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M mo 
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Let u cengider he alast vibratiens of a crystal with one ale- 
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Un oas waNe a uneti on R 2 olotie tonant. when 

OM elosic wowe gooteo oongeube edae (CiooT), faee dkagoral 

CCIo) amd body diaana (TiI w eure pane of ams 

wove in phaoe wih displaeemersiv IALdirzelaen, of K. 

he groblem beeOmes L0 we an deftne dsplaremen of s-plane 

rom s quii biu pes}io o s4 r eve k #ere uiD be 

V 
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d 

C foree, 
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CI- cos ka)= fginKa w= t/4e sinke 
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Linear oekain. , we kwew ot bouund ayP 1 BiUsun 2one 

akt,a at cokih skepe of C0Vs. k 
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V cog Ka 

infk tion pant C dange of disilion of cuvalure) 



Enerqy oootie wawe 9uantised 
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K qanlum of nergy kneD am 

phenb Phonon wowe rLais m 

erystal at Speed Soumd. 
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If E = dantic unen = C then =+ sn K= sin 
C 
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ho frue for a 
hemoqenesuo ne which Ke alio nalure 

of inar chain kao no impor kanee. 

High-freg uene, short. wawelenpthLimit 

fsem d persion e lation + s Ka and p = 
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2 mK. tORXe Joot gp Pkaae valoity dunetion funeAien 

KO 
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i fraauney maxima wz / 

A=2a 
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att rapre3ento e veloibofwae, nersy angmi sSi on is 

eo regr 23evo a standing, wowne. 

uio similar 10der rageTelleton at nomal 
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w 2 
2 dain c hà beeniy 

2d a Moseoves, 
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Chen Braga 
cendition satisfia, a rawelling 
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sets upa 

wane aun o 

Cohen eraaa 
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ieraclien 
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AYa 
snCy+)Ka o 

in Cr-Dka aCr+ P) 
aC-P) 
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Lek w oneider k elaotie vibralions of a dialomic crygerd 

(uro ams per prinitive basis), e.g. Nacl, kBr, Diamond aVo, fa 

oic e alemic aramgemenlo are skeuon above. For ideal arange- 
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ment, foree Cemtant c Sane. Let we en w P= wen the 
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neighbeurS So Tat te repaat dtanee 20 lastie unye 

diagenal (CIUI) i'n NaC cube edge (TiooT pTpagae aler9 be 

inCs CLco that sngke plane of vibsatio tentoins enl ene ype 
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he eualLon ef mollen m, dus= e us+tUs2us) 
) 

m2ds+lcus+2k s- 2UstI) 
dt 
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w CueKa -2c 

c- M,) u -2e Ceska =0 2_L O 

CE mz w) - 2c ces ka = o. Jh pair of hemegeneeuw 

uaiens w kaue a sotiem provided at dderwiratt f 
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dsper ion atiem 1D nea 
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w 4 sin ka 
Si 

o for a givem K, only eme oite 
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poible. Heve, inafnd, for eaeh polari zation mede in o 9ien mode in a gven 

rpagation dieetiem, disperion Telation develogs 2 pranekes, develngs 2 branekes, 

Kuoon 00 e "acouuttal CLogikauliro (LA) 4 Eangvese (TA)) Ond 

opical Lovgikud?ral cLo) A framveme (TO) modas) branches. wi 

p alm n frmitive cell, 3p branehes the dicparsicn Telattom 

here ae acous~il braneh (1 LA, 2TA) amd 3p-3 optical 

braneha3 C1 LO, 2 To fr Germanium/kBr 
wlt otal 6 bsanchey lo 

dspersiem 
relatiem ou p=2). 

Avakycis of diffrant braneh of e dispeosien elation cuve 
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C -c ( )-s ka Aueoicol baneh = 
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eC+m+ e n) in ka | Oticl braneh 

w,2 

Optical braveh ): im ginka > o So at 
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= eCt + Cmt m 
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So at = eht h)- c 
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frr im sin ka = e 
K a 2C 
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tal) 
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Figure beide. displans h dipersiom orbidden frequuney banda 

velatien alna.with he uro 
N 2 

aueneybranehes, We ne IAe 

folleuw deung uotal) 
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( The eneyange of aasen 

n o ranehe 2a 

a.ceusic ranel (Lower) opical oranh u CPper). 

We Tecall Ih equation of mtion O 

(aC m, w )u - 2c Cos Ka v= O, (2C- m,o ) - 2e Cos kau = 0 

m os ka >1, So (2C-m t0)u - 2cy 0 
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(2C- M2 ) - 2eu = o. 

Mu = 2e(v - u) 

mu 2eCu- *) 
2 Ma So e 
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m2 V- u)/m 

(u-9)/m2 
hui mtams hat e iro am 

m 

move in ogposikz direetiors Kir ampliludes 

Qxe inveYsely proporleralL o their ma»se 

does nst moye. Foo equal masseg8 o oy mone in opposik direatiov

2 , u>v, 

o that e Center af mas of the wt ell 

A unaqnal mame 

fos m s ka = 1- a md hen 2qualtion of motien D % 
Fos kao 



(3C- M) u - 'acC1-Ka)v = 0, - M2)*-2eC1-Ea ) u= o 
. 

