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| Sol1Ds

| Free eleetvon '“f\ﬁOTLi i

|
1
j classical Free Electvon 'ﬂr\eonﬁ of Metals - (bwude and Loventz) .
|
|

L This —lhconi was  developed btd Diude and Lo1¢n‘ri-

2. In-hnis —qu,oua,—}w free  elechions iy a metal arye “veated

Lice wwlecules in a qas and Matwel - Bolzmann stabidice

e applied -
f Pasumptions -

4 A metal is comppsed of posttive mwetal iovy fi1ed in ‘e

} lodtice
2. M the valence cedhione ave free 4o yove amonca

the jonic a11a11. Suth, —ﬁuhd movima electrone covibribele ‘
fowarde  conduction, (ele crical and themnal) i

¢ The free electrons collide with e Positive ione in the

lattice and also among  themselves - all e . collisione \
ave elastic so theve ie wp loss of eneiqy.

5. The cdecdvostatic fovce of attadion between the free
electyone and  ywwetallic ions  arve ne,ﬂlected LSk

“otal eneiqy of fvee electvon s tcqual o its pinetic |
eneYqy. |
1 Y .

115r. L —— P —

(M




o . s

;
ie- Al the fice  eledvone in metal have wid, Tange of

f enerqies and velocities

b

r% Andhe abeence of eledhic fied , e Tandom, motion of

| —fee election ie eq,ual,hj probable i all  divections, «p the

net curvent flow ie zeyp
Mextls -
L verifiee ohww's Loy,

9. I+ eiplains the thermal and
wetals

i?,- It edplains e optical Properties of wistgle

electn cal conductivitiee of

Demerits -
! 1 Tlhe -Hne.meJﬂ'cal Value obtained o specific heat and
| electonic  specific eat of mebale based on this thep
a % ot in aqfa'rewni with the elpevimental vale. L
2. The classi i
e dassical free electon —Hnwn.d S not able 4o ﬂiPlaJ‘n

- e electvical Condut\:i‘/'rb'd of eemiconductors and ine

2. The Hneoretical value of Pman\ac&vw’n‘c suscepl:ibilfhd ie
c:ducﬂ:u than he QlPCﬁWY\*al Va,lu_g', alsp, -fewo

4. The PhenD!’Y\U\a cuch as 'Pho‘\'oe,lecfn'c
effed and black bodq radiation
bld “+this %heoni.

effect compton,
cannot be eplained

uledoye |

Wlacandismg
Cannot be  etplained. |

|
|
|
|
l
|

{
|

|

e —— -



E S

- — ———

Quanium  Free  Electvon Tho-ni of Metals - (commerfeld)
10 oveicome -the diawbacks of Hhe dassical Free electvon
Aheosy by applying quantunm, mechanical pvinciples -hmold

§ sommetfeld poposed a ﬂtu)'HﬁED‘ﬂﬂ in 1928 called quar\h.tm
é—F-; ¢ electron -H'\wwﬂ o7 sommerfeld 'H'\U.)ﬂi

fHssumptiony -
1 The energy levels  of the conduction eledtrone are quantized
2. The dishibulion o eledrvons in the vanoue allowed cnncﬁ

% level  oceuvs ae pe pauhe etclusion ‘p"ﬂﬂaple

2. The eleehons ave ascumed o pocses wave nature

4. The-free elections ave assumed 4o ObCLJ Fermi —Ditac
statictics

5 The electione are free 4o move nside Hhe metal, bud
Corefined o stay - wihin e boundauies .

6. The potential eneiqy of the electrone and ve uniform o
(onstat inside the wetal

3 The athadion béween tre eledrons and the latkice ione,
and the tepulsion belween e eledrons hemaelvee ane
iqnoted.

MevHs -

Quantum —free  dechione Moni povides  etplanation ot
‘ electyical CDnducHVﬂl‘ ,thetmal Conducﬁvfhﬂ, specific heat
capacity of metale , electyonic  apecific heat Capaciy,
compton effect , photo eleckric effect  ete.

\ ©)




- Demexite -

1. Thie +heon1 {ails 40 mare dighindion between meials |
gemi condutpye and ins udove

2. T Haile to eiplain the positive value of Mhe hall coefficient
E and some trancport propetties of metale.
|

- Fermi pitac pistvibudion
E_L The probobi\.inﬂ o -find an electvon in an enerqy state of
| tnerqy E can be elpressed as F(E) = 1

e

Kihete F(E) is called the Fermi Divac distvi budion -fund:ion,

9. E is-the eneigy level occupied by the election and E- is
+he Feonmi level and is condant for a pattieulay system,

3. The Femi level is a loounclan.‘ enerqy level which separates
+he filled energy  shales and emply oneiqy stades ab o

4. The enerqy of the highest -filled state @t oy ie called Hhe
fami enevqy Ep and the enetqy level is pnowon s Fermi level.

b. Tris chown in Fiq- 4-2(a)- Fevmi —Ditac distvibudion cuve
a ok ic Shown n F;‘q.qr.g_(b).

