Advanced solid state physics



Dielectric Properties of Solids

http://lwww.eetimes.com/document.asp?doc_id=1276895

SDRAM Cell

Metal 1 Bitline (Al)

i1
capacitor |

Passing WL
Capacitor Contact

_...'Lf‘. "" Rt H e _‘; o e Dhaarrces: ; ‘-:..---J"

wordline

Bitline Contact

RE

(SDRAM = Syncronous dynamic RAM)



Dielectric behavior in a ,,nut shell*“:

A dielectric material is a non-conducting substance
whose bound charges are polarized under the influence
of an externally applied electric field.

The figure of merrit to describe the degree of polarization
In a given material is the dielectric constant

It is clear that the degree of polarization is related to the
structure of the material. In consequence, dielectric
behavior in electrostatic and alternating electric fields
depends on static and dynamical properties of the
structure.

Dielectric behavior must be specified with respect to the
time or frequency domain

Prof.Shih-Ying Hsu, Department of Electrophysics, National Central University, Taiwan



Dielectric Properties of Solids

Introduction (concept) Capacitor (condenser)
Ea|0|o ] =
For some materials o —>0 (at RT)upon E,,
I = =) They are called insulators or dielectrics.
? - . L =
I _ Charge can not flow freely in the direction of Eapp, but
+1 Dielectric |-

Eapp can penetrate into their interiors and

affect the internal structure of such materials.

\'
macroscopically,

& A
i) When no dielectric, C_ = Od
t - L £,6, A
ii) When a dielectric is inserted, C= x

ill) The calculation of € is an important aim of any microscopic theory
of dielectrics.



iv) also, their response to the AC E field reflected in

8(6{)) and as @ — optical range

mm) Tt leads to optical properties of dielectrics

n=ve

—

V) In some ionic crystal, even when E_ =0,
there may be long-range electrostatic force between the

ions (in addition to the lattice potential)

Ex: Ferroelectricity, piezoelectricity



Electronic Polarizability

Let's limit our discussion to insulating extended solids. In the
absence of charge carriers (ions or electrons) or molecules, we
only need to consider the electronic and ionic polarizabilities.

E &
without with 9 kR
field field X

g

The presence of an electric field polarizes the electron
distribution about an atom creating a dipole moment,

H=gX
The dipole moment per unit volume, P, is then given by

P =n.u

where n,, is the number of atoms per unit volume.

https://chemistry.osu.edu/~woodward/ch754/lect2003/dielectrics_lect28.ppt




Tonic polarization occurs in all ionic
solids: NaCl, MgO...

E

@ r@
© © \
Molecular polarization, occurs in all

insulating molecules; oils, polymers,
H,O...




Review of basic formulas

In dielectrics, there are no free charges, but bound charges,
i.e. electric dipoles are present.

Definition

O— dipole moment |p = ch (- —>+)

_q d +4

G Torque felt Microscopically™
—

r=pxE @ ®

.......................... POTen.'_ial energy Hz()

E V =—p-E o

— qE
In discussing dielectric materials

Polarization P = # of dipole moment / unit volume

= Nﬁ the dipole moment density : units of C/m?



Electric field inside the parallel plate :
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Now, insert a slab of dielectric = modify the field to a new value E
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E’ due to polarization change

— E’ = E :new field inside the slab
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o

Now,

—

Electric displacement D = 80 o (ust outside the dielectric) or

D =¢g,E + P (inside dielectric)

5
O__
<o

also, D=g,E+P =& = ¢g,¢,.E

r

E
e e 2| \um—
&y

All the dielectric and optical characteristics of

substances are contained in this constant.



The dielectric constant and polarizability : the local field

The polarization of a medium is produced by the field

Dipole moment P = O{‘E
Polarizability

—

Polarization P = Np = NaE
and D = E =

g,E+ N

(N)

'Ul

[T

Previously, D = EoE; E




Define electrical susceptibility ¢ such that
P=gy2E cf P=NaE

then

_Na
V4 £ e =1+y
In fact,
P = aE|00a| iInstead of P = aEMaxweII

If this microscopic field is averaged, one obtains the
macroscopic or Maxwell field E .