-M u = ae C- E a - 2cu 

M _*= =eCt- kau -2e. Adding omd substautane 

2 Ra Cas obtainad eaierwe get 
Mtm2 

0 m,ur m,v) = #ka (ut v) c 

(mut (mut mv) = KaCut) 

amut 2m Mtm)Cut ) mutm, = m,v+m, 

(m-)u+ m-m)* ti. (hit sigif2 tat C6 

n th acousita raneh en A 
mans e are diferent hen also wo 
alens move in Same direution uit 

ual awplinde . Beeause of the, e 

Center of mas uove jut ke psebure wane Csound). Mono amic 

cyskal subjeeted k feree make, t alsms moe in Same dire- 

by t vibrations of ta aceotacal Jrardh. en ta ter kand, 

wovemeni f neigkbeurine alems tan Jae ahiwed uivg a light seuxe 

at due s eM raure wil viati ä optia pranek. Henee x 

names ase justifird. Diamond hep lattice ex/ibit optcal oraneh. 

As dgasn in d&spersion Cuove, at coawe ke solutions do nat 
existor wg so re i a fbidd en frequen band 

Jer unèqual man alems C m for aohich frequeneiso Cannet 

Fpogak, As ie atomc mam ao e arges >), A rdes ka 

foridden fraquerey band betwten aesuokical & pual branek. al 
r vaeaaeaewio qual mam olems m= ma), t band vauishes. me 

1B lein one witki waueveelor 
2a 2a 



Smallayt poibla waweleneth of Bis zone 4 tmespondig s 

e lasge wawevecor K = e one boundany. 
wore, th opical and flutieongocuslical ranh goo daxonord 

As m incami 

At 2-3 , pkical brand me paralll t K-ax lat) 4 aesubol 

branh disapaas. As m, daes sanes opical braneh moveo wpwnd (ateuo 

- Calo bsane una-fetad). A ma0, otial braneh disagp avs 0 

wenootome Jattice virotiom. wi utiice tontav 20.

Fox alll waie vidtor k, ownplitude vaviatuov for 

looh braneheg shaon bazide. Fo k= we knod 

2C 

So inopical Joranehv. 1=o mans all e 
K 

healier atems m,ae at Tegt while in aesuslicol 

braneh m ns all t ghter aLems m, are at rst. 

o on+ oue of ke sublaEtices, Jighter alems of ofical brard 

heawier aloms n cacoustia ssane oselUates at e Bz 

boundary. h both represet standia waure w T pkaae 

defferenee both ti sdbatuess wioTak fo k < a 

Phonons 9uavL sed Xoltiee vibrationa 

Aceordia ko quanCum mechanis, ener9y oam edaauc waw uae 

amgular ftauan fvibraaow with mode o 

9uanlum number n Cn+ +)h0 ox e 

he es point enesqy o 
exetad'o a 
mode ocpizd wiK n phenoms . 

K mode tw. Duu o 2quuvaleme of photoms ((EM ware quant) 
mode 

Owd phonons ( Satic coave qyavdia) fo harmanic osclato, enersy 

h, and 

osilato 

ophonon quantised 
wih ach phonew haig nergy ho, and 

veo d of pagation of Seund, Vibration speetrun of phenen 



lo-1o Ha, uit LooaY eguaney side in Ae aegu tie 

agienv Csound wawes in ary stal Lattiee) omd igka sde in e 

infra-Ted 7ien C siwifar hermaly xelted pholony in blackbody 

Tadiation). ike hoions, phonm are spim - 2em uae saistymg -

Bose-einetein stakisties findistiryguisable) 
e 

Despi wo dhet evidznee of qnanti taüor of phwnons, 

folloo ing XpeTimental interenes prediet e eristene 

(a)Lait hat apadl 2e at e eo kmperalure t 

ohich can xpkained ony Aatttas virationsquavüzes guaulied 

) Me eanee ef wemenum/engy duivg inelastu sutTerivg 

o -a o-vou or neutom beam en erystal assoctated wfth 

qain/Less of pherens, 

phenon ampikude 1o mputi a quantited mam squave 

phenon ampAilude, wnider the Standing wane mad 

wtere w dispkaeement of a volume 

lenent rem 2quilibrium position a in s crystal, tim- 

awesagad n E = (n+ ) thw (n+)t+mthu) = 

EKE EPE KE dengi with mam deni s 
Total KE of ytal at volume V=Pvwusin ut 

u=4(nt 4) 
KE 

4Cn+2)h 
Vw 

waweveta k duu o its 
phoven memenlum A phenon of 

waweveetoa k du o is 

Paskiche nature ao wll inkeraeks/collides itk phelens, neutron 

eletrms as had a memelum hk. memenlum 



called.crystal memerlum, while a phenen en a Jallite Tal 

kao no memenlum , in t physical sense. h baeauoe a phmen 

CoYdena (exeapk fo K= o) iwowe Telative alomic trodivat.es, 

en H2 moleele, iternuelar vibatiora toodirats -7 

do a'E Cawyinar memenum, wkil Ae CM wndirati + 

CoYies inar omenlum although tio tme3pemdoo K= 0. 

