Dielectric Solids / Insulators



Part 1: general review

Introduction into the physics of dielectrics.
ll. Electric dipole - definition.

a) Permanent dipole moment,

b) Induced dipole moment.

lii. Polarization and dielectric constant.

Iv. Types of polarization

a) electron polarization,

b) atomic polarization,

c) orientation polarization,

d) ionic polarization.



Ancient times

I

1745 first capasitor constructed by Cunaeus and Musschenbroek
And Is known under name of Leyden jar

1837 Faraday studied the insulation material, which he called the dielectric

Middle of 1860s Maxwell’s unified theory of electromagnetic phenomena

~_ ,
E=N

1887 Hertz 1847 Mossotti

1897 Drude 1879 Clausius

Lorentz-Lorentz

1912 Debye T

\
Dipole moment

Internal field



Maxwell Equations and Polarization

CI'C CH
i , , 1 40 _ .y O _
rot H=—jA = (E + 4nP); rotH=]—l—a—-(80E—l—P),
rotE——-'-—-%%; rot E = %?;
div (E + 4nP) = 4np: div (e E + P) = p;
div B =0; divB = 0.

The polarization P Is defined as the dipole moment per unit volume, averaged
over the volume of a cell. The total dipole moment is defined as ¢ — Ze_ r
||

If the net charge of the system is zero, the electric '
moment is independent of the choice of the origin.

Each microscopic dipole p creates the electric field

(Cre) E(n=20L7=IP,  (CH) E(r)=2L L=CP

3'5 43-58[{5



The vector fields £ and D.

The polarization proportional to the field strength. The proportional
factor y is called the dielectric susceptibility.

D=E+4nP =(1+4ny )E =¢cE (1.19)

In which ¢ is called the dielectric permittivity. It is also called the
dielectric constant, because it Is independent of the field strength. It is,
however, dependent on the frequency of applied field, the temperature, the
density (or the pressure) and the chemical composition of the system.

For very high field Intensities the proportionality no longer
holds.—Dielectric saturation and non-linear dielectric effects.

m (1.21)




For non-isotropic dielectrics, like most solids, liquid crystals,
the scalar susceptibility must be replaced by a tensor.

Hence, the permittivity e must be also be replaced by a tensor:
Dx — 811Ex T 812Ey ™ 813Ez
Dy =&xE, + 822Ey +€,,E, (1.22)
D, =g5E,+ 832Ey + €43E,

How to measure the dielectric susceptibility?



Plane-plate capacitor

fgdA:fgldA: Qencz " {—r.:l}
€0 +
Ar +
EA = i *| area
€0 A
a +
£ = — )
€0 I
+
1 1 (Gaussian cylinder
( = QE — gAﬁ with surface areas A’
N~ ® High capacitance can be achieved by
k0 Aeg large A or small d.
od d ® Both approaches give rise to several

problems.
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Plane-plate capacitor with dielectric

polarizable units: —l
_ o o o o

p = qgo | © O
| +@@@@@@
for the solid : D O
P N 5 HTHETHETES

— v —

® 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 cgf the dielectric.



Plane-plate capacitor with dielectric

A Op O
Qp = ATq8 - R
+

N -
r:rp—Fﬁq—P : *
- ¥
o—ap 1 ) + 5

— —— P) _
£ 0 -E[]-[iﬂx ol *
/ : -
5 & &

E = R capac:ltance Increase by a factor of ¢
EOUE)
/’ (7 — H-E[].[l —+ :’[':E} _ EE[]A
f—1ty. 4! i)

so the E-field decreases by a factor of €
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The dielectric constant

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

rubber 2.5-35

SIO2 3.9

glass 5-10

NacCl 6.1
ethanol 25.8

water 81.1

strontium titanate 350
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Freguency dependence of dielectric susceptibility

&

’6’59” l///r] lmlf

Sacmomet
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Types of polarization

For isotropic systems and leaner fields in the case of static electric
fields

p_f-1g
A7

The applied electric field gives rise to a dipole density

There can be two sources of this induced dipole moment:

Deformation polarization

a. Electron polarization - the displacement of nuclear and electrons in
the atom under the influence of external electric field. As electrons are
very light they have a rapid response to the field changes; they may
even follow the field at optical frequencies.

b. Atomic polarization - the displacement of atoms or atom groups in

the molecule under the influence of external electric field.
12



Deformation (electronic) polarization

Electric Field

for one atom P — af

N N
forthesolid P = _qﬁ = —P

LN V V

Electronic polarization is very fast (short relaxation time 1) 13



lonic Polarization

In lonic lattice, the positive lons are displaced Iin the direction of an
applied field while the negative ions are displaced In the opposite
direction, giving a resultant (apparent) dipole moment to the whole body.

lons are much heavier than electrons, and need longer relaxation time.

