
thnystationary states in a periodi Crystals are calbd Block States .

Properties

ofBlochstate.si) §:- ità das not commit with It' = -¥5! Uci) , except when then is agree electron .

I

a) Ye are not eigenfunctious off (not Piano Waves)
b) È des not have a definite value (p≠h-

a"" - ""en""

(CRYSTAL MOMENTUM)

NOT CONSERVED

Eri± kaj
-RECIPROCAL
VECTOR

<È 1 JECÈ)2) < f> = /NÉ È Ye dv⇒ a- = < > =

[ Je
= ¥ È. E(E) FÉE

2Ame#
Periodici boundary conditions

For a non-free electron we can only Know the
average velocity <È> .

That is similare to the group velocity of aware packet.
Wauepacket MI

> ogKotsk a
Quantum particle

✗ = | aèlkx-wtdk
E = hai

f-
KK

≈~ ⇔. ⇔÷A "

÷:÷÷÷
,

E.fatti) -
K 2m

Similarity

ÈÈ:
""'⇔

PARTICLE

Finite Crystal + translational symmetry ? Periodi boundary Conditions Known as Barn - Von Korman conditions muster applied.

③ |. . . . . _ . . - ↳

→a
✗

L ×" l [
replicava↳ Non

Tales that real, justatrick)crystal
lenght

YH=Yk thllthemacroscopicpropertiesdonotdependonboundaryconditions-lexaptfarthesmf.ae)

3③ ✗ (E)= Ylenia:)
µ (E) = µ (È +Niaz) Nella Ns = Nait alla

✗ (e) = Yle + Nsài

How let's considera Bloch theoremtao in ID.

4K£) = ¥ (✗ + Na) = è
""a

* (×) REMEMBER THAT BLOCH FUNCTION IS NOT PERIODto FOREVERy
TRANSLATION; HERE IT IS BECAUSE WE ARE TRANSLATING FOR THE CRYSTAL LENGHT.\

, èkna
= 1⇔ KNa-mz-n-sk.snLÌ = m¥



I ^ Elk) :
'

,

i K=mallucinatoril

'

I
1

1
' Discrete values of energy are allowed ! (ahnost continue though)

'

i _£Cm-7 #PERMITTEDK in 1ˢᵗBZ - N (aswdlas energy
levels)

÷:
'
K

Let's extent this concept in 3D.

⇒
-2-YII-i-TE-i.TL?-)-g:2-(hbItKbi+l-bI) → far PBC, PERMITTEDÌÉ :

È

- ¥ < ma ≤ ¥ andsoon
Una

again
F- PERMITTEDK = NUN} - Ntot.

ÉÈ
;È

"

loensityofstatesjmthereararaa
E'
→È .EE?-.--E.⇔NTOT ✓

E-È}
Each Black state isuniuoaallg determina

by Munzi M}
«
iii.
"
"
"
"
" "
"
"
"
"
"

×
,Kx

Basis

Step back to id⇒
Nella
s atoms in the basis

Nsno = #itinerari elections
Mr valence elections

I

i. e. ⇐ ,

"

È #fieadeands
i

1

I 1 electron
2 1 inalano

I

1
l Mr= 1

l
' ↓

' #f. b.=L
-E I

-

a

' l

'

.

I

' l 5=1

i ' A
s #f.b. = 1 NSULATOR ? Ne itisa metal !

ID Representation is imaorrect
• •

710 1È
: i

twobandsareypartiallyf.NL• • • I '

,
100 '

l

• . .

-
- ÷ ? ) ' conciatooerlappinglomds)<

da110 È



potentialconsideratio-UG-Y-Uel-iontllne-any.mn←screening potential

µ• o • @ • @

÷ nnnnnn

\( Uman con le modehdimthreeways already introduco!

1) U = 0 FREE è

2) U -40 SMALL → PERTURBA-110N (NEARLYFREEÈ)

3) U -1-0 STRONG→ TIGHT BINDING

Ztoial#5_

Lane condition for diffraction : È ÈS- È. - giace
• 18am • •

è resa Ewaldsphereconstrnd-io-fisualizediffract.am)
• • • KÌ. ≥@

-
È 1)Draw -KÌINRL
è

•

◦
al • • 2)Draw a sphere of Radius Ki

3)Ziad the RL points touched by the sphere
• • • • 4)Draw È for each point

5)7-indallowedks

cdalatedffractionpeaksplycrystall.meNIFCC
,
a -3,52 À .