NoPmal Preem Arom fesmi's gelden rule we knew Sost in 

erystals re waweveetor Saltien rule for allrwed fiansilie 

lecttw een quanlum states. ragn'saw define the elaotic scatfeina 

ofa -ra pheev by a cryetal with wawMveutn seledien nule 

k = wawe veetoT of Salered phelen 
avety of ineident pholn 

= Tkigocalattice veetor. 

In his proez fa enyta TLeoils wnt a memenlum h witheut 

Janging he wawelungt of R inident ghetiv ie. IRí= kRI 

hi called a Normal proeen CN- procas) where e phenm t 

eseated or aosooed. 

Umklar Proees: In N-procen 
otalwaveveetorfiteraeking 

wawes Conserved, o crystel memerlum eved wkih 

momenum moduso he reiprocal lalliee vee. Noie tat 

thi not strictl due o Noethers thuremn at deals uits 

C8mgeTVatuen of wemenlwm du o ianslational iwaTiante of spaee. 

Crstal memernlum wnzervatien neul fom spaee Jouig- imwaiavt 

uwder ramsatten ofaluee centant a, 9iving memenlum

Cem&go ved modulo 27 

, 

In an d inekalle scater of a photw by a cyt�l, fequeve 

oftheueident pholew ehavqes 4 a new phetm emited alovguith 

phene waweveetdr R, soXhat aeeodina o uaue veetro tmavalio- 



www (emssien) 

+X+ 3 absontien) Ew ecfon 
>ue proeenesn i wawelungt 

f t phsten dan94 called umklagp
pmeasCU-procas). The neray conerva R 

Absonpton 
yieLdo h +h hw (emissien) 

Phondv 

hw= tio +ti (absorptien). To nete, eMssion /abspuen 

o photov by scatteri of a phenen not pessibla, altbougk 

tuy kae mechaical similarily ui phelens waux-pas icke dualih 
photer 

aN quavta, idi stivgui sable pastde nalure obeying BE statistica). 

Due to sund wCwe nature of phannens, kaz're vny differet Kan EA 

nalured phelons. 

Ineasti Sattaig of pho by fhear 
A RLet w enider o fhetev wits wave wetor k 

R, amd anguda jaueney w 
eryckal uit froetie index m. he velody 

of the phelon them amd from V:va 

ineideuK en a 

we hume = Se k 

As t vetraeve index crstal oange duu to dange n 

emeerd ration of ts y alastie stain ftels ofh Sound 

wawes, th hte kerads wi phenen oget inelasiicalg sAt 

aPpose Ki magni ude of phenon wave vetor Ktenwpavable 6 ineidet 

phetv wawe vetor k amd Ke phenen veloeil ntant, Aon 

= A = 2 = = R 

wkle n i veloy in miium) >> 9 (vekocil f sound) 

k k) nk >> vk So 



Using tk în vnergy wnuyau onv 

Omd K = k. In t iso sSeele friarele OAB, we 

A KI = 2K ng =20 ing. Yo ane OA = o8 ond 

= R = 290 sind. h Ke usavenetm amp ular raquene 

on 1uuo/ 
of ei ttad phenew, at matohas e gperime 

Sogphire ent dirutad o a visible lor igt souree produuee 

phenons n tAe werd uoae Tag 

Therma ppies cf hoiey 

Next we diseuw on the haat copacily of a henen gao. on defmie 

a of TD we kae ad diseuuns es definitien f Mokaa 

Speifie heat at Lenutant volune Cy = amd at umata praure 

In soids, ineszaoe in nternal eneryy talas Plaee due Ae 

igoru vibraluos Cnan) fAee atm abet tir squiibrium 

postiens nd due oemal xikatiom of eleetrons igher 

enexgy gtates (metals sew tencduakors) 
Omd we kane knat tapai 

attice atron 
dUattiee+ ddat 
dT 

CQttiee t dtron dU gaise* JT 
Latice hat oga 

Catice 
oilo Joaic asupXiew eledwns ove gr egut, so alE 

main contribulion o spuifie hatdua o he excitations 

of thermal vibsatuons ef k Aatuee. Ai reem Lumpevaure, te 

heat capaciy 3R where R = NKe = # of alns insolid x 

Boiaman's tmutaut G cal/mole-k. As one agproa eheo lim 
TOK 

Ciattie sharp deesao.ko byfolaaig T- Jaus Cirsulados), T-lauounctols 
CLiee 



fo super condutor A dcesement o faotes. n magnati solids, 

aliee neraoe3 near Curie tmeeraure whon e magnele mrm 

are oyd ered 

Clasi ca They A rystal can ea umnderad an oa 3D harmanie 

oscilator wkene du to chong coheive enery aloms ae amaned 

in peiodic manney, frul vihra about squilibrium poition, hexnal 

enesgy inereaoes e viratimal energy (inderral energ9) L so ay 

Can a termed o N idspendent esdllatos uith 3 d.o.f. 3N 

1D harmo mc o8dlatosS. uts naura saauen So So at 

m otall nerg) 
2m 

tOARLe e enasgy 
disibtiom of e oscallators obuy Gitbs dismbde 

tKe aweape enes9y ef eask harmovic oscilator 
muaa 

2 pdi 
E=See eede 

e de 

- Pam 

2me 
m deda (C-P2m m 

P e Smae 
2m mw /2 d 

e 
ae dz = 

CemkT) m 4r 
2T(2mKeT) 