Electric field

14



Microscopic origin: ionic polarization
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Orientation polarization:

The electric field tends to direct the permanent dipoles.

Electric field —

- Xt

. ¢

O
v

lons are much heavier than
electrons, and their motion
needs longer relaxation time.

LN 16



OpueHTauMoHHaA NONAPU3YEeMOCTb (pacuerT)

NMoTeHUuuanbHaga aHeprna U moneKkynbl C

NOCTOSIHHbIM MOMEHTOM p B none E ecTb U= ~—p-E=—pEcos?,

Bennuuna nonspusaumn P = N p (c0s 0),

CornacHo 3aKoHy pacnpe-

aeneHus bBonbuMaHa (cos B) = (S P cos B dQ) (S i d_Q)_l

ﬂ:

g 27 sin B cos O exp (Bp E cos B) db
(cosB) =

R »  dQ = sin B dg d0.
8231 sin 0 exp (Bp £ cos 08) dO
0

41 +1 -1 +1
X d sx
<COSB>:(S ) (Se dS) E"lﬂgé’ ds —
] —_—

—1
d
= ——In(e* —e™¥) dx Inx=cthx —— :/L (x).

0603HaYeHus: S = Cos 0, == pE/,!gBT, dbyHkuma JlaHxeBeHa L(X).
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Orientation polarization (limiting cases)

1, x x> _ X pE
. Np?E
and polarization P == Np{cos0)= ——.
3k T

At x>>1 polarization saturates to a finite value P = Np

%,_0\ | I y 1 r

Puc. 13.15. Tpaduk dyuxuun /

Jlamxenena L(x), roe x = a8y / i

= pE/kaT. HaxkjoH Kpupoi B fw— /

Ha4yaJe KOOpAHHAT MOKA3aH 3§ 7

NYHKTHpHOH npamod. Bemu- & |/ ]

YHUHa T1noJadpH3alunH, cocras- /

aaiouras 80% or 3uauennsq, 07k _

OTBEYAIQLLErO HaCHBILLeHHIO,

cootserctyer pL/ksT = 5. %

~ pf/fﬂr
. . Qo

Frequency dependence - Debye approximation: « ((0) = ot
where In liquids the relaxation L 4rina’

time is determined by viscosity: T For water this gives t=10"c

sz



Polar and Non-polar Dielectrics

To Investigate the dependence of the polarization on molecular
guantities it iIs convenient to assume the polarization P to be divided
Into two parts: the induced polarization P, caused by the translation
effects, and the dipole polarization P, caused by the orientation of the

ermanent dipoles.
P P o — 1
E =P |+

A non-polar dielectric is one whose molecules possess no permanent
dipole moment.

A polar dielectric is one in which the individual molecules possess a
dipole moment even Iin the absence of any applied field, 1.e. the center
of positive charge is displaced from the center of negative charge.

19
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Example: Hydrogen chloride

A

dipole orientation
“freezes In”

[ Solid Liquid
| | | "
50 100 150 T(K)
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Local field slides

One can calculate polarization of a molecule in external electric field.
But what Is the actual electric field, which this molecule feels?

This question is not simple, and depends on the sample shape.

21



The local field at a point In the dielectric

4

field by external charges u i ¥
E +

on plates 0 41 . |+

+ + = -

field by surface charges D 41 * - |+

depolarization field 1 I _ N
+

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 E-

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

It P,, P, P, are the components of the polarization P referred to the principal
axes, then the components of the depolarization field are written

(CGS) El Y

(SI) Fix

In limiting cases N has the values:

N N

Shape Axis (CGS) (SI)

Sphere any 47/3 1/3
Thin slab normal 477 1
Thin slab in plane 0 0
Long circular cylinder longitudinal 0 O

Long circular cylinder transverse 2ar 1/2

23



The local field at a point in the dielectric (2)