A- 9982 À

Fare = EI /hxikyìeè)

giàFefè } 2k¥ -

g

2dhkesind-tq-2d-2arc-s.in#)dare=IjE.e=a:IEe
§ᵈ;ÈÈ;gimthequk_

q il sind
Ino)

40,42 20,21 9345

58,36 29,18 0,487

Fao) 1211 ) (220) 73,33 36,665 0,597
- 3K

86,91 43,455 0,688

20 310 46 SÓ 610 fa
'

86 Jo Lao > &



2damSimili

#* = 2'E- ÉTÉ
GmmmtwhyXRDsµdraofNa(Band(BH%KdiH-

^ (no)
Gm)

km)
(100)

(a)Htoo)(2°)
(220) (220)

> >

Jtdependsontheatomicfoanfactoefplg ) .
>
0 ifhtktlodd④ Fare .fm/g)fe-i9Y-e-i9Y--fNatg)Et(-1)

"""

] -≤

afnaigli.ktlwenCs@Fav.e.gs/g)e-iM+faefg)e-Y:fcs(g)+fa(g)fiHK+e=oifh+K+lodd-
Latnok

Free electron model

Enptylaltia-UG-Y-opg~k-flvtdv-tye.ua> (e) è
""

ii. _Èè
HHH⇒ yfif.1-eie.ie

-

Constant fatto
{(E)=&¥=ʰÌm Yeti) - f-eiee~yefrii.si/=1-geiE-iieiriri?I
{✗ (ri) attratta sane representation ?

^ Elk), a ECK)
④ i i

,

"""" "" """"""°"

"

I l '

i

'

i

:| ;
9in 'È ; ,

l

'
l l |

I

÷;
a

É: i
'

, I
' l REDUCED ZONE REPRESENTATION

&
I

" "

ERZ = ↳ (K'/ = }= .gg#+gjf
"≤ ↳ ☐ '"esenta

1 I

1

I 1

Te Ifk
'

- Ktg



Èkitkytkz)ltboiously in ID the Representation is more complicated . In 3D Hat would be Eez =
-2m

Isoenecgetic-faeslh.se
sucfaas soffice EIÈ) - Er constant .

Wemustrememher that we home a discrete E ↑
↳
È

number of K .

- Density of stata inRL%ʰˢaI& ↓

N=µ Ky Density of electronic states in energy
ge) = ¥-4)

E-È ↑È÷%;:{È
"
← vilmente) isthetd-alnm.ba fatata

µ _

#state with energy from having energy from ato E.

K=¥- POSSIBLE SPNS

↳ NG) = ! È⇒ g
=È(f)

"
E

"

We can calcolate the Fani energy : NÈ)= Noi (N-È- È)
E

K (EF) = 13Th)? KF, whoa a-N electron density

Zuniwaeeved-or.ly
{e =À un

%
= 2¥ 13Th)

"

2hisiswhm2m

If to we have to we the Fermi-Dirac statistics : fkit.ec#-+-÷:*,"

pt) = U-tsn-I-fuf-H.EEµ (
→a)≈Erm^

Zeus
,
the chemical potential willalways le the Fermi energy .EF
- New let's plot the Fermi-Dirac statistics.

FÈ ^ T

1
F-∅

÷ ±

,
Density.fm#dstates(gk)fta-i))
ErieNa=/ gte)DE = NK.) = / Igt)flat)DE ' gtlftat) ggi) gg,

o

gte) -NÌ

ze .kbkBGeBELB
4- LÌgtffe,-11dg Specific heat

a.IL



Lecturer

Marly free electron model
Erg~ TE UfÈg(E) f-(E) DE Ua =/ Eg (E)DE Energy at -1=0

- no 0

G- ¥-1
,

← Wewantto calcolate this im a qualitative way . DIFFERENCE WHGN ☒CHANCES

&

f-
^ § (ELECTRONS ARE EXCITED)

↳(E)DE =# states withEEEE] SN =

g(G)KT\""'

e-⇔

ftp.SNKT-gkkk-T
And so Cv ≈ 20K4g (Er ) g
({xactresult : ritgter))
Linear dependance an T is the nost importanti aspect.

