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Macroscopic description

dielectric polarisation P = y €&

R.854187817 x 1012 C2J lm!

dielectric susceptibility X' (> 0)
dielectric constant €= %Ye + 1
microscopic dipole = go
N N
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Plane-plate capacitor

f EdA = f £ dA = Qenet 1. 4

: 0 N
EA' = o4 *| area

£ = o E A :
€0 +
"

C = l — {‘Nili Eﬁ?:?rr;g !::; A
v \Sd ® High capacitance can be achieved by
c0 Aeg large A or small d.
B UAO' d d ® Both approaches give rise to several

problems.
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Plane-plate capacitor with dielectric

polarizable units: S N
. o @ @ @

p = qgo | © IO
| +@@@@@@
for the solid : DA D
P N 5 JE D @ D
= Vq __F}

® For any macroscopic Gaussian surface inside the
dielectric, the incoming and outgoing electric field is
identical (because the total average charge is 0).

® The only place where something macroscopically relevant
happens are the surfaces (31‘ the dielectric.
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Plane-plate capacitor with dielectric

A Op O
Qp = Aj;q8 - |+
+
N -
Tp = Fﬁq =P : *
o= +
8=£:F—EFF_i(H P\ I_ '_I:
€0 €N
/ : -
5 0 0
_ 9 capacitance increase by a factor of €
€ —|— €Q€E
/ (7 — ELE[].[l + :l::g} B EE[]A
e=1+y. 4] d

so the E-field decreases
by a factor of €
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The quest for materials with high 2.

SOUrce EH:IE drain
N\ d) L

gate area 4 — J¢

required charge to make L Aeey

it work @=CU= o
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The dielectric constant

material dielectric constant €
vacuum 1
alr 1.000576 (283 K, 1013 hPa)
rubber 2.5-3.5
<_Si0, 39 >
glass 5-10
NacCl 6.1
ethanol 25.8
water 81.1
strontium titanate 350
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Microscopic origin: electronic polarization
for one atom
p=af

for the solid

N N
P="g6=_
v =P



http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

Microscopic origin: ionic polarization
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Microscopic origin: orientational polarization

10
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Example: Hydrogen chloride

A

dipole orientation
“freezes In”

Solid

Liquid

50 100
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The local field

From the measured € can we figure out a”?

average field:
external plus internal

£

e} N N
— P=(ec—1)eg€ = —p = —af
D D DD ( ) 4 4

QD DD
QD D DD
@@@@@@@

e —1)egV

DCXE o= 20

D DA

simple but unfortunately also
iIncorrect!
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What is the electric field each dipole ‘feels’ in a dielectric?

The local field

_g_)..

D D D
D D D
QD D D D
QD DD
D QD D D
D D D

SYYY

_£

D DD D
D D D
QD D DD
QD & D
D DD D
QD D D
SHEIEONS

the actual local field is higher

E1oe = %(H 2)E

\ Clausius-Mossotti relation
N No
P = —(}jglﬂc — —(E —+ 2)8 \ . £ — ].EE[]V
v 3V o =
e+2 N

P = (E — 1)608
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(next few slides optional)
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The local field at a point in the dielectric

+

field by external charges E
on plates 0

e
by o
+

field by surface charges D
depolarization field 1

++ 4+ 4+ ++++ 4
I
+

average macroscopic field E = E, + E;

field from the surface dipoles of a spherical E
cavity large against microscopic dimensions 2

field from inside this cavity E3

total local field E; .=E;+E;{+Es +E;s =E +E; + E4

15


http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

The local field at a point in the dielectric

calculation of the cavity field
(z Is direction between plates)

1
E, = rd
° /47rfg P2t >

IN z direction

E2 Z/ ! 7 cos OdS

d7req T2

surface charge density on sphere

o= Pcos®

27
By, = / L Peos® cos OdS = / / L Pcos® cos Or? sin OdpdO = iP

Amey T2 Amey T2 3€p
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The local field at a point in the dielectric

calculation of the field
Inside the cavity for a cubic lattice

|
+

field of a dipole (along z)

I
+_'|"|'+

|
+

3(p-r)r —rp
Areqro

AELERERERRX.

E(r) =

322 — r?