Recap

Dielectric Constant

If you apply an electric field, E, across a material the charges in the material
will respond in such a way as to reduce (shield) the field experienced within
the material, D (electric displacement)

D= eE =g, + P = goE + g% E = £o(1+y,)E

where g, is the dielctric permitivity of free space (8.85 x 1012 C2/N-m?), P is
the polarization of the material, and y, is the electric susceptibility. The
relative permitivity or dielectric constant of a material is defined as:

— -
€. = e/gg = 14y,

When evaluating the dielectric properties of materials it is this quantity we
will use to quantify the response of a material to an applied electric field.

sses

https://chemistry.osu.edu/~woodward/ch754/lect2003/dielectrics_lect28.ppt




Table 9.1. DC dielectric constants of some materials

Potassium tantalate niobate 6000
Barium titanate (BaTiOs) 4000
Potassium Niobate (KNbO3) 700
Rochelle salt (NaKC4H4Og - 4H,0) 170
Water 81.1
Acetone 20
Silicon 11.8
GaAs 10.9
Marble 8.5
Soda-lime-glass 6.9
Porcelain 6.0
Epoxy 4.0
Fused silica 4.0
Nylon 6,6 4.0
S 3.5
Ice 3.0
Amber 2.8
Polyethylene 23
Paraffin 2.0
Air 1.000576

*)Soda-lime glass, also called soda-lime-silica glass, is the most prevalent type of glass, used for windowpanes, an

d glass containers (bottles and jars) for beverages, food, and some commodity items. Source Wikipedia



Contributions to Polarizability

ik o = (l, + a‘i + G.d + as
. 1. Electronic Polarizability (c,) Polarizability

(ct) increases
Polarization of localized electrons

Py . o R Ti
2. Tonic Polarizability (o) efﬁz::;e;me
Displacement of ions (slower

& response)

i 3. Dipolar Polarizability (o)

Reorientation of polar molecules

R E 4. Space Charge Polarizability (c,)
o

.T Long range charge migration

https://chemistry.osu.edu/~woodward/ch754/lect2003/dielectrics_lect28.ppt




at an atom or an ion in a dielectric sample :

=E,+E +E, +E;

E, : the field produced by fixed charges external to the body
E, : depolarization field of induced surface charges on the boundary

. the field produced at the center of an imaginary cavity by the

polarization-induced surface charges over the cavity

. the field produced at the center of the imaginary cavity due to

the discrete dipoles distributed over all atomic sites.



« What is the local field Elocal ?

El
| |- —— &||- _ _. — —
"o~ Y| Ejocal = Eo + +E,
+| |- + - +| |- /
Iyl d d le field insid
epolarization ipole field inside
+| |- . +| |-
E, the cavity
r —‘ Lorentz field
center dipole
L
—F,
= . P
E, = depolarization field =-——
€
2 —_
= » Pcos® 6 ) . P See Ki
_ _ ee Kittel
Ez—j - — |27R“sin&d 0 = —
0 Ae,R 3g,
E3 = 0 for the symmetric structure such as cubic
q . P P .2
E =Ey——+ +0=E, - =P

local
& 3&, 3¢,



Lorentz cavity field E, and field of dipoles inside cavity E,

E, from
surface of

spherical cayj

E, from dipoles inside sphere

rdo




—

P P
EIocal (E __J 3_

Therefore,
Eiocal = EManwell T 32 E, . : Mmicroscopic field which
0 fluctuates within the
medium
Now,
5 N - P
local local = EMaxwell T 3
0
p = Na(E +L)= NaE + N2 p
3¢, &g
Na




By the way,

_ - 1+ 2Na
80(1 38‘;‘)4— Na | .. _ _ 3¢,
I he E=¢e E HEE) & 1 Ne
gr(l—M) 1 Ne
3g, 3g,
Na
2 -1
N, +2)=s
er—1 Na 1
Clausius-Mosotti relation e +2 380 3X




Sources of polarizability (Mechanism)

Different types of physical processes gives rise to polarizability
ex) dipolar(orientational), ionic, electronic polarizability

a) Dipolar (orientational) polarizability

‘molecules with permanent dipole moment are present with
random orientation.