Cv ^

Heat is absorhed by lattice (ion) vibrations; eled-ronsdonotg.ie
any contribution

wirless Tisverysmall .

E

✗ -13

T

,

Immefdde×pomsi_
It is a tool to calcolate integrali including Fermi-Dirac distribution .

HET)
"

If -1=0, -¥ becomes
-¥

a delta in EF.

⇐ ,

ÌÈ
"

&÷f¥)=S
ANY FUNCTION OF ENERGY

|;ÌÈf¥)de Hfu) +È II.più:-. . . { GIEIFIETIDE =/IGIENE + ¥1
,
riti . .

h÷⇔
OR

*

TEE
EF tra

N-io-i-fgtddE-f.ge/f(ET)dE-puf)--Er-----↑
SOMETHING

VERY

SMALL



Free electron model is vecyrough, so when con ithe applied ? If we have elections sent from outside to
a periodi Crystal we getdiffraction, but also the inside elections internet with are and-her (we have stilla diffraction) .
That's when this model becomesun-effed-iue.EE

nn
%

o

K-iIg-IQLmecondit-ionofdi-ffrat.nu
° °

"
Karen%

◦ o

- §-1
For the second case , elections

Free electron model is vald anti the Zeani sphere is . . . generate diffraction .

enclosed in Bragg planes . 9peàfiaally , it is goal for metals
with low electronic density (no=D.

'

live.wdependentperturbationtheorylt.vn
PERTURBED ~ Itocfn = {ÈCfn weknowthesntin

= À
.
+ I

E- LÀ a smell perturbativi is added « 1)

Ìthfn = EH ? The solution will le similari to the precious case if his small.

qn→ Nn ? E ^

UNPERTURBED SPACE

⇐→ E. ?
"¥" ? /⇒÷;;;;÷ UNPERTURBED LEVELS

A
MATRIX ELEMENTrien -19: igor

STOP AT 1
"

ORDEER
Un ≈ 9m +È¥;f. + . . _

✗ a

STOP AT 2
"

ORDEREn ≈ E
'

: ÈnÈÈÈ
"

Perturbation mixes the new state with d.hn stati
onary

states
. If we have degenerata states (two far simpliàty) :

=

=

E
'"

% = a' 91 targa
q, g,

E = E'"+ DE a- g-
E-

È = E
'"
± /Kd

MATRIX Element V12 =)GEÙqdve.IE?:;-am+..Nearlyfreeeled-ronmodel-
- (Shape is not important)

II. = -finti asexpected
Perturbation is actually crystal potential.



How let's considera the perturhed energy
to the Moder

.

Ehi)≈¥È+ Veri + E '" i
È≠E£¥

Veri>=/ q!> Ùcfidv È
"

Utri)èH = Ù Elections Are stile Free if Vislig

,
/e-iki-N.edu?S(ai-g)phone Waves are

normalized by ↓

Veri> =L / È
: "
Utri)

-

È:*/ e- il
"-⇒itipidv . ↓§ e- Iii-ii :&) .edu È doesnotmix

with
any
È
,
but
- only with the ares

Uri) -- Ulivi) ✓ Se
g. thatsatisfyU(à)=§Ugè9 kron.eu data E-È - §
il tuo

negligille (not important)

ifri-E-jifri-E-g.EE/--?Yii-+/-U+.gE-!i;; !k+ E
'%"

g→≠h¥Ì¥÷À sta-ESMUSTNOTBED-EGENER.AE

Vehme
a degenerate situation whm Nikki-gÌ⇒È¥=N

supportiugle-turet-2Z.me
independent perturbativi Theory

2- ione wayt salve Schrodinger equation .

IÌYEY ÀIH.+1
Perturbativi Ù=\ÙWᵗʰ We already know the solution

for À.operator

II. g. È"q

/9: qjdv-S.jp
' ¥

= <q.ly; >
o if i≠j

1) E! values are non degenerate ( ifi , E. ≠ §)

✗ = § ✗KCFK LINEAR COMBINATION OF UNPERTURBED STATES INTERACTION

Uf) 1 BETWEEN TWO

IÌYN = Enlfn whenisitthatqn→ Yn ? Atoms

EXTERNAL

En = {È +1£"! [È
>
+ . . . ①

Field

} just ideas ±ª"!÷; + tè: + Ìa? + . . . r
FINAL STATE
\ %fepgagy.my

The strangers the external field, the strangers
the perturbativi .