4reqrd

E,(r)=p

fleld at centre for all dipoles Iin cavity

z — ?" z — m — yE
E | — E | — 0
— P 471'60?"5 — P 4’?1'60?“

2
5 r‘,,_5
1 Ji 1 https://fb.com/tailieudi
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The local field at a point in the dielectric

calculation of the total - N
local field +
+| = N _ |+
- + + N
EEDCZEU—I—E1+E2+E3:E—|—E2—|—E3 +| ++ y t
.|..
1 +H "~ T
= E | P +
360 \
P=(e—1)¢gE

It follows that

1
Elﬂc — g(f —+ Q)E
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(end of optional slides)
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The dielectric constant

material dielectric constant ¢
vacuum 1
alr 1.000576 (283 K, 1013 hPa)

rubber 2.5-35

glass 5-10

NaCl 5.9
ethanol 25.8

water 81.1

strontium titanate 350
Clausius-Mossotti relation or
e —13¢V - 3eoV/N + 2a

F —

- €+2 N 3e0V/N — a
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Frequency dependence of the dielectric
constant

planewave  £(z, t) = £ etkz—wt)

2T N complex index .
k= A of refraction N=n+ik

\ g(za t) — 8081( o m )E " /\A/

E(z,t) = Epe@mN/X0)z—wt) — g eil(wVe/c)z—wt)

Maxwell relation N = ‘.,_/E = \/E:,n 1€;

all the interesting physics in in the dielectric function!
21
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Frequency dependence of
the dielectric constant

® Slowly varying fields:
guasi-static
behaviour.

® Fast varying fields:
polarisation cannot
follow anymore (only
electronic polarization
can).

® Of particular interest
IS the optical regime.

22
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Frequency dependence of
the dielectric constant

® Slowly varying fields:

guasi-static

behaviour. material | static € Eopt

diamond| 5.68 5.66

® ' ' :
Fast varying fields: NaCl 5.9 2.34

polarisation cannot ol 1195 278
follow anymore (only | ' '

electronic). TiO> 94 6.8

guartz | 3.85 2.13

® Of particular interest
IS the optical regime.

23
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Frequency dependence of the dielectric
constant: driven and damped harmonic motion

® We obtain an expression for the frequency-dependent
dielectric function as given by the polarization of the lattice.

® The lattice motion is just described as one harmonic
oscillator.

24
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—_— light E-field

(almost constant over very long distance)

@ s S @ e vy ¢ <R
L == Db
e — —_—= — —

(1}

— optical branch

acoustic branch

0

first Brilloin zonea

k =23/
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Frequency dependence of the dielectric
constant: driven and damped harmonic motion

we start with the usual differential equation

2
d’r  dr 2 BSUE_M
a2 g TH0Y T Ty
friction ?:;E;(r)i?"c driving
term 9 field
term (should be

2y local field)
Yo\ M

26
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Frequency dependence of the dielectric
constant: driven and damped harmonic motion

2
d°x dzx o e€o ;e

a2z T Mgp TYT= 3r©

solution g — Qe Wt

A — 88[} 1
M w?—w? —inw
A — e€o Wi — w* | LW
M (wg — w?2)2 + n2w? | (wg — w2)2 + n2w?2

real part Imaginary part
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Frequency dependence of the dielectric

constant: driven and damped harmonic motion
N N

P(f}) — Pi(t) —+ Pe(t) — V;Aeiwt —|—\.‘/Gcf(.c;[]8Jiwt
lonic / lattice part electronic / atomic part
P(t) i NeA Na ’
eo€pe Wt Veoko Veg
for sufficiently high frequencies we know that
F, =10
N« !
€opt — |

pt VE[]

() NeA .
Elw) = - €
28 VEDSD Pt
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Frequency dependence of the dielectric
constant: driven and damped harmonic motion

- NeA
( ) VEUS[] opt
. e wa — w? inw
with A= —_ 5 0 - L
M \ (w2 —w?)2+7n2w? ' (w? —w?)? + n2w?
to get the complex dielectric function to be
€ =€, + 1€;
Ne? wE — w?