—

—

Upon E,those dipoles align with E f(6) 1

potential V =—P-E =—-PEcosé
Probability of finding it along 0 direction

1

f = e-V/KT — @PEcos@/KT 0 /2
E=0 EZ£0
‘k]k/ﬂk- v ¥ *;*}%’gfﬁrl
a A r&ﬁ“ R
_’\f V< f‘*ﬁvy}' IS
T D > iy &S?rﬁ*
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Average value of P, now only considering P,
— [P f(6)dQ
X [ £(8)dQ
i Pcos@-ePECosOKT . 27 sinGdo
] [T ePECOSOKT . 27 sin@d @

1 PE
= PL(u here L(u)=coth(u)—= =—
(u)  where L(u)=coth(u) " u T
Langevin function
L(u) t %u
;1| P i Paraelectricity




For small E field,

2 . .
E orientational E

==t —E ~ p.—-p.
3kgT 3kgT thermal E

Thus, the dipolar (orientational) polarizability is
2

__ P
M0 T 3T
Substitute this into the Clausius-Mosotti equation
2
e —1_ N Ol P ;- iInduced polarizability
e, +2 3g 3kgT
oF N = NAﬁ Number of dipoles in unit volume

M: molecular weight

3 2
M([e—-1) Ny o + P
ple+2) 3g 3kgT




|:)2

o, = —— applicable in solids ?
d = 3KT
In solids
. . P P
cf. jumping frequency — D

v =vpe ¢k

cf. relax time \

72 L ok
Vb

MY e S

0

Probability of leftward orientation : Q
Probability of rightward orientation : 1 — Q

finally: - >p?

© =TT




MY & —1 1
If we plot the > VS. T
p N +
M(eg-1) N, P?
- Qg +
ple +2) 3g, 3kgT
10 — .t |
8-
. 6] el
| 2-'2
» L —CCl,
CH
2 25 3 3.5 X103
1/T, °’K—!

Fig. 8.13 Total susceptibility y = ¢, ~ 1 versus 1/T for several gaseous substances.
(Note that denominator on left side of Eq. (8.44) is €, + 2 =~ 3 for these gaseous

materials.) ‘
M. A. OMAR, ELEMENTARY SOLID STATE PHYSICS: Principles and Applications ADDISON-1993

https://s3-ap-southeast-1.amazonaws.com/erbuc/files/4155 16642919-af64-4cad-b717-e2cc45746249.pdf



The dipole moments for various molecules,

Permanent Dipole Moments of Some Dipolar Molecules

Substance Dipole moment, Substance Dipole moment,
debyes debyes
HF 1.91 NH; 1.5
HCli 1.1 CH,Cl 1.97
HBr 0.8 CH,CI 1.59
HI 0.38 CHCl, 0.95
NO 0.1 H,O 1.9
CO 0.1 H,S 1.10
Nal 4.9 - S0, 1.6
- KCl | 6.3 -

1 debye = 3.33x 1039 C-m

https://s3-ap-southeast-1.amazonaws.com/erbuc/files/4155 16642919-af64-4cad-b717-e2cc45746249.pdf



b) Dipolar dispersion (frequency dependence of orientational polar)

For AC applied field
Pd(t)'

il

Py(t)=Pe "
Pl

0
NN ;
y t

Py(t)= Py(1—e7t7)

The equation to describe the motion of dipole polarization
dPy (t) _ Py —Py(t)
dt T
Since P=akE, P,=a, (O)Ae‘i“’t (equilibrium moment)

dP; (t)+ Ps (t)=ad—(O)Ae—ia)t

dt T T




Let’s try a solution of the form

P (t) = Qy (G))E(t) = a (a))Ae—ia)t

o ((o)Ae_i“’t (— ia))+ %4 (w) Ae it — g (O) IS

&y (w)(l _iwr) = ay(0)
. __Y%q (O) o (0). cpar -
. Olg (00) (l— ioor) d ( ) . static polarizability