3 
mo /T(2kT 

m0o 

2m 
a 

e d= 

mo 

keT +KeT = keT 

&o oal virotienal anegy E = 3NE =F 3NKeT Aoat 3NKeT Aeat 

Capac C = (E)= 3 NKe 3R = 5-96 l/molek. o e 

T/ 
melar spael fie heat f all Solids tonakaut 2 independent o 

temperalure Jrqueny. hialled Dulr4 Petit's laud whih 

ails ot e lro twperalure iat. du to classial nalure (energ 

ramging conli nuGuly fom o ) 



Seeane Tmova in Einglein's Thay 

In 1511 uing Panc's quanlum on by veplacing clasial b 
harmoie osillators uh quankum hatmonie esilators, so at 

disevel nergy valunes ave easible, vsokuns e Loo Eunperalure 

diserapane of Dulong- Patiks lard e oaIU asspXiens wen 

)alems aTe landical indapondert qnanlumm hapmoic oscilutox 

with disevot ne8y lnels En= M+ )hw,, n: 0,2,3 puanlum 

mumbers . There ae 3N qan um eclatos. 

T aloic osclotors are distingui shable 2 obuy Gibbs diibuln. 

in nees, al alems virai in identical 2wsonmens haue 

tt Sane naliural f 5&ne 
So aeroRe anergy of an esdatr & = 

KeT 
exp-(nt hu 

+)exp[n+)1

+e 2 Tnt)z 

Hv x 
th ho, (e+ e"+ e"+..-) 

- tho n[e i+ e+ e 
d +nCI+ e+ e 

Nok at at T= ok, 6 = t0, so 

+ 

eaeh alem posesses 
vibraonal enem 

at hn't zevo but contibilien Cy 

e, Atao a funeLion of w 

e 

Tero poiut 

en 

and . %o e engh (teal iderral) f cnyekel s 



E = 3NE = Nn + 
2 

3N h So dt kat capeals 
eho 

kT e 
2 

tohre wre h earacterist Einetein wperause. 1he 

JVeney of th oic o8dUator tarespodivg lo #a Einatein 

Kperallure &e kucion o &intein fraueny ke 

pTedictions ad cowpaisov tuitA experimental resultie 

High tupe3aure Lemt ke T> hu,) CT> PE) 

At Large auperaure E = h, + hu, t 
keT 

hco+ keT kT which agrus uith t classicak picure 
2- 2 

3R() 3R() 3R(9)T1 

3R whidh i tie Dulmg- fetits a 

)Loo Lemperaluse init (keT < T<<&) 

At lnetperalu e & = tu,+ L eT 
e 

So tR ueraqe virati onal ne 

deer sases xponelially with daArLairg mperabure. 

A phot of Cy Vs Cy= 36 () e () 
e 

r Diamond at 1320K experimential egulli aner a 

wide anpe ofkemperaluse except at vey-lao quid Helium 

tunperalue whse Cy e 

Experimatally, Ertein Koperalure Can b easily meaourecd uing 

3 
breaky deusm and plros CyT. 

Cf meno alemu bais uw,= by substiutirg- tKe sSastie 



Lemstandt. tov mt mtols, Ook &e 2oo K. 
Di seepone Temoval in Debye's the 

In 1912, Debye moticed te faetual over simplifidie in Eintoik 

Xru 0f Ke independenee of quarlium oscillatos. he basie kau 

was tat e vimationall motten of Ke erystal was tallen k ke 

Sane ao halural vibrotional frque-of a cinels alam . Debye 

preposed at ke ytals Can propagala omr huene Sound 

was 

cweo) high fiequene intrared absorpto) eJailu wawe hawtvg, a 

number of modas of vibratiow. he number of viraueramodes 

per uwut r ueMay range called i denilf modes D(») 

tRot ue deterne hext 

In 1D we kaua a Cenmuous sTarTn of lungt L at 

nd» xed, Ken h SeLitien of wue egvauen u= u 

Coyespods o a standing wame u,t) = A sin(") os 2t. 

&oby tutina, thi oack, e Se 

L 2 

whure ans Kt shquane of 

stia kae itegral mulipl f While n= = 2, 
stri 
hawe dun = dY = D(?) d7. hn K number of viratienal 

hane 
wodes. In 3D, h wawe qualion at 

Conespond afined- faee cube of se L. stavding, toawe 

soutiens aTe u7,t) = A sin () sn("»9)sin ( ") us 2m 

with nay, Mal, Subtiting baek we konee 

+ ny+ ny 4R 2 

To deter mine K pe-ssi bke mddoy f viratien DO)dv e tsidek 

ahekwole of pang whoest eedinat2 e ("y ne). hu vadiuy 

we lmideo 



vee R.fm omgin a pt 
&o R= dR = d. As eah poYt oceupies on am 

aweage a w vouvme in tnteger space, se Ke muwnber o 

prul in he spherical shell btween R R+dR Agual Ao d 

vouwe of one octant f a spherntal shell 

Se Volume ef oue octant of spherical shell = 4RR JR 

DC7) dY 
Sb sttueng R 2 dk, e oltain 

4L d= 4xL 4TV d 

ohe ra are one longilu dinal wawe o Kansveue 

waws Chawing kieo L drietion of polarisation) n an clasti solid, 

we kame heotal wmber of virational modes a 

DD d 4TV ( )vav 
Debye Arproximateen 
Dabye assumed tut Ki cystal can rgardec an a continuum 

coaekengh of elati wae arge empared 

interatiie spaciug. Aso wkile te Lotal umber of viatiod 

ymode are imid lo 3N, so Kr2 an upper eutspf 

JTae Yo (Dabye fraquena) ef elaoki wawe. hetre 

S dY = 3N vt)7 d7 = aN 

m u net a god afpoximauon 9N 1 
4RV 

3 

o2eauataking v 1o m/s 4 = m, lo 

at rsp onda wanelangth n tA = nteralo ie Spacme, So te 

Vaid f continuum tAusn deubtakle. Also lv met 

aluwcuys tndpendent of wamlug. 

