Response of Free e- to AC Electric Fields

* Microscopic picture

E,=E,e™

B=0 in conductor,

dp(t t —iwt T )
L):_&—eEe and F(E)>>F(B)

dt T °
try p(t)=pye ™
—iop, = P _ ek,
w>>1/1, p out of phase with E
_ ek, E,
Po=""4 Po==" ® —>0,p—>0
10 —— . .
T w<<1/1, p in phase with E
Py =eEg
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Complex Representation of Waves

sin(kx-wt), cos(kx-wt), and e *kx®) are all waves

¢ -ikx-at jg the complex one and is the most general
4 imaginary

A
0

Acosf ;eal

iAsin®

» »

e 9=cosB+isin®
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Response of e- to AC Electric Fields

* Momentum represented in the complex plane

4 imaginary

»
»
o

p (0>>1/1)

n
>

p (@<<1/7) real

Instead of a complex momentum, we can go back to macroscopic
and create a complex J and 0
2
» —nep, ne
J(@t)=J,e ™" J,=—nev= = E,
o m(——i)
T

2

c, net
6=—"—,0,=

l1-imt m
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Response of e- to AC Electric Fields

*  Low frequency (w<<1/1)

— electron has many collisions before direction
change

— Ohm’s Law: J follows E, O real
* High frequency (w>>1/1)
— electron has nearly 1 collision or less when

direction is changed D@m
— J imaginary and 90 degrees out of phase with

E, 0 is imaginary

Qualitatively:
wT<<I, electrons in phase, re-irradiate, E=E +E,, reflection
wT>>1, electrons out of phase, electrons too slow, less interaction,transmission €=€ €, =1

10
T~10"sec,vh =c,v = 3x107em/sec 10" Hz

5000x10~*cm

E-fields with frequencies greater than visible light frequency expected to be
beyond influence of free electrons

3.225
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Response of Light to Interaction with Material

* Need Maxwell’s equations

— electromagnetic waves!

SI Units (MKS)

— from experiments: Gauss, Faraday, Ampere’s laws
— second term in Ampere’s is from the unification

Gaussian Units (CGS)

© E.A. Fitzgerald-1999

Waves in Materials

» Non-magnetic material, P=|,,

VxE = _%
ot

VxB = u0j+ Ho€y %—]f

Vx(VxE )=- OVxB

3l OF
~V?E=——[p,J +1,€p —
at[l»’vo Ho€o 6l]

OF 0’E
2
VIES RO o et g

* Polarization non-existent or swamped by free electrons, P=0

For a typical wave,

E= Eoei(k-rfmt) _ Eoeil:orefimt _ E(r)e—imz

V?E(r) = —iwpGE(r) — p,e o E(r)

Wave Equation

V?E(r)= —%;a(m VE(r)

e(@)=1+-2

o)
E(r)=E,e"™"
2
k= m—zs ()
c

c

®
V7;7 Je(®)

3.225
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Waves in Materials

*  Waves slow down in materials (depends on £(w))
»  Wavelength decreases (depends on g(w))
» Frequency dependence in &(w)

ic ic
g)=l+—=1+—-""—
£,0 go(1-iot)
im[z)r
g(@)=1+ T
®—-inT

2

ne
®, =—— Plasma Frequency
€m

For wt>>>1, g(w) goes to 1

For an excellent conductor (g, large), ignore 1, look at case for w1<<1

it iojt

O—-i0T o)

© E.A. Fitzgerald-1999 7

Waves in Materials

=2 e (@ =2 i |8
¢ c 0E

0
o(l+i)|o G ,® c,0
k=—|—F— e O i |2
c(ﬁj\ 0E, [\ 2g,c° ) 28002]

i(kz—wt)