A

Calculation of the cavity field (Lorentz Field) E, o
(z Is direction between plates) '

1
E, = rd
° /471'{50 P2 S

N z direction

E2=/ L o cos ©dS

dmeq T4

surface charge density on sphere o = P cos ©

2T
Ey = / L Pcos® cos ©dS = / / 1 Pcos® cos Or? sin OdpdO = iP

ey T2 ey T2 3€p

(CT'C) EQ--S(a 2y (2ra sin 0) (a d8) (P cos 0) (cos 0) = —%"——P;
0

[l |



The local field at a point in the dielectric (3)

calculation of the field inside - N
the cavity for a cubic lattice +
field of a dipole (along z) — 4] & - =,
3(p-r)r —r’p - +
E(r) =
() 4Ameqrd -
322 — r?
E,(r)=
(r)=p Aegrd

field at centre for all dipoles in cavity

322 —r? 227 — 17 — y?
— =0 |
— P Z 471'60?"5 — P Z 4’?1'60?“ '

2
Si-xi-vd
1

1 25 1




The local field at a point in the dielectric

calculation of the total local field In

+ —
cubic surrounding + -
Eioe =Eo+E1 +Es + Es =E+Ex +Es | J- |
1 I w3l M I
= E 4 P (Sh * - -
B3¢0 P = (e — 1) E - ]
. 1 + -
it follows that (SI) Ejo. = g(e + 2)E
1
Eloc = (€ +2)€ . o
\ 3 Clausius-Mossotti relation
P = ﬂ(};glﬂc — @(E 8 \ £ — ldfﬂv
% 3V a =

—(5—1)508/ -r‘_'—l—E “"l'r

Polarization a of individual molecules is related to dielectric constant as

] 4 — 1 |
(CI'C) :+z = ZN a;  (CH) :—1—2 3. ZNfaf'
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Local field for various sample shapes
a}/'/’_\'_\

aj
/ § — I
/ - \
7’ d ( — \
A Elpp —— \\ >
k_/_\-—a-— /
TN /
TonEoe wb/E \4?;?_]
5) anmiy. QoioKs: Eppp= TP (C/C)
s - L, . . ( 5/ e
< Eype=Chm+ 'g‘)ﬂ= yd ¥ T~
A 7 A7 . / { N
| 37 V£ IP A TK
Lor
h ¥
\ 4 ]
N\ ¥ /
N~ —— 3 /
TN /
flo000REHEIE OMITLY, —— ~—— "
DoHOHES .

Ligp=(-4m + *%E/P= - -%‘ZP({?/‘E)

XapaKkTepHoe pacnonoxeHue f0KanbLHOro
3NeKTpUYecKoro nons u nonsapusaumm P 0ObIYHO
CnocoOCTBYET pacnpoCcTPaHeHUIo NonepeyHbIX U

NpensATCTBYET pacnpoCTPaHeHUIo NPoAoNbHbIX

ONTUYECKUX (POHOHOB. [l0aToMy ®; > M.

(UTo6bl  MOAYyYHTbH  BhIpa)eHHe
aasa Eiee B cucreme CH, uano
VMHOXHUTb P Ha 1/4me.)
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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

28

(¥



Frequency dependence of the dielectric constant

planewave  £(z, t) = gnei(kz—mt)

o — 2T N complex index

of refraction N =n+ixk
AQ

\\ 8(2:, 7'}) _ gﬂei(ﬁr—ﬂﬂz—mt)e Efﬂmz /\/\/

Maxwell relation N = \/E = V& + i€ M

E(z,t) = Eget@mN/X0)z—wt) — g cillwve/c)z—wt)

all the interesting physics is in the dielectric function!

Wavelength ratio Is given  A,..yyw \/._ This provides a way to
by refraction index: = V& measure high-frequency &

}voﬁpaaou

29



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.

30



Frequency dependence of
the dielectric constant

® Slowly varying fields:

guasi-static

behaviour. material | static € Eopt

diamond| 5.68 5.66

® Fast varying fields:

D NaCl 5.9 2.34
polarisation cannot ol L1195 | 278
follow anymore (only | ' '

electronic). TiOo 94 6.8

gquartz | 3.85 2.13

® Of particular interest
IS the optical regime.
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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.

