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Few concepts from Solid State Physics

1. Adiabatic approximation
When valence and core ectrons are separated, general Schrodinger equation for a

condensed medium without spin

HY(R,r)=EY(R,r)

Mass of ions >1000 (for most
semiconductors >10? times greater than
mass of electrons

lon velocities >100 times slower

Electrons adjust ‘instantaneously” to the
positions of atoms

Y(R,r) =y (r,Ry)D(R)
) H,®(R)=E®(R)
Huw(r,R)=Euw(r,R)

Separate ion and electron motion
(accuracy ~m/M)

Perfect crystal

Lattice vibrations
— phonons

v

Potential variations

—

E vs k relation
k-state maintained

E vs k picture still
valid, but k-state is
not maintained, i.e.,
scattering can occur
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Few concepts from Solid State Physics
2. Phonons

Hamiltonian for lattice motion (harmonic oscillations) : Phonon dispersion

2 1 relation in GaAs
L :Zzil/l +IZUO(RIO_Rr?1)+ZECI,m(uI_um)2+Uanhar 16

I | I,m
14 -4 0.06
Displacements show up as plane waves with weak 1 0.05
interaction via anharmonicity: 12 '
N
oy aikr—iot :> T 10 1004 ~
U, , =Uq€ 3} 8 LO 3
= — 003 3
Energy in a mode: > TO 1/ %
Z 6 Z
1 = // 4002 H
E(k,0)=| n(k,0)+= |[ne S 4 £
2 g LA
, i 1 0.01
Equilibrium distribution (Bose Einstein): %/ TA
0 0
n(w) = 1 0 [100] 1.0
exp ( ha)j 1 REDUCED WAVE NUMBER /K, .
KT
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Lattice vibrations

2
) ) ] P 0 0
: H, = —+§ UIR’-R
Lattice Hamiltonian: L oM, & ( | m)

Binding energy vs. interatomic distance in a crystal

Repulsive energy

Expanding binding energy around the
equilibrium position R,

Energy \
U 1 (d2U )
U(R) =U(Ro) + | - aR+§(-~—dR2)RU AR+ ... 0

Ryg

Total energy

Equilibrium interatomic spacing

Interatomic spacing, R

0
Linear term is zero at minimum

Coulombic
bond Energy
sharing

Neglecting anharmonic terms:
1
U(R)=U(R,)+ Ec:(AR)2
with a force constant C

NNSE 618 Lecture #11



Diatomic chain

Unit cell Unit cell Unit cell

Let’s consider diatomic chain to :
demonstrate acoustical and optical i
dispersion branches < > |
|
I

5
i
1
1
G ST STTRY IO ST T Ye I VIBRATING LATTICE \
)

EQUILIBRIUM

Masses are connected by springs W gy v Hs o vs o ugl v
equal spring constants, C, for
simplicity
Force = - C AR
. . d 2u5
With u and v, the displacements of M, a2 C (Vs +Vs4 —2Ug)
respective atoms, we can write down 2y
classical equation of motion (second M, ——2 = C(Ug, +Ug — 2V,
Newton law) dt
U. =Uu eiksa—ia)t
The solution for displacements in the S
chain will be searched as traveling iksa—imt
waves: VS = Ve

From Singh, 2003
NNSE 618 Lecture #11



Solution for diatomic chain
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Dispersion relations for diatomic chain

— 7
ok 2c(M,+M, ) & \/?c‘/mwz.)l—- R C MM, (l"arsros)

CJz S kzq : 1 1 i OPTICAL VIBRATIéN BRANCH
' : Y el " ]
Solutions for small k : ac 2 maM, [ M, M2) ‘ \
|
+ (2C/M)V2
I
|
. = 2C (—-' N 1 o |
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}”l \ M ] , 1
z o . :
:
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Acoustical and optical waves

For acoustical branch in long

wavelength limit (at small k): U=V or Us = Vs

Sound velocity: V. = do _ a L

*Tdk 2\ My,

For optical branch at k=0
(Two atoms vibrate against their M 5
center of masses) U ———=V

EQUILIBRIUM POSITIONS
OF ATOMS

ACOUSTICAL VIBRATION:
The two atoms on the
unit cell vibrate along

the same direction

A e

o

OPTICAL VIBRATION:
The two atoms on the
unit cell vibrate in
Oopposing motion.
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FREQUENCY v(lO]2 Hz)