" VeoM (wZ —w?)2 + n2w? 7

er(w)

Ne? Nw
VeoM (wg — w?)?2 + n2w?
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Frequency dependence of the dielectric

constant: driven and damped harmonic motion
€ =€, + 1€,

£ (arb. units)
l:ll'l"
£ ([arb. units)

30 w (Hb. units)


http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

remember the plasma oscillation in a metal:
even higher frequencies

values for the plasma energy ki

'measured | caleulated
K | 372eV | 429¢eV
Mg | 10.6eV | 109 eV
Al | 153eV | 158eV
Si | 166eV | 16.0eV
Ge 162eV | 16.0eV

® We have seen that metals are transparent above the plasma
frequency (in the UV).

® This lends itself to a simple interpretation: above the plasma
frequency the electrons cannot keep up with the rapidly
changing field and therefore they cannot keep the metal field-
free, like they do In electrostatics.

31


http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt

g (arb. units)

The meaning of ¢

iInstantaneous power dissipation (per unit volume)

p(t) = j(t)E(t)

L use

oD
ot

E(t) = & exp(—iwt) j = curlH

oD 0

5 5 eep€(t) = eo&(t) (zwer — wel)

on average the dissipated power Is

1 i
=7 | E@ia
0
32
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energy

i(t) = €0 (t) (m,. _ wei)

dissipation 1 [t .
P=7 | E(t)j(t)dt

€ imaginary

£ real

=t I:/-\/\/ & '/\/-\/

ity o1 // \/ \ ER

-1 O

(LR

p(t =] O it) os

.|:|.-||
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The meaning of &

energy dissipation

£ [arb. units)
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Frequency dependence of the dielectric
constant: even higher frequencies (optical)

S CdSe

image source: wikipedia (Si) and http://woelen.homescience.net (CdSe, CdS)
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enerqgy (arb. units)

Frequency dependence of the dielectric
constant: even higher frequencies (optical)

conduction

05 -
valence banad -
[ T - T [
0 i hv1 hvao
K (arb. units) energy (arb. units)

&(hv) o< Y M?*5(Ec(k) — Ey (k) — hv)
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Impurities In dielectrics

® Single-crystals of wide-gap insulators are
optically transparent (diamond, alumina)

® Impurities in the band gap can lead to conduction band
- . - o s L LSS
absorption of light with a specific .
frequency -9 E“’I
_ _ _ Q 4.4 eV impurity level
® Doping with shallow impurities can also
lead to semiconducting behaviour of the
dielectrics. This is favourable for high- v
. . AV A
temperature appllCathnS because one valence band

does not have to worry about intrinsic
carriers (e.g. in the case of diamond or
more likely SIC)

37
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Plezoelectricity

TEEEEEES

applying stress gives
rise to a polarization

38

applying an electric field
gives rise to strain
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Pilezoelectricity

O=p1+pP2+P3 P=P1+P2+P3 (e

equilibrium structure  applying stress leads
no net dipole finite net dipole

39
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Applications (too many to name all....)

® Quartz oscillators in clocks (1 s deviation per year) and
micro-balances (detection in ng range)

® microphones, speakers

® positioning: mm range (by inchworms) down to 0.01 nm
range

40
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Ferroelectrics

P &

‘.-I
-

® Spontaneous polarization without external field or stress

® Very similar to ferromagnetism in many aspects: alignment of
dipoles, domains, ferroelectric Curie temperature,
“paraelectric” above the Curie temperature....

® But: here direct electric field interactions. Direct magnetic field
Interactions were far too wealflto produce ferromagnetism.
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Example: barium titanate

@s:"

®Ti%
¢ 0%

PEN

boed &

ferroelectric
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Frequency dependence of the dielectric
constant: driven and damped harmonic motion

we start with the usual differential equation

d*x dzx o eggﬂﬂ(:ﬂ)

+ T+ W =
a2 T at /
friction narmonic LOCAL
tarm restoring field

term
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Applications of ferroelectric materials

® Most ferroelectrics are also piezoelectric (but not the other
way round) and can be applied accordingly.

® Ferroelectrics have a high dielectric constant and can be
used to build small capacitors.

® Ferroelectrics can be switched and used as non-volatile
memory (fast, low-power, many cycles).
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Dielectric breakdown

- &

&

® For a very high electric field, the dielectric becomes
conductive.

® Mostly by kinetic energy: if some free electrons gather
enough kinetic energy to free other electrons, an avalanche

effect sets In (Intrinsic breakdown)
45
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