|dentify of long / and short /
vibrations

\ ¥
JUVUVVU U N

Fig. 3.9 Identity of long and short waves on a lattice. Because the wave displace-
ment is defined only at lattice points, the propagation of a short wave lying outside the
first Brillouin zone (A,) is identical to a long wave (A,) inside the first Brillouin zone.
Ina continuum, the amplitudes would have a value everywhere, as represented by the
continuous lines, so that both frequencies would be distinguishable. (After Zwikker.)

Levy fig 3.9
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Quantization of k

. Theinfinite chain hasno regrictionon k
Finite chain morerealistic

n=0 n=1 nN=Nz+1 n=N

Fix the two ends + the normal modes ae
standing waves u, (’[) = Ae ™ sin(kx)
Bouncdary condtion:

Ug(t)=un (t)=0

\ sin(kNa)=0
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#modes =# freeatoms

#modesper unit range of K is
Na & Lo

p & po

L isvery large for ared crystal so
spectrum ~ continuols



Cydic (Periodic) Boundary
Condition

- Born = von Karman
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Number of modes

Consider achain (L=1 cm) of atoms

a~1A
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Quantizaion of |attice vibrations
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Dispersion Curve

W VS k



Linear Chan — 2 dfferent masses
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mu, =a (Vn+1 +Vn - 2un)
MV, =a (un + Un-1- 2Vn)
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u, (t) = Adknarwt)

v, (t)=Bé€ (knawt)
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w [mmy]+w [- 2a(m; +m,)]+2a°[1- coska]=0



Linear Chain + 2 dfferent masses

. Solve for w?

2 _a(m+my)+ya®(m+m,f - 2a?mmy{1- cosca
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- Brill ouin Zone boundary

k=+F
a




Only light atoms move

Only heary atoms move

Kittel



ticd Mode

ustic Mode




Limiting cases

Opticd modes




Inelastic neutron scattering

L attice vibration energy is quantized

Phonons
Very highfrequency (~ THz)
Obseave with neutron scattering
E (phonors) ~0.01£0.1eV
E (X-rays) ~ 10,000eV
E (neutrons) ~0.01+0.1eV

Elastic scattering
ki =k, +G

Neutronin /

Neutron aut
Reaprocal Lattice vedor



|nelastic neutron scattering

Inelastic scatering
Creation a annihilation d aphonon

ky =k, +Gk

= phonon

Consavation o energy

A phononwith wave-vector |_< can interact

with e.g. ghonors, phdons, neutrons,
eectrons ... asif it had amomentum | K

NOT areal, physica momentum
“Crystal Momentum”



Inelastic neutron scattering

- Triple-AXis Spedrometer

Mg at 290 K
(Pynn & Squir




Phononmodes ae anisotropic

e.g.KBr (fccNaCl-type gructure) Woods
etal. 1963.




Heat Capacity

L attice contribution = phonors
3D harmonic oscill ators

6 ‘quadratic’ degreesof freedom (3 kinetic
and 3 pdential)

imy DQGlax®etc
Equipartition Theorem % KgT
per quadratic degreeof freedom

- Total energy per mole:

Eigtal = 6N X% KgT =3NkgT =3RT



Dulong-Petit law (1819

— ﬂEtotal
1T

C =3R

Good agreement at high temperatures

Breaks down at low temperature (Weber
1875+ diamona)



Einstein (1907) £ assime independent
harmonic oscil lators with unque frequency

Nne

Energy levels of osallator
E. =nhng

- Adjust Ng tofit Weber's data
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Einstein Model

hn,
kBT

C:3R

&noN

CDm

/T

High-T [imit
C® 3R (Dulong-Petit)

Low-T limit exporential decrease

Problem: decreasedoo quckly

Experimental decreasas C T -|-3



Debye Model

- Atoms vibrate in coll ective fashion (Born
etal.)

. Asuumed linea dispersion |/ = Vk

and adistribution d vibrational modesup
to a maximum freguency Nnp

Define Debye temperature QD
(characteristic of material: = 467K for Fe)

hnp =kgQp
HighT limit C® 3R

Low-T limit C T -|-3






