%—4p34-2pt=e.

R. Landauer

J. Appl. Phys, 1957.

Fio. 4. General form of
relationship between D and
E for barium titanate at
room temperature. [ and
& are taken to be along the
¢ axis and the crystal is
assumed to be clamped to
the dimensioms thar it has
in the absence of a field, D
and 4vP are almost equal
and this curve has ecsscn-
tially the same shape as the
£ v E relationship for a
“clamped” crystal.
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Toy model of Negative Capacitance (‘S’-curve)

Dipole Electric Field E
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-Simple, physical explanation of

underlying microscopic mechanisms of

ferroelectric negative

-Electrostatic dipole-dipole interactions

-Atomic scale positive feedback mechanism
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Toy model of Negative Capacitance (‘S’-curve)

Dipole Electric Field EG,,.IOO,e —>

Applied Electric Field E —P
Local Electric Field E,__ > /'Z_,OC&,,=1'Z_"'Ec,,-po,e

Polarizability
a Dipole _ cie F
, Moment p = ‘O local
/ Vacuum Permittivity
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Toy model of Negative Capacitance (‘S’-curve)

Dipole Electric Field EG,,.IOO,e —>

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

Dipole Electric Field EG,,.IOO,e —>

Applied Electric Field E —P
Local Electric Field E,__ > /'Z_,OC&,,=1'Z_"'Ec,,-po,e

Polarizability
a Dinole | Structural
Moment P = %€oLiocal Factor
1 2p 1 1 p 0.383
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Toy model of Negative Capacitance (‘S’-curve)

Dipole Electric Field EO,,.IOO,e —)

Applied Electric Field E —P
Local Electric Field E,__ > /'Z_,oca,=l'2_"'Ec,,-po,e

Polarizability
a Dinole ) (ie ; Stlr:uctural
Moment P = 0Llocal actor
. , 1 2p(1+1+1+ ) p 0.383
. — X cee — —
dipole Amre,y a3 23 33 € a3 ¢
Erocar = Edipole + E
Atomic scale feedback
1. Dipole moment depends on local electric field.
Georgia

2. Local electric field depends on dipole moment. ™™ fach




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

Dipole Electric Field E —)
Applied Electric Field E —P
Local Electric Field E,___
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1. Dipole moment Field E a
depends on local
electric field.
) Structural
N Dipole Electric Factor ¢
2. Local electric field P Fiold
depends on E o =SP

dipole moment.
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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 EG,,.IOO,e —>

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

Dipole Electric Field EO,,./OO,e —)

Applied Electric Field E —P
Local Electric Field E,__ > /'Z_,O%,FI'Z_"'Ec,,-po,e

. ae
Dipole moment:p = 1_a205E If aeq¢ > 1 (if the material
is highly polarizable),
dp _ _aco ghly pdp )
dE 1—-aegl T <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 —)
Applied Electric Field E —P
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Toy model of Negative Capacitance (‘S’-curve)

Dipole Electric Field E —)
Applied Electric Field E —P

Local Electric Field E/oca

’ E/oca/ =E+E
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Toy model of Negative Capacitance (‘S’-curve)

Dipole ElectricField E, = —
Applied Electric Field E —P
Local Electric Field E,__ » Eoce™ErE 0

Polarizability

Dipole l
p Moment

p = a€gkpcal

. Because dipoles are not
L E infinitely polarizable.
ECI’ \ /

Dipole moment: p = p,;,4, tanh

Elocal

Ccr
Maximum moment: Py ax = A€oE

Critical field: E - Georgia&
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Toy model of Negative Capacitance (‘S’-curve)

Dipole ElectricField E, = —
Applied Electric Field E —P
Local Electric Field E,__ » Eoce™ErE 0

Elocal

Dipole moment: p = p,,4, tanh
cr

Maximum moment: Py ax = A€oE

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

Dipole ElectricField E, = —
Applied Electric Field E —P
Local Electric Field E,__ » Eoce™ErE 0

Elocal

Dipole moment: p = p,,4, tanh
cr

Maximum moment: Py ax = A€oE

Dipole
P Moment 1
o= el ¢ =yTc Dipole field
Edipole =(p
Erocar = Edipole + E
E__Tp Lt + " /o
Ecr Te Pmax 2 1— p/pmax
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Toy model of Negative Capacitance (‘S’-curve)
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Toy model of Negative Capacitance (‘S’-curve)

E_ T p 1 14 o,
ECT‘ TC pmax 2 1 - p/pmax
1
Maximum moment: Py ax = A€oE 7 yeol ¢ = ﬂ;C/
Critical field: E, Temperature Curie
Temperature
T>T.
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Toy model of Negative Capacitance (‘S’-curve)

E_ T p 1 1t o
E., Te Pmax 2

‘ : ‘ How to get to the Landau expression?