= The polarization is no longer in phase with the field
(This gives rise to energy absorption)

E=Ae™
P=Be'“"”




To derive the expression for g ()

gr(w) =1+ Ze(w)+ Zd (w)

where ionic concentration assumed negligible

Now, in microwave region, the electronic susceptibility is
constant (e light, respond to E(a)) Instantaneously)

Then, Er(a))= n2 + X4 (a)) where N2 = 1+;(e

X (a)) =&, (a))— N2 Not follow the E(a)) instantaneously

a phase lag is expected.

/

: the same complex form as a (o)




¢,(0)—n?
1-1ot

g (®)=n?+

£, (0)-n2  £.(0)-n?

=g (w)+ie(w)=n?+ +i T
(@) +i57(@) 1+ w?7? 1+ w?7?
g.(0)—n?
€(w) 8, (a))= n2 + !
- /\) r 1+ w72
¢
g.(0)—n?
gl(w)= 1r+a)272 oT
2_____ —— — —
o _i.O (I) 1.[0 2‘_0 : Debye equations
Log, wr

Fig. 8.16 Real and imaginary parts e/(w) and €/(w) versus log (wt) for a dipolar
substance.

https://s3-ap-southeast-1.amazonaws.com/erbuc/files/4155 16642919-af64-4cad-b717-e2cc45746249.pdf



d) lonic polarizability

It is related with the optical properties of lattice vibration.
The frequency dependent dielectric constant is given by

Sr(O)— gr(oo)

(o)

8r(w) = 8r(oo)+

Since &, ()= n?

—_nNn2
oy (@)= e+ O
15
() o,
\
€,(0) l."
I A

phonons in an ionic crystal. Dashed curve
indicates removal of divergence due to
collisions of ions

Dielectric constant g.(®) versus o, showing
"I' / dispersion in infrared region due to optical
L5 (¥
\
|



Static and Optical Dielectric Constants for Some Ionic Crystals

Substance €,(0) e, (00) = n?
LiF 9.27 1.90
LiC 11.0 2.7
NaCl 5.62 2.32
KCl 4,64 2.17
RbCl 5.10 2.18

https://s3-ap-southeast-1.amazonaws.com/erbuc/files/4155 16642919-af64-4cad-b717-e2cc45746249.pdf

) Harald Ibach
® Hans Liith

.. . 2 [
U+ yu = —(UE')H =+ 1§

u '
Furthermore. the polarization P is given by from ‘
N N

P=—c*ut+eg—a,

Solid-State Physics

V V .
An Introduction to

Principles of Materials Science

o N e*?
2 2 M I N
uw)w; —w —1ymw) = (), N :
() (e yw) L (@), f) =1+ a+— V;o!l.
N N V Wy — W~ —1yW
Plw) = I—/e*u(w) + 6()1—/0{/ () .
2
@; (&5t — &)
() = b + 55—



For the e under AC field

d2x dx 5 it
mdt_2+ My ¢+ MagX = —eE e

To be consistent with previous derivation
X(t) = xoe‘i”t (can be done with X(t) = xoe“"t )
M(—iw)? - x(t) + My (—i@)X(t) + Me,*x = —eE e

m{(w,” — ©?) —iwy}Ix(t) = —eE,e

—lwt
X(t) e E.e K

T m (a)g—a)z)—iya) | “o = m




The polarization P, is

=g, yE = ¢, (g: —1)Eoe_i“"t
also p _ NO{ (a))E o Nex(t)
e2 Eoe—la)t

* —iot _ .
a, (0)Bpe™ =— (@~ )-iye

*

)=

W — @ )—iya)

and Nat; (0)Epe ™ =&, ~1)Ee ™






&
r
&M (a)2 wz) + 122
0)0 > (D

o Microwave  Infrared Ultraviolet
Z I

= |

g |

= |

]