€
emply
) - g 5 Fesmi leve) | ok
o) Q | T
| 2
"'08 ] 8 F(e)
0) O o°? _ PG
Fig.4.2.0) f.'c!t.:z;..zcb) :

@



|
l.
1
‘.

6. M ok, the permi-pivac distibukion of electyons can be
undeystood mat\nemahcal,w from Ahe following two cases,
case (i) ¥ E>EF 4hen, F(E)=0
ﬂ indicades that -the eneiqy levels above -the fevmi level qre
emphﬂ-
cast (i) Tf E<ef then F(E)=4
H indicades that e eneiqy levele below tne fermi level ave
erplt. full with elechone .

3 The Vatiation of Femi -pitac dishibution -funckion with
{empevalure e chown
8 H can be obsetved 4hat -the ‘P‘lobabil-i-h.l 0 4ind an electyon

decieases below the fevmi lvel and increaces aboove -Hhe
femi levll as temperatute inceases . pand there eisie o

+woo —fold aymmetyy in the probabilify cunves about the
feri level.

E‘Echoﬂ n Pt‘\’l‘oc\l‘c Po*ﬂﬁhal - Blodh ThEOTtm,‘-;

(Wave eq"™ in peviod potential)
1 In ovdetto  considet e motion of an e I ot

c'u.dstall,im aolid , we a,PPlLd schwclmcdn

and —find #e soluhionn undex Peviodic bownda
2. e solution of E-thociinqe'r equation was  modified de

gcientist Bloch blj wnsiden'n% e SL‘“’)”’IC"H 'pTopﬁh‘es of

e Pdﬁrﬂ'ial N whidy the electron in Qa CTL‘Sl'au,l'ne
YY\0ve s .

solid

i

!

i

‘Guatior, fou electrong
TLJ COnc‘Hions.f

i
i




3 Melals and a.u.OL15 ave CTtastath N Nabuqe |

¢t Indead of mnsidmmj uniform  constand polential (Cas we
have dove in —free ¢ -quo-n?, we have 40 wnsider e vanation
ol potential inside e metallic erystal with -the pemiodiciy
of the \athice as chown in -Fn“ca.a')

M=

D @ ® L ) Burface potendial
® ©® ® @
© 0006 (\
® 0 @ O HI SRS

v

Nudei
f.-qm:-pmoa;c 4Ve ion coves fiq(2): one dimensional peviodic
inside Meallic cu‘stals potential v\ cn.dstal

5. The potertial ic minimum at -the posttive ion sies and
matimum beween, the o ions. s is down in, ~F1‘43_cz).

The one dimensional &hwdimau equation CO’"tspondrn,ﬁ s
this  can be writhen as,

o +2M (Cev(a)) & =0 —
a1’ e

e peviodic potential i) m
e latice conctant *a’as,

oy be defined bl.d means of

V(1) = V(iita) . —— @




Plock has shown Hhad dhe -one dimensional eolhion of
e sc’moquu equation @ is of #he fovm,,

debecd) = @y — @

" Wave veelpy k= 2R
=

> W= an we-20 . h _nw
=3 TT\ (oY) o ,T,p
= ov) V-:_E__ h-‘-’-—hl
=Tk ( 2 ¢: P)
whew, k= P
h

The physical aning of K ic dhat # vepresents -the momnlum
of elechonn Aivided bL‘ 170

Ug (1) 5 ie 4he Pﬂ"nodlC 'Pdiﬂ'Ha,\ “funetion

TIn Hee dimensiona)l form e above equation  ean e elplair;&l
as

Py = o] ®©

The above “wo cqucd:ions ® and @ axe known a4

Y Bloch functions” in one divnension and Hyree dimensions,
'resPcchelLa

A e
A=0 L=L
et S
19 % 4 65 . ... k\_

L=Na




Let us now ctonsider a Uneay cdhain of aloms of lmq—l-h L
in one dimensional eare with N no of aoms in -the dhain.
Cwhete N Vs evenw)-then,

Ukt = Up(trNa)| —®)

L Whete ' is the  ladbice distance
|

| e Bloch funclion by (0 = %1 1) hae e property,
Fy (1tNa) = eikc'ﬁ'\‘a). Og (1t Na)
[ :'—eiv'1~ﬁitﬂa‘ Ur_('l..) ("1'{’T°m @)

- okNa Blad ok

= FPK (LtNa) = F2 "Fucﬂk)} — @ (Hom®)

This is Tefevred <o as “Bloch tondition”

wam‘q —pmm‘r Medel-
Now ,+he com]?le-i_ coqjucac&e of quuahon @ can be w¥ﬂ+er\, as,

g v
y (e - "N L X Lg

Frovn eauations and @) , we '—find -t at

. | ya\
+y_ C1_+|da'). +£ﬁ ('1“”'\‘(1') — e_fK-lLlCl . EK qf'\br_cl’)'})zt Ci)

+ ¢ (ﬂl\\c{)-r}af (A NQ) = o) K ) —@®

vepresents Hhe p'robabi\i-h.d c\tnéi"d.d | OV of Hhe election .




