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CHAPTER ONE
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Solide -re, vemelly, Uviced coc. diiy, 1o te

conductivity into twe Adietiret cate oricoy thooc

N

high conductivity end krnown as netels and those of

no conductivity and classified under the term
inswlators., Midway betweon metals and insulators, we
have a third type termed semi - conductors, These
are essentially insulators and owe its conductivity
to the presence of metallic impurity atoms which help
in transforming the solid from the second category to
its position close to the first category, The more
these metallic impurities are bresent, the more we
get closer to metallic solids, Such a property gave
semiconductors an important character and has been

epplied intensively,

In a crystalline solid, we are dealing with two
aggregates of interacting particles heavey ions and
hight electrons, and the fundamental equation to solve

is the many - particle schrddinger equation.

HC,}//C = EC,\//C (101)

Where Hc is the crystel Hamiltonian nade up of

electronic and ionic keinetic operators T, and T.»

HC =T, +V+ (Tn + Vn) (1.2)
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am AT e e - T N Al - -+ . N R T -
o Vobodrs the potential cnoryy i ot electrons andd

the iitersetion cnergies between the two sregates,

while Vn is the potential energy of the ions. The
wave funetion nlr is a function of r and R, the
collective coordinates of electrons and ions respecti-
vely., The wave equation is solved approximately
(Born - Cppenheiner) by treating the electrons and
ions separately, assuming the electronic Hamiltonian

H =T

o o V  and treating H_ = Tn + Vh as a perturba-

+ n
tion on He‘ This product separation is possible to the

second order in k, the ratis of the electronic and

[

ionic masses m and M, if 7%6 is expanded as a power

n

scries in k (see. Born eni Huang, 1954)., Thig type of

¢

zpproxinetion is still valis evern when we congider the
anharmonic temms in the ejuations of mation of the
ions (terms heigher thar the second order in lettice

displaccments).

The threc-dimensional treatuent of the lattice
vibratiors (ion motion) dres not add much to the simple
one - dimcneioncl problem (see Pattersown, 1970, P.,66),
thus we write Xi for the :coordinate of the ion Bi and

expand V_ (I

[
=

- 7 e YO d @Y e

) = Xn (X) ag a power serics in

Xy 1 =1, 2, 3,400 o« On using nomal coordinates, Hr
Ea

ig over gimplificd to the fomnm, assuming Mi to he

<

mass of don (i).
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keeping orly gquadratic teims in the expansion of Vh (x).

Heigher (arharmonic) tcms are of little importance and
need to be congicdered wher discussing phonon-phonon
scattering. Its c¢ffect ie calculated as a pexrturbation,
The resulting Hamiltonian is the usual Hamiltonian of a
certain number of uncoupled harmonic oscillators, the

energy of each 1s
= 1. :
€ 1 -(n + %) h Wy (1.4)

n being an irnteger. The results so far obteined using
guantun mecharics may be chtained uvsing classiecal

Ay

mechanics except the eigervaluc relation,

It is now acceptcd to call each crnergy excitation
of frequenrcy iy and encrgy-h Wy o8 finhonon which are
trecated as bogons thet car be created (by emmision) or
destroyed (by adcorbtiorn), The ean nuaber of

Lol

phonons of cnergy h v ot temperature T is given by

T (q) =1/ (exp (& w/kT -1) (1.5)
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different types of modeg of oscillations, the
and optic modes, In an acoustic mode, the adjacent
atome vibrate slmost in pla

they cre vibreting out of phage,

et Y e ; R
eololicrotion L

tomg in clternating

positions has

se while in an optic mode,

relations (w - g relation) arc.

o 2 . 2
Wop =(lg+lsy) + [(1cl+k2)‘ ~ 4 X K, sin® g a]

Wgc =(}:l+1c2) - {(kl+k2 )2 - 4 kq k, sin®

b/, 1=1,2 ,

o

2 is the lattice congtont

—— e €0 o

The dispersion rclation foxr rptic ana

L

Y 2(u4x,)
51
'//////Aﬂ_/zii *\TT\§>~m

',17
1Y% - o

e

. ~ EJ()A‘,___VN_,___.________‘J

is the force ¢

o)
he magses of the ziolecules (M2 < K

Optic mode

Acoustic mode

—

I

2a

for & diatomnic lincer cheir,
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For will ge, i acustic Tfoporeior rolsotion

reduccs to

- Y
oo = | (2 ke k50 / (ky + X5) } qa g
) )
Thus g f1.8)
)
d ow_ g
5 %
)

end hence the phase and group veloeities are the same,
and consequently we expect to have no acoustie
digpersion for long wavelength. On the other hand, for

long wevelencths (ga —--= C), the optic breneh show thet

z k4 k. -
Wy =2 (g k) 4 ommede2o248 ¢1.9)

(ke +-k2)l

The only addition inr 3-~ dimensionsal gpace, 1s that there
¢ 3K diepersion relatiors (if there arc k atons per
wiit cell), three of vhiclh arc scoustic and the rost

will detemmine the optic wodes.