=3 |

= |

S |

[—.

https://s3-ap-southeast-1l.amazonaws.com/erbuc/files/4155_16642919-af64-4cad-b717-e2cc45746249.pdf



Within a solid which contains permanent dipoles, all three of the above
phenomena contribute to the polarizability at low frequencies through
to high frequencies.

| | he dielectric constant at
optical frequencies :

Infrared

t W

electronic polarizability.

| The other two contributions
| are small at high frequencies
due to the inertia of the

)
par
=
@
o
e
a
4+
m
=0
©
(50 ]
-

Bl (lonic movements can no
longer keep up with the
alternations of the applied
field.)

Prof.Shih-Ying Hsu, Department of Electrophysics, National Central University, Taiwan



Dielectric Loss

When the relaxation time is much faster than the
frequency of the applied electric field, polarization
occurs instantaneously.

When the relaxation time is much slower than the
frequency of the applied electric field, no polarization
(of that type) occurs.

When the relaxation time and the frequency of the
applied field are similar, a phase lag occurs and energy

is absorbed. This is called dielectric loss, it is normally
quantified by the relationship
tan 8 = ¢,'/¢,

where ¢, is the real part of the dielectric constant and ¢." is the
imaginary part of the dielectric constant.

https://chemistry.osu.edu/~woodward/ch754/lect2003/dielectrics_lect28.ppt




Frequency Dependence

g(w)
OO0,
& \: o+, /E/S, (Dielectric Const.)
o | . a, only
Q
>
3
o €u
L - | >
S Tano | 2
(Loss) | .
log(w)

https://chemistry.osu.edu/~woodward/ch754/lect2003/dielectrics_lect28.ppt




Frequency Dependence

Reorientation of the dipoles in response to an electric field is characterized
by a relaxation time, . The relaxation time varies for each of the various
contributions to the polarizability:

1. Electronic Polarizability (o)
Response is fast, 1 is small

2. Ionic Polarizability (o)
Response is slower

3. Dipolar Polarizability (o)
Response is still slower

4, Space Charge Polarizability (o)
Response is quite slow, 1 is large

Audiofrequencies (~ 103 Hz) O = QL +OL+0L+OL,
Radiofrequencies (~ 10 Hz) (o, — 0) o = O,+0,+0ly
Microwave frequencies (~ 10° Hz) (o, oy — O) O = O, +0
Visible/UV frequencies (~ 102 Hz) (o, oy, o — 0) a = a,

https://chemistry.osu.edu/~woodward/ch754/lect2003/dielectrics_lect28.ppt




Microwave Ovens =

A microwave oven generates

electromagnetic radiation at
about 2.5 GHz. This energy

IS pretty good at causing H,O

molecules to oscillate their
orientation (orientational
dielectric constant changes

greatly).

5 GHz - 100 GHz would be
Ideal, but then most of the
energy would be absorbed
by the outermost layer of the
food, defeating the purpose.

Ice has a low dielectric
constant, so not much
energy is absorbed by it.
Once there is a bit of melted
iIce, though, then you are
really cooking.

o . bOA“bCf

SYMmMm etnc stretch asymmetric stretch ber'ld
librations :
90 1000 100 Frequency, GHz 245 1.0
80 ]
.E o . —
"a' 70 I~
2 =
2 60 =
[a
50
40 e
a TR
2 30 TN
£ N N
=20 E
E g \%\E MR -
210 = Eat ]
2 0
0.01 0.1 1 10 100

Wavelength (cm)

http://home.howstuffworks.com/framed.htm?parent=micriwave.htm&url=http://www.amasci.com/weird/microexp.htmi



Barium titanate BaTiO,

Below 408K, spontaneous polarization arises from
coupling bet. ionic and electronic dipole moments.