For each wavevector there are 1 longitudinal mode
and 2 transverse modes
The frequencies are determined by force constants

Dispersion curves in semiconductor crystals

Usually longitudinal mode (LA) is stiffer
Energy scales (for similar crystals) as M-1/2

Atomic vibrations are in THz range

Si
16
y *th\o\ 511 0.06
IB\
12 > 0.05
10 // 14 0.04
g /|
1 0.03
B
/ 4 0.02
]
4 74 /TA
4 1 0.01
2
0
0 0 [001] 1.0

REDUCED WAVE NUMBER k/K,,

ENERGY (eV)

FREQUENCY V(1012 Hz)

GaAs
16
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10 0.04
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Shell 1

ENERGY (eV)

Example: shell model

FREQUENCY v(lO12 Hz)

Lo

Shell 2

InAs
16
1 0.06
14
i 1 0.05
10 4 0.04
8 LO 1 0.03
P———
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TO 002
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0 [100] 1.0

REDUCED WAVE NUMBER K/K,,, ..
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Anisotropy of phonon dispersion curves

Experimental (points) and calculated phonon dispersion curves for Si

Frequency [THz]

T
|
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| &)

From Yu, Cordona, 2002
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Quantum harmonic oscillator

Quantum harmonic oscillator: Hamiltonian H = P + 1 Cx?2

Solution gives resonance frequency (as in 5
classical mechanics)

And quantum oscillation spectrum: 1
(n may be considered as number of E,=|n+ E ho
“quasiparticles’)
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Quantization of lattice vibrations: phonons

For a single oscillator the frequency is fixed, but
when many oscillators interact we have a

number of modes (normal modes) Wk
Each mode is occupied by n, phonons E, = (nk n i)ha)k
2
For a 1D chain states are determined as: k = 2—ﬂn; for n= O,J_rl,...J_rE
Na 2 Bose-Einstein distribution
function
Occupancy of modes is given by Bose-statistics: 4
1 /
N(w) = 3 7
ho PHONON
expl —— |—1 occupation /
KT o 2 v
7
0
| 2 3 4
x = kgT/hw
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Optical phonons: Raman scattering

* Inelastic light scattering = Raman scattering gives
information on optically active vibrations in a
material
» Wavevector of photons is SMALL
» Stokes (creation of vibration) and anti-Stokes
(emission of vibration) GaAs
« Symmetry and selection rules: Raman scattering
intensity depends on geometry and polarization
| : i 16
Anti-Stokes TO TO Stokes . 4 0.06
LO GaAs 14 '
LD D 5
A ...................... 12 4 0.05
T ' =10 1004 ~
[nP & b=t |LO Ea
o -~
\ h z 8 ——— >
> TO —~——] 0.03 2
1 I ] AlSh [ — ; 6 /l/ %
~ 2 5 4002 ™
[&J 4 /LA
JUL . . . | = ) / 0.01
340 300 260 220 220 260 300 340 | TA

Anti-Stokes shift [cm™'] Stokes shift [cm '] 0 0
. . . . 0 100 1.
Fig. 7.21. Raman spectra of three zine-blende-type semiconductors showing the TO and [100] 0
LO phonons in both Stokes and anti-Stokes scattering. Note that the vertical scales are REDUCED WAVE NUMBER A/Kyq
not the same for all spectra.

From Yu and Cordona, 2003
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Lattice scattering rate calculation

Goal: calculation of the scattering integral or relaxation time:

of f—f, d3k’

—| = =||fQ-f k',k)—f, (1— f . W(k, k'

A, == e e Wk
Step 1. Determine scattering potential H oc eiq r—iot

Step 2. Calculate matrix elements from £’ to k H Kk = Iz//: H l//kd 3r

Step 3. Calculate transition rate from &’ to k using W (k', k) = —‘H " k‘ 5(E(k) E(k) - ha))
“golden Fermi rule”

. of

Step 4. Calculate state relaxation time 2= - f 1 f )N(k k)— f, (1 f )N(k k')
ot coll T(k) Z ¢ ‘

Step 5. Average relaxation time <r(k)>

NNSE 618 Lecture #11