Forawave E=Ege Let k=k ., tk; =k +ik;

real Timaginary T

E — Eoei[k’Z%Dt]e_‘k’v‘z

The skin depth can be defined by

© E.A. Fitzgerald-1999 8




Waves in Materials

For a material with any 0, look at case for WT>>1

2 W<w,, € is negative, k=k;, wave reflected

wW>W,, € is positive, k=k,, wave propagates

v

© E.A. Fitzgerald-1999

Success and Failure of Free e- Picture

Success K/o=thermal conduct./electrical conduct.~CT
— Metal conductivity 1
- K==c ,v2 T
— Hall effect valence=1 g v therm
_ Sk'm Depth o= ( OE J _3, P 3k,T
— Wiedmann-Franz la or), 2
Examples of Failure K = l(énk )(3ka} _ 3kt
— Insulators, Semiconductors 3027 m 2 m
— Hall effect valence>1 ~ ne’t
— Thermoelectric effect °T,
— Colors of metals K 3(k, 2
Therefore: — =5 r
c 2le
L |
Luck: €,y =Cyelass’ 1 00; ~C!
2— 2
Vieal ™~ Velass *10

0

© E.A. Fitzgerald-1999




Wig(lmann—Franz ‘Success’

EXPERIMENLAL THERMAL CONDUCUHVITTES AND LORENZ NUNBERS
OF SELECTED MLETALS

hFANN 373K
FLEMENL W ol S wal :
Bt k) attdon K2ttt k) wattotin K- Thermoelectric Effect
Lt 07 222 .t 73 243 VI
Na 1 202
K 1o 203
R 0.6 242 H
o s e - . Exposed Failure when
Ae A 23 e 2 ¢, and v? are not both
Au 2 232 B 2 Y
e s 236 17 24 In property
My s RRE) 15 225
Nb na2 290 Wad BN
I 080 2ol 073 R
Lin 113 228 I 2
o (K 24 LU E = QVT
Al RN 204 230 209
In .4 250 G5t 260 I ”kb
I 03 RN 048 25 ) c, nkb
i ot 2.5 o 154 Thermopower Q is O = — = =——
Ph 13 204 033 285 3ne 3ne 2e
Bi 149 53 RIS 333
Sh AR 257 017 269

Thermopower is about 100 times too large!

© E.A. Fitzgerald-1999 11

Waves in Vacuum

« J,p=0
© B=HE =E,
O’E
o
For typical wave:

E=E;""™ k=2n/\;0 =2nv

K =pego’ Example:

Violet light (v = 7.5 x 10'* Hz)
A =c/V =400 nm

-1/2 k=21' A=1.57x 10" m !
0 OJ/k =VA =(pe o2 TtV =471 X 108
0“0

For constant phase: (kx-wt) /
Ve =0/k=c > |c=(ue,)"”

V’E =g, Wave Equation

phase

3.225 After Livingston 12




Waves in Materials; Skin Depth

T
o Ko P T

V’E = e

k> =o’ue +iopc

k=~ (l'(x)},lG )1/2 Conductive materials T RT T
1 +i 1 +i (s} Angular Fraquency
= i—((x)ucs )1/2 =t—
V2 8
— E — Eoei(loc—wz) — Eoe—i(wt—x/ES )e—x/6

After Livingston 13

Plasma Frequency

g 3
Remember: &’ =o’pe +iouc |
3;‘ QOpaque Transparent
8
c -o e
where c=—=>2 (0T >>1) =
l-iot  ioT 0 = o—
) Angular F{r;!quency
)
then kz%mzua—w‘):oazua[l—ij
T (0]
2\ /2
ne
where o, = [mg j = Plasma Frequency

0 For ww 0 k is real number no attenuation!
w<w ,; k contains imaginary component, wave reflected

[0 Criteria for transparent electrode?

(Example: n=5.8 x 10%7/m?; 03, = 4.3 x 10'%s°T)

After Livingston 14




Wave-particle Duality: Electrons are not just particles

» Compton, Planck, Einstein

— light (xrays) can be ‘particle-like’
* DeBroglie

— matter can act like it has a ‘wave-nature’
* Schrodinger, Born

— Unification of wave-particle duality, Schrodinger
Equation

7 3005 ©E. Fitzgerald-1999
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Light is always quantized: Photoelectric effect (Einstein)

® Photoelectric effect shows that E=hv even outside the box

LEA
metal Maximum
block electron E =h(v-v,)
energy,
E

‘max

Vc V

For light with v<v_, no matter what the intensity, no e-

7 3205 ©E. Fitzgerald-1999




DeBroglie: Matter is Wave

His PhD thesis!