; o tEN& -
hee, oi¥Na _y . & : "-Imda‘:' (0¥
: ikNa  -iraa
I, ENa =210 (o) € +e =1 (ox)
L= 287 N
o (o) SNKkNa =|
r—— - kNa =
2 nn C'.'MO« = l:) y £33 =
L C ety gt )
@ =sini
5

T, re. %5, ...

Wheve L 15 e lenc‘l‘n of the chain of atome
—Heve k-

kmniﬂ -—Pmmd Mode| -

Vv
N

Vo |

@@@H@D@@@

| V=0 V=0 =0 J
\L(—-—a —— X
+ve Nuweled

Qﬂﬂ&fm-l ~ V=0

Rcﬂioﬂ - - V=v,

B T ————

T N

e T e ———— e L e i Tt
| g —— i E———————

@



4 Thic model illushiate behaviour of an eectron i ’PCTI'O::UC
potenatial

9. The potential consiste of infinite vow of Tedcmcaula"(
potential wells  sepeyated bcd bawvieY width b with apace
'pm'odici-hd ta’ |

2. In-this model it is ascumed -that P-€ (v=0) ¢f elecon
ie zeva of positive lon in e lattice and mmu‘mum‘
(v=V5) between —Hpo ions. ‘

& The e.chmndmadv Wave equation for egion N e

d*rh_‘_lme 4)‘:_0 ES—— (v=0)
d1*> 123

Recalon‘liis

d“’l 2YV\

._.-—-—-+ _— —Vp = =
I W (EVo)t22050  (v=vp)

5 Heve is aceumed Hthat &nﬁﬁlﬂ E ofhe e\ectvon e
amalley than Vp. |

becomee 47,

£, EcV, (oY) Vo>t . 20 dqdud:h‘on@

—200 (Vo-€E)eb=0 — ®

d.—L'J.- h‘l
Let 2me i
-h:)-
Q—MCE_VOj _p* } . @
.h?.

whete &,p ave constants.

@)




Now substitde equation @ in equation @ and ®
d'y(l’l -f'ds.?"'Fl =0 ____)©
d1> '
Atl’:_
dai?

—p "“‘2 =0 ""’@

Prccowrdinﬂ Yo Bloch theoremy colidion of cquation €) and @) is
“+ty (1) =V (1) PEE o @ whete vy cq) =Up (14 a)

salvmﬂ equation B ,0 and @ apphtmq bound amy COndrhons
and on  simplification we cief

MVpba _einda
. aa

+ 0sdQa « Cos Ka

p. sinda
Aa

+ wsda = (05ka — R C pcm\ioba')
W

Thic °y io called  scattering  power of e pvh&rvhal ba’“‘“ |

Vop 15 called Bavvies shiength. 5
Pélﬂd\ﬂ . -"". N !
( : rmsm’j_

a

towed Bands




The equa\ion has solution onh_d when

P__,o ‘then co0s da =05 La
da =Ka

A =L
oLryzK." H@

p—0 +henn sinda =0
Aa = Inmy

LNy @ (Hom@)

l.'.o': qu'-: NN = 2mE
a* w*
). >
- £ = mh — @
2ma”
h i VS

This cquorh‘on Tepresends Emnw E s depe_ndc& of ¢/
Enevqy (8) as funchion ofp

/NE

\

\

Allowed Enexqy bands
\

?;0 \ _ p;a()
Fiq: Allowed and Forbidden Eneqy panges as-fundio
12)




|
- Condlusion -

1. The enevqy  spectium Consists of number of allowed and
ena% bands  seperated by -borbidden bands

2. The width of allowed enerqy band Tncreases with
inmecu»imi enerqy (t) values .

3. b\lﬂ‘n Incieasing P e width of allowed enerqy band

nawow and -the energy spechium is a line spectium, |

E-K cuye -

L Fie possible -to plot a curve s\rwwim:d

a -function of £, which iz shown .
9. THis cleay -from +he —Ficau-re 'Hﬂcr} the ene

the enerc“ E as

is corﬂinuou,s,hd inuemin% fiorn k=0 4p W
a

z. The vight-hand side of e equation.  becomes 11 o

fov values of K.:I‘%‘ and hencee discmhnuﬂ,ﬂ appears
in the €-k cawrapln at p- tnK

=2

4 From —Hhe cam{;h, it can be geen gt e energ
spechumy  of eledvony is con.sigtima
and ~fotbidden 'recaione,

allowed 'cha ons

decteares . Fov p o oo e allowed enevqy Teqion become

|
\

194 of electvon j




6. The allowed veqion o1 Zone ettended from

: | I L : ' Fotbidd en
| . F
h_”l '''''' B3 = A £ T ""'—"'*'__._f—'—
l ( T I &l\e
l 1 ‘ l./"// s
5_ l X, ‘," s
—31) - -n o n 2N N
o > a = a "o -y
K—

N 4o+
a a

¢. This is tnown as -fitst erillowin Zone.