t 



NagLii ke zenm poit energy at doesnt ontnbuls Cy, e 

Kneo hat ti awerage viralional ener of aw oscilat wits 

daueneyat T Kwouon rom PXanek'k Kun 

h We ca assocalaith 2ach viratioral 

mode a quanlum osci la so tut e 

virational nesgy f e erystal E = "E DCO) dv 

d 4 RhV ( )) ekT 
h 

9Nh (KeT T , hVp. 

ke T 
9Nh r"o 

, 
dr 

= 

o/T 
Am o/T 

9( T = 9N KT 
e- 

O 

So Ke specific hcaut ep e, - 2 () 
) 9N 2 

T/v 

ohere Fp called Debye fwnuti on = 3( 

and = D the Deabye mperaluse. 

Predi ctiovns and cempoisen w expeTimertal esukts 

H'gh timparature Linae CkTh) (T>> ): 

At igh kmperaine E- 1+X-1 = So al 

/T a dr = 3NKT 
= 3RT So at Ke 

E= 9 NBT( 

Spefic heat C, =E= 3R CDleng- Petits lauo). So A 

T 

uanlum tarvnai derati'ons are insigifcant at hig kaongeralako. 

Low tmperatine linit (KeT T<< hY)CT<<&) 



while >> T m o0. So oct maan vibrauemal ern 

9RT ( R ad 9AT (- S he 
e 

noticeabl aiwilarii T Stetan s lauo in Bkacdbody 

radiotd on of photms) ohidh ondy ru fer ghenens at smal 

amperaureo onl4 Nno t heat capatil buomas 

= 1 ( Soy dT CDukye- Tkau) 

amd holda for 0.1&. fo 9eva wit = 225k 

Dabye modal memaykalbly mateke ith Rxperiment. u Debye 

wodeyieldn o orger speeifte heat umpard eintein's mede 

0U0 Debye model toniders t Louw frequene modes ohich at Ls 

omperature Aawe kigker vibational energm (a mare Cv). At vo 

seperalune, ey rativaly insentie e vaviatiens f 

te densi of wodes . 

Limitations of te Debye Modol 

1. beeauoe ts acodinuum model valid fr eng- wweleng t 
Low freq uenies ovly n he Solid, , t negkes3 the dispTsien of 

wcW e&. 

2. whR soid Krated om elasti wntinuum, t Can kuve inftrilz 
umber of frequennies buk Debyes hu reshncks o 3N modes, 

.p asumed qualr n amd V wkih vy wlikely. 

4 At <0-1& fa Thum brealus doLw not ondy at = h 

Varies urto lo. ith Lemperaure. 

5. Deye thura % inaplicable not.ideitical alms cyetalk, eg 

NaCl, s el eli 
6. Debye thuoy mpletely negleeto interalomie iteraciow 2 elutvonie 

ntri button o heat tapaci ta, 
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Frz Elestrov TheontfMekals) 

eonduetion 
Eeleetvrons -eto- 

7-ect E Valenee elortrons 

-eta) 
Nuele 

-ecta) Cose Eleetron 

ela Ctightl boundJ�

te nuekug 
Mueous +Co50 ion 

The wwdarn heory of soids imtiatid in wrean a cenlury 
he 

ba, e3 pe2ei ally metals due hur siing prpeslie, aa ed 
Condue or hat elericl ma laable f dutila, lueralive 

tne shap melting poin. Agrîaulture 2 weapenr 9t renovaled 

oax numans sage Cerpes CB000 pe) Bronae C3000 Be), iven (1200 B). 

Affes Xa pmpostiow of Kinetic Theory of Gaoe by Luduig. Bolizmann 

by JJ Thomion in 1896 

in 1872 and h discovery of eledrensCeorp uscle of ehage), t ua 

a vatural question ale wh elaetrens are immobile in Some 

mate ials but ves mwweh mobile n eher, aäugk RNey mdeial 

hawe eleetrons. Gsaphii a condueler, but Diamend n izuwatoy 

although boh are mado of Cavoow. In 1900 Poul Drude applis 
altheug 

t Kineie Theo elaulro mdertand metallie conduelion. 

