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Abstrace—Phonon: are quanta of lattice vibrationz. They play
an mmportant role Im variouz phenomena zeen in zohd state. The
phyzicz of phonon: and phenomena azzociated with them are
explored.
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. INTRODUCTION

HE term phonon iz uzed to draw an analopy between

photon reprezenting a quantum of electromapnetic radiation
and quanta of lathce vibration. Theory of phonons explams
most solid state phenomena which cannot be explamed with
static lattice theory [1].

II. MECHANICS OF PHONONS

The energy of a phonon can be denved by considermg the
lattice as a collection of oscillators. There can be many kands of
interaction between afoms. The potential energy of an atom can
be expreszed as
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where U} 13 the potential energy in equilibrium, o and p can
be = v of z. u reprezents the mteraction between atoms, x 13 the
position and m and n are labels of atoms in m™ and n™ position.
The total kinetic energy of the crystal can be writien as the sum
of kinetic energies of the constituent umit cells.
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The Hamiltoman for this mode] can be written as

H = iu,':"x_'x_f'. + ; mtv (3)
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A soluton to the equaton representing harmomic potential
maybe written as 1 = Ag™™>

This yvields the relafionship between m and k.

a(k)=1 IIE|5|'J:L%J|1: (3)
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where K 1s the second dervative of the interaction energy u
and a the separation between the 1oms.

This relationship iz called the dispersion relation [2].

Proceeding m a smular way, the dizpersion relation for a
z0lid consisting of unit cells with two 1ons can be derved. The
relation between o and k m this case 15
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where K and G are quantities analogous fo spring constant
representing interaction between the atoms in a umit cell and

that between unit cells.

The two solutions are shown m Figure 1.
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Fig. 1. Dizpersion curves [1].

The lower branch is called acoustic branch because the
disperzion curve when k 13 small 15 of the form o =vk, which 1z
the frequency-k relationship of sound waves. The upper branch
1z called ophical branch This branch 1z responsible for most
optical behavior of solids.  Most jomic crystals are easily
excited by radiation leading to a vibrational state in which
negative and positive 1oms cscillate out of phaze with each



III. PHONON STATISTICS

When a szolid absorbz enerpy, the number of phonons
changes. Macroscopic properties like thermal energy can be
described by suitable statistical models. If a zohid 15 viewed as a
collecticn of distinguizhable cscillating atoms, they would cbey
Maxwell-Boltzmann distmbution [3]. Smee phonons are
indistinpuizhable particles like photons, they follow Bose-
Einstein distribution. There iz no limit on the number of
particles a boson state can occupy. The mean occupation
number of phonons at a temperature T 13
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This equation grves the mumber of phonon: cccupying an
energy state with frequency w@(ky). The total vibrahional energy
13
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IV. PHONONS AND 30LID STATE PROPERTIES

The theory of phonons 1= required fo explam many schd state
properties, some of which are histed below.

A Specific Heat

Static model of lathce fails to give a mathematical
description of the temperature dependence of specific heat of
sohids. It azsumes that all contnbutions to specific heat come
from electromic degrees of freedom. At low temperatures
specific heat varies as T". The additional comimbution to
specific heat comes from phonons. T° dependence of specific
heat at low temperatures can be explamed by locking at
phonons from a quantum mechamcal pomnt of view. Debye
specific heat gives a reazonably good formula for specific heat
over the full range of temperatures [4]. Figure 1 shows the
agreement of specific heat az obtained from the formmla and
expenimental values for silver (Debye temperature, TD = 213K)
[3].Debye specific heat iz denved by lnkang specific heat to
total vibrabional energy.
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Fig 2. Low Temperatures Specific Heat of Silver [3].

B Melting

Phenen amplitude mcreases with increasing temperature.
Hence there 1z a sttong dependence of melting on phonon
amplitude.

C.  Thermal and Electrical Conduciivity

In a perfect penodic potential, electrons expenence no
colhzion. This would lead to infinite thermal and electncal
conduchivity. A major source of scattering 1= lattice vibration
Phonon theory explams the deviahon of thermal conductivity
from electnical conductivity m non-metals. In most metals,
thermal conductivity characteristics and electrical conductivity
charactenstics are comelated. However, phonons as heat

camers are relatively more important in non-metals. In pure
crystallme structures, thermal conductivities are different along

different axiz due to differences in phonon coupling. Electron-
phonon plays an mportant role m electncal conduchvity of
certamn matenals [6].

D Superconductivity

BCS theory of superconductivity medels Type I
semiconductors. A key element in this theory 1z the g of
glectrons into Cooper pair. Thiz pairing is a Tesult of mlq:hnE

with phonons.

E.  Trovsmission of Sound

If there are no phonons, all matenals would be acoustic
meulators.

F. Reflectivity of Ionic Crystals

In 1omic erystals reflectivity maxmmum occurs at frequencies
below their energy gap. This can be explained by the peneraticn
of optical phonons, when radiabon forces out-of-
vibration of 1ons in a wt cell.



G. Interaction of Phonons with other particles

Typical phonon enerpies are comparable with infrared
radiation. Thiz makes thiz region of electromagnetic spectrum
particularly important m the conmtext of phonons. In all
mnteractions momentum 1z conserved. The coupling between
lattice vibration and photons invelves two phonons in crystals
such as germanium and szilicon. Lax and Bursten have
proposed two mechanisms for this coupling. [7]
Mechamzm 1 — A transverse ophical phonon created by the
photon decays inte two phonons.
Mechanmsm 2 — Direct coupling between photon and phonon. A
dipole moment rezults when an atom displaced by 2 phoneon
distorts the charpe distmbution of neighboning atoms.
Figure 3 shows phonon generation in Silicon [8].

Fig. 3. Lathce Absorption in Silicon [$].

mechanizm with higher enerpies, 1leV to 10 eV also
]:um'lu:les information on phonon spectra. Brillouin and Raman
scattering are two mmporiant speciroscopic tools. They mmvolve
inelastic scattermg of photons by a solid. The resultmg shiftz in
frequency can be explamed l:rl. creation or anmhilation of
phonons. Faman scattering involves optical phonon whereas
EBrilloum scatterimg mvelves acoustic phonons.

X-rays can be scattered by phonons [9]. This effect must be
taken mto account when calculating peak intensites. Bragp
peaks predicied by static lathice model 15 incormect Neutron
scattermg 13 a powerful tool m analyzing crystals. Scattered
electrons lose emergy m discrete amounts. Thiz phencmencn
can eazily be explamed by quanium theory of phonons.

V. CONCLUSION

The concept of phonons 15 a key element m solid state phy=ics.
Phonon theory gives a sahsfactory explanation of mest zohd
state phenomencn.
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