3

Ater a dfsmﬂ-‘inuﬂﬂ in enafcﬁ » ealed fotbidden qap,

+he another  allowed Teqion oY zone ettended ~from

and N +4p 211

a

cortinued .

o

R
a a

This is known ae second  Bvillowin Zone

Inthe same Lo(ud -f—u'ﬂ'hﬂ gllowin, Zones will be




Efective Mass = (m¥)-

V | -
m'\? wl a

Ve'\oc'rkd V' can be tonsideved as a wave aceel ‘
with a qroup ve\oci—luj Vg P ]

Then y - v - dw
E CJ-‘-______ ___)G)
dr

.! 2. Wheve, w is 4he w

| ay -frequen

e B ;:“J uency and £ is -fhe
| AN

A
Then, E= hw

| {Di'ffff‘if-ﬂjficrﬁﬂ.ﬂ w.rt .

A€ 4 dw
dx

Aax

e
Ak Y9

| L dE | dw
| T aE A

4. When an  election M a. pexipd;
, c

Thfﬁ means
'H’)Cd MNass (g
a ~funch
tlectron and is termed ax eHe‘;!‘On ot veloc
election (¥ W5 Toaag of

foy

|
_é—-_——_-——u-—*-'—‘



2. The accelevation of elechvon can be taren as vate
of CM)MIE ef ve\od‘h.d.

a = C\vca ____’@

—_—

a¥
subs‘;i—h,&ima the value of vﬂ in “a we 1&

t-d (L 4.4 1 de ¢
&L h de H| h dr de

az | C\‘;E'-dk‘
wap & ¢

But e momentum of elechon ,p = e

Differentiaing  dp _ h.de  (ainc d
— = ".a% | C__E =F
[ a4 H )
av _
4 h

substitute dE

pur

Walwe in equation @

d-;‘ e X -—f__

T 42w

L 128

Fe .
e ) Q
dg>

bt porce = effective mase of eledvon Cr¥) X acceleyatio
L .
- d.',E

dr*

B

Thic shows that e d’FeaHve mass of electvon, ia a
Junction of K.

e e

—

e
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1. Hfective mass as a fundion, of L is dvawn . ﬁSauds
Hhat m*, i posttive at Hhe boHom oF Hhe m“‘ﬂ‘i band
and chchve al -the op of the band. And # tends

10 Z¢v0 ae %1 appvoaches +p zevp .

-the band.




Band WD’ﬂd of solids -

classification of eplide intp Metale, gemi ondudors and
TInaulators -

Baced on-the value of 4he #Neiqy  qap Cband 49> we can,
cla;,ei-ﬁd dhe golids into -thee -JHP“;
() Metals (condudors)
(). Servi Conductprs &
i) - Insulatove .

1. Metals (conductore) -

In mdals like copper o1 silyey

~+here s no fofbidden eneigy gap
betweeny the VB and the ¢p .

These wwo band s oww’lap as hown

Ly

(g

o VAT 0.,
DX N

YITAVL
OO X
{ QX A’A’A’:‘? J’ \

in —Fu'(d‘(a).—Hanca, the free elechons X) "’-_“
'Wea'(,u'-te de lese WTCH -Fm \f“’b
4heis  movement _
J
2. Tnesuladore (prelectrice) - Figa)
Matenals Llice calass, qubbey +h al
AN

do not conduct dechd“h-l ast ‘e

called “insulators’, The fovbidden

: ] v will =5.4¢
eneiqy qap Hov inculator wi m)v
be quite wide. (5 ev or mone) Moe
gt s m g0 A

2 %( k)




2. Semicondudprs -

Inthe caxe of a gemitonduckoy
Lice €e ovel the energy band 99p
(Ecd) ic not wide. F is aqurte nanow,
of the ovdey of lev.

Fov  gevmanium E.gd: 0-32 ¢V . silicon (semi conduttoy)

) Fiaceo) .
Foy silicon Zh 12 ey 'qCe

Even ab 1oovn temp, the heal tnevqy will be quite aujficiend
4o vaise the cledhons from Ve 4o g -Hence, semicondudpys
will ondud eledyic wned even at voovn -L-e.mPe'mhnes.