Drude-Lorantr e ( Gellkum Model) 

Tn t elassica fru aluton Kasy kineti Keon of neutral 

dilut ga apiid o Å denge metallie eleero gas t 

Cortoun aksumptiens a) ndepandet eleetron Approximation, whese 

LoRisiena oto2en different eletrons nagetad, (b) Free eletron 

Apgroximati ow, whese elaetror- iow iteraetiom aso neq leled, 

(e Ralaxaion time Approximoii av, eaerons nder xternal fteld move 

in roaAt ineopi New ws Aau, hounng Max w lllan Speed 



distibution, elaalii eollissions wth a Telaxation timeTuheie ongin 
unkneww, u Scatteiv probabili in time. interva d dt 

owd 0ftn tllission, the momentum of elain rase t~antanecu

1o jugtiy e assunpuns t noti hat fupital rumbe danal 

tonduwtion eleetrems 0/Cun Th atomic ditanea is measused 
2 

n ms 6okr yadeus CHydoçen alm ground stal) = , = 
me2 

O.529 X1D Cm 0.523 A. TfT, = ( radius of a sphere whese 

volume v 24 ual G e veluume per longuetion eler, ev pialy 

metals 20 ss Ca In t elanial pîeluse atsoem Junperaune 

mv KT 

E 

- 1os, from t 2auipasittn wrom 
2 

we ume awerage aleetrouie spled V l0 em sSo #at a aw&Tage 

detanee iawersed by eleetyew bew een eolli ssioms =T» 1-1oÅÅ 

a is jusuies awptüor butr in ih qunlum picue at #oo 

emRer oCiusetn o-LO's and ,# CT) So at tA mean ru pait, -13 -14. 

3 

ot Ao aperalus lo- o-10' A1 m whih roughl4 ha size of Aa 

Souwnple. So anptiw n't juytiffud! 

The ayalion of wo of i elei oundm e 

tewporal Kitory fw wemanum Seadtderivg 2ed Lomekan 

<Pct+ dE)> 
aceelexatiow hemal awercoed 

womenlwm at 

t+d 

probabi of 
no eoissiow due to d -

d 

pwbabili of tllission 

mv= -e C£ + vxB) 
dt Lorantt Joree 

De Eleetric Cevnduetivil: for this pupose, Ltu supposeat ue 
At steady slalr 

etE =AE cohere u 
houe E#0, é = o so tat my = - eB -

v=0 yields rifk vele Vm 

the mobily Tf n K number dansil f eledron iav Ki 



eyaetrical cunst nmev =- ne (- eé) = ne TE 
cohidh tK ehm's aw untd de elui cal eendutivi C nec 

(e yert 
mAm ne 

Tn metals w cantant, u deeruan with auwp eature, so a C. 

In Seuitonsueis, n eponentiall înereoo0s wi Tmpesare, o iwsa 1uesRAen. 

insulale, W tema u inerRasa xponenialy dielrie b0talldein 

Thesmal yomspos?opeal Awn founess Jaw of heat emduetion,

h eat eufet deni Ja = kVT whure amal Cmduntiv k 

Cy = Ko hut eapacily perpar~ide fr 

a wenoaleme 2, Poexape 
thermal veloc a = T tA k= nCy4>a 

ScalLenvg Xeneth. In Metols, Wiedemann- Fron law tab ba 

qced wndue for of eleetncil re also gcod nduator of heat 

ond hs Tao Lozent number L = (ke)~i1 X LO Watt.2/k 
T 

8 

ha 2xpevimental value wad -22 1Dudatt /Ktiies at f 

Drude's heny. he falae f t Kemy stikivg. coT2ene of 

WF lauo os in te faet at Cy # Ke ba Cy mestly terdibut 

by e vibotional (Debye) sp fie huat Cpheuons) amd linas T deperdee 

a o eunparaluse imed of eletroie sp2riffe hat. In Drude's 

eor C wa o Javgetvelociysway oo Small at-at 

Caneels eut in a ratio ef L. 

Hallefut Houl 

eduin Hall n 879 dis tovTe 

magnte ffeld 

oge 

rat o uwntorm 

B2applied in 2-dirzetion notnal 

a dlireetion of e steap eunenb b Aickness 

fke siab 
O in a vuetangular skab, thenv 



a aMaverse eelric potenti a differenee dewelops in hi ydkitan 
Sueh ao 

Vy ,8, b , 
dB Hall coetfiu' eut 

J'u he magnet fas Ke leebom ovign a -2 diual 

xpiMees a Lreda foee fy = 

wwwtosm drift veloi 

- ev, Bz whure 

COAk a eetvonk aTe defleekad in 

dnee iow amd a deposited near tK Sutaee of tke slab, a 

Hall 
petetial dfferae iv y dietion devakeped unil a Hall 

etne fild Ey sigs futher deflaekiew of alestrens. 

evy - 2V,B2 . Equating we lam 

b yz -eEy 
Vy e = evy 

Vy 
S e eument dena = -ev = -ne 

V e8b tokere e nej 

We csuld've obtained i Saume Rpreien m squation of 

wetiow t eadhy slala d - -eCE+ Tx�) -

dt 

e-e+ X + M 
net C P- v, nev 

M 
x B) + 
ne nec 

uy-Jyr= 
= Hall resiERLG 

ne het ne E net 
amd RH ne 

magnelovesistanee ne net he 

OmeT 

Cohe RH n Omd RH - e, Kerefre meas u7ement oP 

Hall Coafffent furishes imporÉant eharaetsiske of a 

dali of cen.dkue i enu eleutrens, ian of condue l 

ckarge carri er. Fo mono valet alemg, R <0 means Valren3 aTe 
CLi, Na k) 