A=h/p also for matter

To verify, need very light matter (p small) so A is large enough

Need small periodic structure on scale of A to see if wave is there (diffraction)
Solution:electron diffraction from a crystal

d ! NA=2dsin6

For small 6, 6~A/d, so A must be on order of
d in order to measure easily

© E. Fitzgerald-1999

Unification: Wave-particle Duality

Y must be able to represent everything from a particle to a wave (the two
extremes)

wave particle
\P _ Aei(kx—u)t) Y = Za ei(k,,x—(ont)
- n
n
r\/ °
k and p known exactly n =00 to create a delta function in 2

generalized

© E. Fitzgerald-1999
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Quantum Mechanics - Wave Equation

Classical Hamiltonian
2

p—+ Vix,y,z)=E
2m

QM Operators
7 h) o
=LA E=-|—|—
b [lj (ijat
- h AN’ +V(x’yaz)\v :_ial
m i Ot

1. ¥ and A y must be finite, continuous and single valued.
2. yy ‘real with yy ‘dV = probability of finding particle in volume dV.

3. Average or expectation value of variable

<OL > = j\y ‘o pV v

© H.L. Tuller-2001

3.225

Time and Spatial Dependence of Y

Assume U (X,y,z,t) separable into Y(X,y,z) and @(t)

Applying separation of variables:

Vv hlo
7;‘””/:_7*74’:3 = constant

2m i¢ ot
Time-Dependent Equation:
¢(t)= Ae*i(z_‘/h)t — Ae*iwt

U le=ho)

Time-Independent Equation:
VA + i—’f’(s —V)y =0

Solutions: Y, -eigenfunctions; €, -eigenvalues

3.225 © H.L. Tuller-2001
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Free Particle

¢ One dimensional y = 0O

dy _ 2me

dx’ n’ V=

k3

| = Ae™

. h2k2 _ p2
2m  2m

p=hk Crystal Momentum

Wy (x,0) = Ae"

* Momentum

iyt ov
(p.y=|v — dx = hk

3.225 © H.L. Tuller-2001
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Particle in Box

\V:Aeikx_*_Befikx;kZ:z;lnzg o0} o0
Vv
Boundary Conditions:
")) —d
. VO =y (d)=0 ) '
e yYy(0)=4+B=0 = A=-B
. v(d)= A" —e™)=0 = 2ASinkd =0
k= % n=123..

v =% sin(—n:;x) n=123..

3.225 © H.L. Tuller-2001
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Particle in Box

v, (x,y,z)=Asink,x-sink,y-sink,z

nm
k2=k12+k22+k32 ki: l/; n,=123.

2 27.2
o, = ) =

n = Quantum numbers
*Groundstate E; n, =n, =n, =1 not zero!

* Degeneracy

First excited state 112, 211, 121

© H.L. Tuller-2001

23

Consequence of Electrons as Waves on Free Electron Model

Traveling wave picture Standing wave picture

L Y(x)=Y(x+L)

i _ k(L)

Just having a boundary condition means that k and E are quasi-continuous,
i.e. for large L, they appear continuous but are discrete

© E. Fitzgerald-1999
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Representation of E,k for 1-D Material

| — ——
h 2 k 2 2
e states E=—= P
e electrons 2m 2m
A
E
All e- in box accounted for
EF
dE_nk
m=+1/2,-1/2 dk m
] En+1 2
E nk
n AE =—Ak
E... Quasi-continuous m
Ak=2T1U/L
kg kg k
‘ Total number of electrons=N=2*2k;*L/21t ‘
3.225 © E. Fitzgerald-1999 25
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