Bas* at cube corners | A displacement of Ti4* creates an ionic dipole
2 ot f moment in the direction of the displacement and
O~ at face centers associated electric field. O become polarized in

Ti** at body center the opposite direction.

Simple cubic T > 408K

: Polarization does not increase infinitely because
Paraelectric property anharmonic elastic forces limit Ti displacement.

Prof.Shih-Ying Hsu, Department of Electrophysics, National Central University, Taiwan



What is a Ferroelectric

A ferroelectric material develops a spontaneous polarization
(builds up a charge) in response to an external electric field.

*The polarization does not
go away when the
external field is removed.

| ]

*The direction of the
polarization is reversible. =

Applications of Ferroelectric Materials
*Multilayer capacitors
*Non-volatile FRAM (Ferroelectric Random Access Memory)

https://chemistry.osu.edu/~woodward/ch754/lect2003/dielectrics_lect28.ppt
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Ferroelectrics (digression)
(1)

(1) Perovskite-type lead zirconate 0%
titanate (PZT) unit cell in the O
symmetric cubic state above O Pb
the Curie temperature.

(2) Tetragonally distorted unit cell ®

below the Curie temperature



A ferroelectric crystal exhibits an electric dipole
even in the absence of an external electric field.
In the ferroelectric state the center of positive
charge of the crystal does not coincide with the

center of negative charge.




A naive picture



A naive picture

* The local alignment of

“domains”




Polarization Switching by an Electric Field

— — —» — —> 50

40
30
20

“«— —> —> — —>

Polarization (uC/cmz)
o

> <« > <« > <« -10
-20
0L
-40
_50 1 1 i i
< > <« > <« > -300 -200 -100 0 100 200 300

Electric field (kV/cm)

Figure 8. Ferroelectric (P—E) hysteresis loop. Circles with arrows represent the polarization
state of the material at the indicated fields. The symbols are explained in the text. The actual loop
is measured on a (111)-oriented 1.3 pm thick sol-gel Pb(Zrp.45Tig.s5)03 film. (Experimental
data courtesy of D V Taylor.)

http://Iwww.arne-lueker.de/Objects/work/Pb-free%20ferroelectrics/pb_free_quest.html



Polarization Switching by an Electric Field

from Kittel

(a) (b)

Figure 21 (a) Schematic drawing of atomic displacements on either side of a boundary between
domains polarized in opposite directions in a ferroelectric crystal; (b) view of a domain structure,
showing 180° boundaries between domains polarized in opposite directions.

Electrical (or 180°-domains) to minimize depolarization.



Ferroelectricity

Usually ionic susceptibility is not sensitive to variation
In temperature.
However, the so called ferroelectric materials have

C
E = B+T T T>T; C- Curie constant
C
: Curie-Weiss law (T, - Curie Temp.)
€, PS (Spontaneous polarization)
SDt_a:'C . Ferro- | Para-
Cle ectric electric | electric
onstant phase | phase
|
|
|
i_ Ferro-electric
| phase
I .
0 T 0 r. L

No E applied



Ferroelectric Data

Crystal Chemical formula

T(°K)

C,°K P

H 5

coul/m?

Rochelle-salt NaK(C,H,Og) * 4H,0 297 (upper)
255 (lower)

group
LiNH,(C4H40¢ - H,0

KDPgroup KH,PO,

potassium dihydrogen KD,PO,
phosphate RbH,PO,
CsH,AsO,
Perovskites BaTiO,
SrTiO,
WO,

106

123
213
147
143

393
32
223

178 267 x 107°

220

3100 5330
9000
5600

1.7 x 10° 26,000
3000

[at 278°K]

[95]
[96]

[90]

[296]
[4]

http://ckw.phys.ncku.edu.tw/public/pub/Notes/CondensedMatter/Powerpoint/
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Q
-
Rochelle salt
L BaTiO, \
6—
s KDP o
:’:4“ c-axis 4
3 3
2 2
T ——#———fﬂ—l—"l"&-l—y
| | | | | | |
100 150 200 250 300 0 130 170 210 250 290 330 370 410
T, °K T, °K
(b) ©