CasyieYS 

be xpkained by th Drude's elasial pieuse. Neveathles Ae tall 
Casrieys. Houdeuer for ceTtaiw divaaut atom, R0 which annot 

Ce Ma) 

Probe P experiment on metals can sueeefully meaura K fdeil of 
experiment 

he fdanil f 

eleettns or viceversa or a t ven eme can detesmane he shergth 

well 

of magnetie ffls Hall sensr). Doudd's he udes wel 

whese n leud so at RHVy ete are Jarge (sueh ao semitondueten) Jorge sueh o semi tonduetos) | 

# Rad abeut AAe eleethical torudue ivilq (uo) ne/m and 

pLana esct K\iios pXawvnens) m o gavdard bcek 

Souumerf2Rds Frae eeetren Ther f Metals 

spit ke sueeess of Drude- Loren2 elasi col ekeetron roral 

upo 
TRaSonable sueeeB pkained NF Lao, diffieulbis wre 

upto 
WF ao, 

wTe 

eelroe 
Lohy Dabye uory of Jattuis spaifie hal tat iguor2s eXaelrome 

spaejie heat aeurat.ly valid for metals ? Khent eapaily 

o wen-existat n metals for cohidh Soabee & Pabtier cocfcienly 

lem e eut to be rbnayofalrf 100. 

(Paxamaqnetsm o metals do not obay te Curie-Wiss kauo Curie-Wei ss kao 

C ) amd e maqne suaeapëibilila independent o 

re igqne, 
empuralure. 

But a qao o elaatsens, 2aeh of ohich are mp-manet, 

must xhäbik Jarge 

Hall efeet of Some 
devadent mekol positive, meaning #at Ke 

Cbe, Ma, Ca) 
earae carsiers ase posi tne. 

eletric Tesietivi kas a mperalure dapendenee =SoC-+T)

tat Cannetoe Rxplaned rm i cXauical eleelrorv go mselel. 

(e)Cextain metals CTin, Nereury), havig- pcos eleetrical eomduetivig 

yeeome supa 
endueor at ver Xeto kimper alure bul alkali 

neble metals CAa, Au, Pe) do net xhibit supertondueivi. 

mndel. 



uanuw froparas Pexmie 
In h indepnd ent -elastvrr arpmx imationv, we 7apr23 ert tnnemn 

O.. 

of N eVaebons a a voume V due o ien-eloeton atrouefiom. 

Ro at end, we kame reat eleetrons ov fermions and find 

eut he 1- eletov qyanm sakes fom time- independent 
Cenelew 

Serödkger aquaiens wi t borw - von kamanw boundan ns 

Ceiodie) to iet bulle emperts (ratker han sufare) ao wel 

plane rmçresive uawe Sotiems inakeod of standing 

we uill populati N- eleeton quanum etalb, ng Pali's excluir 

wane Thenw 

Tineiple. 

shdnae uaiew fr fru aleetror in 3D 

-+V = EP 
E 0. 

2m 

yT)= (+ L) = Ae 

Apps 
k 

wit e = 

oeundany Cend em 

=1 v k= A, Ky= Nny, 
e e L antitatiom coni kio 

K 2= ( yM itagers) we lawe 

L 

- K+ E = 0 

V -k So a 

2 (n+y t ). Eaeh set of (Ma ny,) 
2 m 2 

In 

a stationar lali of a eledron inside e mata. In 

K-Spaee, 
hawaver we need A5 caleulat he number f powi l 

rise l 

seates of intagerc ihin K&K+dK, eae of wkidh zive rise lz 

2 which one eletonic sals 

4TK dk 
DCK (2RA 

#of all eroed 
voumeof. spaee 

K+ 
contained 

dk ntin 

poin 
woume of k-sgae per feïvt 



dK mdE h = M Ede uwbling baek 
2m h2mE 

LD = 4TL 2mE E = L'e« () E"dE 

DE) = 2 (2m E dE. Siee electrons hawe spin ,so 

eah enerqy tali will ane 2-fold deqeneraut, so uvg Paulis Pouis 

Exelusiow pineipl, t tal number oslais pr uwt vouue a unitvone a 
Tok 

DCE) = x 2 (2M de 4 ()e de. 

A ofiite Tsmperaure for a sylun f termemg un 
unth ehewi cal 

fotendial , h rebabili #at am 
eltm oecupi a cale ui 

enesy E y 
term-DiTae 

distributiom 
funlten 

ven 

CE) = -/keT 

amd M=F 
KeT 

whese B= ON 

oCe-Ju) 

e +T 

hani al pster al. = E CFer Eneyy at T= 0). 

T:0 At T0, fte)=0 
EEp amd 

fe) = I E ZFp 
At T#0 fE)= 

E- FF. 