Turning to the wave equation

}fHo + V)}ffg = Ee ffg (1.10)
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2% too cloetwonz, where thon poterticsl oooroy Vooontaine
potentizl eneryy of the elesctrons in the field ofi the
atoms end thie interaction energies between the eleetrons
itserrs. It ig usual to rcduce the above equation to a
one-elccton wave equation (Hartree approximation) by
neglecting the cffect of antisymmetry of the may electron
weve function qﬂé as well as the cerrclations of the
clectrons, 4Ls a matter of fect this is the only type

of problem that we know how to solve exactly.

The method of describing the eigon states of the
valence electrons by the one - electron model is
considered as the gtarting point in the modern theoxy
of solids, ZElectron - electron as well ac electron -
core interaction are usually treated as pert of the
potential V () of such velence clectron as it moves
through the crystal lattice, The potential V (g) is
supposcd to be calculateld as a Hartree or Hartree-~Foek

potential of the ion (sce Zinan, 1972 P.77).

To procced with the calculations, ann over simpli-
ficetion sbout V (x) is alweye vssumed; thus, V (x) is
takon as o congtent leadirs to the usual free electron
mnodel (or the swmerfeld model, Sec Wilson, 1933 P.25)

el

1 intoe the cigen-gstateo

e

The valence cleetrons then fea

}11 = 17 (ik .x (1.11)
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e surfaces of constent energy are thus spiieres in the
k-space, The volume of such energy sphere (containing
ell the cnergy states of the solid) is governed by the
nuiber of clectrons per wiit volune. Near the top of
this distribution (a2t the Fermi level) the electrons
have wavelengths comparable with lattice spaeing and we

have a bragg diffraction, and the electron energy

spectrum may show gaps, or forbidden energy stetes.

48 a congequernce, the eleetronic enerpy levels fall
into bands. The nature or these bands depends completely
on the type of solid considered at the beginning of this

chopter and is also respongible for its properties.

The same effect is produced by considering the
periodicity in V (x) produced by the static (at rest)
iong at the lattice pointe, The same energy spectrum
ig produced with ellowecd bands and forbidden gaps. The
scnie coiculations (Patterson 1970 P, 113) hes proved
that the perisdic nature of the solid, particularly

when we are concerncd with law concentrations of

clectrong (as in the case of semi~conductors ), may be
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quasi - frcce cleetror modsl, which we
present purpose of studyiig the transport effects in

semiconductors.

In the presence of a temperature gradiant. The
heavy ions cited at lattice points ere no longer a2t rest
but will excute a small ascillations about its positions
of cquilibrium,. The lattice vibrations distort the
lattice periodicity and hence the electrons cannot
propegate through the latiice without being scattered.

Steh deformetion in the potential cnergy V (z) is

Y

congidered as 2 perturbation and the natrix elenent is

i

calculated by the time dependent perturbation theory,

[

Thig resulte into the following restrictions (Zinan,

1950 P, ).

i~ Energy is conserved,
ii- he totel wave vector of the systew before the
scattering proceag can differ only be a
reciproccl lattice vector from the total wave

vector of the systonm after the scottering process.

The firet of these ccuetions is interproted ac

?é = E& + 'ﬁyﬁ (1.13)
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o Toom the obhoorption
quants (phoron), The latter oy be looked upon o a
selection rule on thc wave veetor and ig usually written

e
o8

K =k + g+ G (1.14)

-

where G is a reeiprocel lattice vector, If G = O we

have normal processes, which is equivalent to the conserva-
tion of the linear momentun of the electron-phonon pair,
otherwise (G # 0) we have Umklepp processes, The transport
phenomenae in golids involve a flaw of either charge oxr
energy ox both, arising from certain external effects
acting on the solid which are the electric ficld , the
tenperaturc gradient V T and the magretic field H. The
relations betwecen the ecurrent densities (electric or
thermel) and these effcets (sce chaptors 3 and 4) define
the transport cocfficiente, such as the clectrical,

thermal conductivity, the various thermoclectric
coefficients, thero - and golvene — magnetic cocfficients.
These coefficients are obtained essentially, interms of

the distribution function fk (ry ¥) of electrons (sece
chepter 2) which is determired by the solution of a
transport equatiorn (Boltzmann cquation, equation 2.3).

Thig function f ig affected by the externsl effcets as

well as the scattering mechanisms present in the crvstal
v
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