Fig. 8.26 (a) Log ¢, versus T for Rochelle salt along a-, b- and c-axes. (After Halbliitzel)
(b) Log ¢, versus T for KDP along a- and c-axes. (After Busch) (¢) ¢, versus T for BaTiO;.
(After Merz)



from Kittel

Er A Rhombohedral: Monoclinic | Tetragonal

10.000

—— e s

N
i n

L~

9.000 —

—_— | Tc = Curie-
€rc : point
k. | :
0 L : - -

-80 0 120 T/°C




Ferroelectric Hysteresis

PA
A 4
A -,
/
/
PS Pr 4
/
P
. 4 4 -
>
-E 0 LEC—h +E

Ferroelectric Hysteresis

P Saturation polarization
P.. Remanent polarization

E.: Coercive field

Hysteresis loop is a consequence of the
reorientation of domains in the material.

https://chemistry.osu.edu/~woodward/ch754/lect2003/dielectrics_lect28.ppt



Domain Wall Movement

Domain movement

Polarization qc A ,.\ ,;-/T / \ P=_Pr
LR e

JANTATANESE.
o [\ |/ vy P=+Pr

e[ttt A 14[eTE] pevrs




Polarization of Polycrystalline Materials

» unpoled, - partially poled, » saturation » stress depoling
random polarization,

distribution

see Electroceramics: Materials, Properties, Applications By A. J. Moulson, J. M. Herbert



Ferroelectrics
Ferroelectric Domains and Domain Walls

AN
w N~
I‘: Lupr f N
o1 AN
"if.-!. It{)l
' A : ViRf \ N
/N \ ; 180°-
domain wall

90°- domain wall

$¢ Wall thickness
& ~ 10nm
S8 Wall energy
Yo~ 10 mJ/m?

WG s
= 180°- and 90°- domains

* Domains observed by optical microscope . Decrease of electrical and

(corrosion dependent on the polarization direction) mechanical electric fields

see Electroceramics: Materials, Properties, Applications, By A. J. Moulson, J. M. Herbert



see Omar

v ©
o*~ Q

Ti4+ .

>Te cubic
Fig. 8.28 Structure of BaTiO; in cubic phase (above 7). T<TC a S I | g h tlAy C O m p reS S ed C u b | C
~0.15

cf. ferroelectric domains are present(as in the case of

ferromagnetic domain in ferromagnetic materials)
P

P

¥

i

Vil T




Why is BaTiO; Ferroelectric

Ba® is larger than the vacancy in the -
octahedral network tolerance factor > 1. .
i)

*This expands the octahedron, which leads to

a shift of Ti* toward one of the corners of
the octahedron. i

*The direction of the shift can be altered O
through application of an electric field. [

https://chemistry.osu.edu/~woodward/ch754/lect2003/dielectrics_lect28.ppt




Cubic (Pm3m) BaTiO; Phase

T 393K Transitions
Ti-O Distances (A)
6x2.00 In the cubic structure BaTiO; is

paraelectric. That is to say that the

Tetragonal (P4mm) orientations of the ionic

273 K < T < 393 K displacements are not ordered and

Ti-O Distances (A) dynamic.

1.83, 4x2.00, 2.21 Below 393 K BaTiO, becomes

Toward a corner ferroelectric and the displacement

Orthorhombic (Amm2) of the Ti* ions progressively

displace upon cooling.

183K « T <« 273 K oo
Ti-O Distances (A) '
2x1 .87, 2x2.00, 2x2.17

Toward an edge

Rhombohedral (R3m)
183K <« T <« 273 K
Ti-O Distances (A)

3x1.88, 3x2.13 RIS i e

Toward a face See Kwei et al. J. Phys. Chem. 97, 2368 (1993),

https://chemistry.osu.edu/~woodward/ch754/lect2003/dielectrics_lect28.ppt




Related Dielectric Phenomena

Pyroelectricity - Similar to ferroelectricity, but the
ionic shifts which give rise to spontaneous polarization
cannot be reversed by an external field (i.e. ZnQ).
Called a pyroelectric Lecausa the polarization changes
gradually as you increase the temperature.