DE)N 
junction 

T#o 

T FF E 

EF 
At T=0, fcE) = = Ep-E) 

a Step-fuwetion, 
Wes Fer Step-funetion, 

Ep, all states are 

ees yo e, all stats are fledabove Ep, all stat es are 

eer Ep 

wp. At Anit funperalate at Er, ony halt of te gtates ave 

odius ke (ferw Ky 

ed. I» Ksgoee Ra sphese of radius ke ( ferw 

wae vedor) 
tetaunimg 

oecupied 
1-aledrom 

wit Fermu 

Perwet 
Staea 

ke 

Leves 
called he fermi Sphese wi ferm* 

tke w fevi Surfae 
nery Ep m 2m fe= hke 
F4TK 

fer 
mamenum fe = hkeE 



To Caleulat 6 

of the uantities in ems 
doni f eleb 

ofnurbe 

cwe ved thot 
o 

fCe) DCE) de = He) O CEp-E) de = 

E e. 
DCE) dE = w 4 (2 

( 3n 3 

2m8RJ 
Ti rue at T=o, but at finilk 

temperature CE) ) CE¢ -E) &in he wiuni f M= fp 
D CE 

in he heighbeusheod AE kgT, oue Can Tayka ezpand 

abeut E = obiak 
2 

DCE) de + CksT) D (u) + OCkaT) DCE) FCE) dE = 

yidd that gield = Ep - T DE)=E p-e (T). S0 
2F 

sift n duiad potankia oCT) 0.01% ot room tenperb 

h3n 3 Again at T:0, from E = KF we hae k, 
2m 

na3 

Ferm velo = ferw wawa veetov K(nn amd 

(n We an alo estimake ferm Tewwpavalura 

TF Ee 
3Ke 

V39 0ook 
(3h) fos nN1D C em E FsTp 2h 

6 Fo m 
Feoi wcwe veetro ke 63 A A So out IA 

Fexw velo uy e= 4 10 CunS 10 Cns. Feam 
50.1 CRudbegongta = eV [l-5-16Jev cnd Feaw Kimperelune 

s/a =13.6 eVV 
58 2 
2x1o K 10 K. Te sla,) 



AT T OK, i awerage anergy of iel eltor 

E= E DCE)OCEp-¬)de =4 EDCE) dE =L4n( Ede E = 

4 ( 2m"2e= 4R Fe Ee 

Avesog seed elaerow atT: Ok n d 

Nao W /) v. Tf all aleetonie velodly 
h 

, 
IAe differenkial 

mumker 

u=(3uav 

densikf states etweevn n 1 +d 

3 

A 

Sommeafald's ree elcetven heony de eletvical tonduekiviy 

TevfsitQd 
Ky 

In 1925 Pauli discovered Ar Axelusien 

meiple & in 1926 
fex-Dirae deived 

mverigt fL FD staistio. Sowmes e3feld ivuteporated 

ka Ais islo Drude's elassî c ekectron Kem. 

amd coreeted A 
overestimated 

hea 

Capaci per paaficke & under agtimal 

veloil of eletrrs, ohese cevmpersaline 

cralio aratio gaue 
Wiedemaun- fant somewhat ereek eskimali. Despili 

all ths, Druded's hut zvso ese astimali ef krantgesk pvpaatis 

(he. el astica conduitivia 
Hal cogcent), hs b suspniig, bu 

tro dueed by Somvnerfeld ange) A 

eone.ept of Ferwi Suvfaee 
into derd by Sovwwnerfeld Jana the 

motton oCondueten 
n metals. Fistkg k rkallrt tat t 

6.11X 1o m Kals amd for L 0.ol mM, k= = 628 m, E h 

8.41 I0 J &o he 1 elebon state 

2m 

t E- Cn+ my +2y 



quascovüua , D D="yEa, E =0, na= 1,MyE n2=O 

-33 
E 9.41X O J, n=l, ny=, 2 = 0, E = 3-42X LOJ 

When am ekzetric fld Sultehed on, movement of K Ferwm of ha Fermi 

Sujace giveo a dispkacement of te eertre ef Fer sphere. "Tus 

dispaeement 2quivalent o creation of elebvens on ene ide4 

pesi tive eharges orv te 6tker side. Shifts ferui sea hoo an aNLrae 

dift velo il du t electrte ffald. nee the kinetie 

energy ofF 

en ene eide4 

J 

her f t skiflzs Fevwi sphere highran 
e Cnerg) f 

2e average va kecily fer sphere, eweetrons will seatter baek uiih 

SCaltierivg me Lswer e ke 2 rine t Perwi-sea kak o is 

ongina pesitiow. 

feri-sea baek 

mettew f Aaeh eleethorv în feru susface under stzndy fiekd ocash, eleetvonv ae vekoil = k, #en he aquolior e 

h =et. &oin he absanee of any Tsistine fsee, te 

de 
Ferui Sufate wl move at a cengtavit rati in K- spaee, 

K 
tdk = 

in K- SPae, 

) 8K = et 
whese a 

fensBuu 

meam frepa of eleetrong or dstavnee betzween kro 

th tollissiew of elesron wih wpur ions, iwpafetiong & onony 

ill ereali a rtorivg vee. (uus eadt dala, J= ne 

iwpzseliong & ponon 

nehSk =neh eE ()= ea = o, oki Chms law.
vmVe 

us expression 
idatia Drude' fru eketon Aco, but i 

destroys e netiow of easica hemt #at alU fre eleatvon qve 

covluetion ekeetrena, vther in e Sowwedeld's they ond4 dew 

Qcetrons at lie in the viiui of Ae ferui susfoaee OLTL 

condueen ekeetrons, No all chovttovmivgs ae removed, eg. A=Vet 

100 A at voom Xemperalue bu iderievie spating 1-2A, So eohy. no 
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