E = a1P + a11P3 ~+ Gflllps + .-
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Toy model of Negative Capacitance (‘S’-curve)
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Ferroelectric Oxides: Temperature dependence
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Ferroelectric Oxides: Temperature dependence

Curie Temperature, T,

Spontaneous
Polarization (P,)

Temperature (au)
VT, <<T. T,<T,

T, >T.
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Ferroelectric Oxides: Temperature dependence

Tc T;
\._

Temperature, T

Free Energy, U

T,>T,

Polarization, P

Polarization, P

A thought experiment:

T,>T,

Electric field, E

What happens if we could change temperature extremely

fast?
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Ferroelectric Oxides: Temperature dependence
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Similar treatment: Clausius-Mossotti Equation

The Clausius Mossoti Picture

/'4'
0441 Y
ERD R
il i
44 'ERA7
RN BRI Z
N——
Elocal = Eapplied + ELorentZ + Ecavily
P
-0 —
ELorentz - 3£O’Ecavity =0
P
JE&

—E 4
ocal applied
pp 350

P=NaE

local

EncorLlocal electric field, E,,,.s~Applied electric field,

Ejorent;=LOrentz cavity Field, E.,,;,~E-field due to
dipoles in the cavity, a = Electronic polarizability, N =
Dipole density

Clausius-Mossotti Equation
5;7""]. _ I\ICZ

Er+2_360
Yy=&—1= N“/go <0
=& —1=
1_NC(/€O

. Na
if A€0>1

Clausius-Mossotti equation is often
used to describe polar dielectrics.
[Kittel: Introduction to Solid State
Physics]
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Similar treatments of Ferroelectric

PHYSICAL REVIEW VOLUMIE 78, NUMBER 6 JUNE 15, 1950

The Lorentz Correction in Barium Titanate

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

(Received March 13, 1950)

O E(Ba) = P(Ba)/N(Ba)a(Ba)

= Eo + quP(Ba) + q12P(Ti) + qisP(0) 4 q14P(0”);
E(Ti) = P(Ti)/N(Ti)e(Ti)

= Ey + q21P(Ba) + ¢22(Ti) + q23P(0") + ¢q24P(0");
E(0") = P(O")/N(0")a(0)

= Eo + ¢a1P(B8) + ¢ssP(Ti) + qasP(0’) + q34P(0”);
E(O") = P(0")/N(0")«(0")

= Eo + quP(Bs) + qaP(Ti) + qusP(0") + q4aP(0").

a(Ba) = 1.95 X 107*" em?,
a(0') = a(0") = 2.4 X 1072 em?,
a(Ti) = 0.19 X 10~ + a(Ti);

a;(Ti) = 0.95 X 107** em?,
(47 /3)N (Ti)a;(Ti) = 0.062,

Similar treatment was done in 1950s. Georgia&

Tech




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. 2018 (in press)
Hoffmann et al. [EDM 2018 p. 31.6
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Microscopic Origin of Negative Capacitance in
Ferroelectrics

Sponsors
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ﬁ Corporation
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Throw back to Feynman

il
|

EﬁTY“RSEfC‘)g Feynman Lectures on Physics, vol. 3
i Chapter 11

Now when we wrote Eq. (11.28) you may have wondered what would happen if Na became greater
than 3. It appears as though k¥ would become negative. But that surely cannot be right. Let’s see what
should happen if we were gradually to increase « in a particular crystal. As a gets larger, the polarization
gets bigger, making a bigger local field. But a bigger local field will polarize each atom more, raising the
local fields still more. If the “give” of the atoms is enough, the process keeps going; there is a kind of
feedback that causes the polarization to increase without limit—assuming that the polarization of each
atom increases in proportion to the field. The “runaway” condition occurs when Na = 3. The
polarization does not become infinite, of course, because the proportionality between the induced
moment and the electric field breaks down at high fields, so that our formulas are no longer correct.
What happens is that the lattice gets “locked in” with a high, self-generated, internal polarization.
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Throw back to Feynman
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gﬁTY“"SEfC‘)g Feynman Lectures on Physics, vol. 3
" Chapter 11

FEYN

Now when we wrote Eq. (11.28) you may have wondered what would happen if Na became greater
than 3. It appears as though x would become negative. But that surely cannot be right. Let’s see what
should happen if we were gradually to increase « in a particular crystal. As a gets larger, the polarization
gets bigger, making a bigger local field. But a bigger local field will polarize each atom more, raising the
local fields still more. If the “give” of the atoms is enough, the process keeps going; there is a kind of
feedback that causes the polarization to increase without limit—assuming that the polarization of each
atom increases in proportion to the field. The “runaway” condition occurs when Na = 3. The
polarization does not become infinite, of course, because the proportionality between the induced
moment and the electric field breaks down at high fields, so that our formulas are no longer correct.
What happens is that the lattice gets “locked in” with a high, self-generated, internal polarization.
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