Antiferroelectricty - Each ion which shifts in a given
direction is accompanied by a shift of an ion of the
same type in the opposite direction (i.e. PbZrQO,)

Piezoelectricity - A spontaneous polarization develops
under the application of a mechanical stress, and vice-
versa (i.e. quartz)

https://chemistry.osu.edu/~woodward/ch754/lect2003/dielectrics_lect28.ppt




What is Piezoelectricity

A piezoelectric material converts mechanical (strain)
energy to electrical energy and vice-versa.
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https://chemistry.osu.edu/~woodward/ch754/lect2003/dielectrics_lect28.ppt







PZT Phase Diagram

Pb(Zr, Ti, )O3 (PZT) is probably the most important piezoelectric
material. The piezoelectric properties are optimal near x = 0.5, This
composition is near the morphotropic phase boundary, which separates

the tetragonal and rhombohedral phases.
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https://chemistry.osu.edu/~woodward/ch754/lect2003/dielectrics lect28.ppt




Hysteresis Loops

PbTIO,
Ferroelectric
Tetragonal @

PbZr,_, Ti O,
Paraelectric ¢
Cubic

i

in PbZr,_, Ti, O,

(d}

(b} ?
J

E

-
!

P

f

PbZr,_, Ti O,
x~0.3
Ferroelectric
Rhombohedral

szr'og
Antiferroelectric
Monoclinic

I An antiferroelectic material does not polarize much for low applied fields, but
higher applied fields can lead to a polarization loop reminiscent of a
ferroelectric. The combination gives split hysteresis loops as shown above.

https://chemistry.osu.edu/~woodward/ch754/lect2003/dielectrics_lect28.ppt




Applications of Piezoelectrics

Piezo-ignition systems
Pressure gauges and transducers

Ultrasonic imaging Ceramic phonographic
cartridge

Small, sensitive microphones

Piezoelectric actuators for precisely
controlling movements (as in an AFM)

Powerful sonar




Pyroelectric Detectors/Sensors

Emission of IR Heat loss
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DRAM SEM Mlcrograph

Dynamic random access memory [
(DRAM)

T T R )

The two deep "trenches" (they
are really holes) contain the S e
capacitors on their walls. The [l IF
dielectric (with ~ 7 nm far too
thin to be visible) is "ONQO", a
triple layer of Oxide (SIiO,) —
Nitride (Si;N,)— Oxide (SiO,).
This is an “early” 64 MBIt
DRAM (1996).

http://www.tf.uni-kiel.de/matwis/amat/elmat_en/kap_5/illustr/i5_1 1.html



Hynix Announces 512Mbit Mobile DRAM

Hynix Semiconductor, a noted memory maker has said it has developed
the world's fastest and smallest 512 MBit mobile DRAM. The new DRAM
operates at 200 MHz and processes 1.6 GB of data per second. "The
product will deliver the memory capacity and speed required for third
generation mobile phones that provide new services, such as digital
media broadcast (DMB), to subscribers," the chip maker has said. It is
expected that Hynix will combine this 512Mb mobile DRAM and Nand
Flash in a multi-chip package which will allow mobile manufacturers to

make slimmer mobile phones. '

http://www.tech2.com/india/news



Non-Volatile RAMs (memory)

Datanomlx

G d anr’ ke’ |
. T 07/03
www.datanorrik.corrn

Smart cards use ferroelectric memories. They can hold relatively large amounts of information
and do not wear out from use, as magnetic strips do, because they use contactless radio
frequency input/output. These cards are the size and shape of credit cards but contain
ferroelectric memory that can carry substantial information, such as its bearer's medical
history for use by doctors, pharmacists and even paramedics in an emergency. Current smart
cards carry about 250 kilobytes of memory.

http://www.slideshare.net/researcher1234/ferroelectric-and-piezoelectric-materials
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