32



—_— light E-field

(almost constant over very long distance)

& @S @ e @y ¢ <R
L == Db
e — —_—= — —

— optical branch

(1}

acoustic branch

0

first Brilloin zonea

K= 2n/h 33



Frequency dependence of the dielectric constant:
driven and damped harmonic motion (1)

We start with the usual differential equation

d°r  dz e€0 _iwt
| - Wl — €
a2 g T T g
friction harmonic driving
term restoring field
term (should be
This equation describes the local field)

. . 2
motion of ions, atoms, or . — <7
0

electrons in quadratic potential. M .



Frequency dependence of the dielectric constant:
driven and damped harmonic motion (2)

2
d°x dx o eCo i

a2z T gr TR T v ©

Equation

has solution = — Ae *w?

_ _ 880 1
with complex amplitude A = 5 .
M w§ — w? — inw

or

4 e&o Wi — w* LW
M (wg — w?2)2 4 2?2 (wg — w?)2 4 n2w?
real part Imaginary part

35



Frequency dependence of the dielectric constant:
driven and damped harmonic motion (3)

N . N |
Polarization P(t) = P;(t) + P.(t) = VeAe_“‘*’t + V&gﬂe_m

\

lonic / lattice part electronic / atomic part

P(t) NeA Na

€ — : -1 = | 1
Eggge_iwt VEUSU VEU

for sufficiently high frequencies we know that £ = ()

No NeA

— | 1 — I
Copt VED 1 E(W) VED 8[] €opt
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Frequency dependence of the dielectric constant:
driven and damped harmonic motion (4)

- 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 (w2 —w?)2 + n2w? ' 7

€ (w)

Ne? Nw
VeoM (wg — w?)?2 + n2w?

37
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Frequency dependence of the dielectric constant:
driven and damped harmonic motion (5)

Dielectric constant (function) € = €. + 1€,

£ (arb. units)

£ (arb. units)
l:ll'l'

38 i (arb. units)



Remember the plasma osclillation in a metal:
even higher frequencies

values of the plasma energy Fiwip

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

® 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.

39



The physical meaning of &;

._. Instantaneous power dissipation (per unit volume)

p(t) = j()E()
We use €&(t) = &y exp(—iwt) and
oD
ot

g (arb. units)

U the Maxwell equation (in SI) J = curlH

. 0D 0 .
7(t) = 5 = o eep€(t) = €o&(t) (zw&r — wei>

On average the 1 [
dissipated poweris ¥ T T /o E(t);(t)dt

P N B E
p__l__[o Eocos(a)t)[«?rs'n(aﬁ) 8iC05(“’t)]dt_giw > 977

=> electric conductivity |0 = g,6,@ | (in Sl), or |0 =&,@ /47| (in CGS)

40




energy

i(t) = €0 (t) (m,. _ wﬁi)

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

€ Imaginary

£ real

AL /\/\/ E{t)a

N\

) .l\"«.__\,.-"f/\/_\ ER
T ' d |

;
.II.-I- id =
-ﬂ?' oF.
ot} .l Dit) o
LEE
Ly
- 7
n-:--'IJI . o

B T 2T
41
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The meaning of ¢

energy dissipation, especially at resonance frequency

|

£ [arb. units)




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

Si 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

i
valence band -
[ T - T I
0 k' v hvo
K (arb. units) energy (arb. units)

&(hv) o< »  M?*§(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 o (NN EESEESENEEE,
absorption of light with a specific .
frequency -9 E“’I
_ _ _ o 4.4 eV impurity level
® Doping with shallow impurities can also
lead to semiconducting behaviour of the
dielectrics. This Is favorable 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) Red light: E= 1.8 eV
Blue light: E =2.76 eV
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Plezoelectricity

applying stress gives
rise to a polarization

46

applying an electric field
gives rise to strain



Plezoelectricity

O=p1+p2+P3 P=P1+P2+P3 (&

equilibrium structure  applying stress leads
no net dipole finite net dipole

47



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

48



Ferroelectrics

P &

‘.-I
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 Weal§9to produce ferromagnetism.



Example: barium titanate (BaTiO,)

@s:"

® Ti

ferroelectric

50



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+ N— T+ Wy =
dt? dt /
frictlon harmonic LOCAL
ferm 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).




Dielectric breakdown

& s
® 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)
53
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