✗ = Èakqk Solution ?

II. Un + tw Yn -- EH
1

E. AKÀ. Cfr. + LE aiewcfk - En Earp
Èra )

sjrEar.EiYqiq.dVttEar.fqEvi9r.dV--EnEarf@q.dV
↓ Schrodinger equation

amÈÌ + IEaritmie = Eman →(ÈÉ")am=tEaKW rewrilten with am andava

Wmr
. =/giùq.dk <MIÙIK > ↓
(È + TÈ + ÌE!"+ . . . _ È") (8.mn/-ta!+Ia':+---)=tE(Sr.n+ta!+Ia!+.-.)Wmr.

a)m= How We
compare terms of the Dame ardere AVERAGE VALUE OF

PERTURBATION FOR Staten
to) ↓

E
'? = Wmm Horror corrector È! Wnn =/ftp.dv-EEE?'ttWnn--EFtVnn--En + <V≥
Eknath + E

'! = È a"!Wmk 2"ORDER corrector {È= È.net?I!rNIIoiBlE
b)m
a:(E

'

: - E!) - Wmn è:c:÷.

E!ai" + (En
"
- E:') a! = Fa! Wmv.

Zoe 1ˢᵗardere approximation it is true that
(a)

% ≈ qt.IEÌÌ:&
↳ "ooh aflroximationthen
Ei En + Vmn +ÈnÈ÷

4 E

Kn=tWkn=\|qWqndV If the matrix element of the perturbativi Van increase, the miximgisstronger .
Condition : /Un / « /È-È' / ¥Ken

☐ Degenerate levels (just twofoesimphùty)
IN GENERAL S

4- È
,
anche Haq - Èkfe the

Her

NORMALI ZATION

7- " 91 targa µIµ;,
la /Ha≥ /

'

= 1

E- E
'"

+ DE

1%91 = È91{ Ìtoq, = E"92



fqiliydv-fqi.EU/dv)9ilIYdV=fqiEydv ⇒ µ - + Karo

V21 di t (V22 - DE ) da- o

f
""

↳

"

K -se} e

-

detto
-

SE = ! {Kitka ±ÉTÉ] ⇒ Un =/qivqdvifki-k-o.EE?--IkaQifk2ER
,
V1, < o⇒ {

ai ⇒ È
% = :& <

- EI È:/Kal

- E-= E
'"
- that

For more thou two degenerate levels

Un = È
,
anche
⇒ IÉ (Hmì Enigma)aria (m-ii.I{ Ìtqnr. - E '! 9"

% Hr "B -
- -

/
= 0

Hai Hzìcn

Host "
33
- En

.

.

Wefimtins
i

Lectures
Degenerate states

Fermi velocity , Fermi energy and Fermi temperature descritte the Crystal .

E≥ = FLI tre =

E
KF

G- = Ktr

Ne consideri the unperturhed state as the free electron gas; the perturbativi is small.

E (E) =LÌ +☒È¥÷⇔ Ug:-[fille) e-*
" dà

CORRECTION IS BIG WHEN DENOMINATOa ISSMALL

When È . ÌG =£ we have a degenerate situation ( ri is on a Bragg plame) .
Degaoaatepertmhat-i.nltaory sai

⑨⇐ → ⇐""
'°" (Y -- anche + azqi.ge

Perturbativi affectsonly sane energy states .

_g¥. ,

"

- v

vii. e.g. =/q: Ùqi;dv.fr/e-iE&Ufri)eiti-oi%Effei5eUlri)dv è



What is like to have Fiend E-ajinaoystal ?
<

È-È
•

È
>

DEGENERATE

È-5
. >

⑧
. . #→ . . IÈ=lÈ→↑DIFFRACTION-

"E -È -EO EEE "E
'
E

Corrections bere isnotsmall
.

2③ e • •

←
È

^

•
e:& . E ◦ ÈmustGontheBraggpb_

0 o a

⑧ \ ' EHI ,

• Zoe electron
' l ' • Pearly free electron
i ,

i i

÷ ' ' "

i i
'

l l

l lnsinlkx) ,
l l

"
i

÷,
/"""" "È

e
' i i

-

ZI ZI
a a a

CENTER AND farder Paris ARE NOT PIECES OFPARABULAI l '

l l |
I

1

I l '

|
I

l ' l
l l

'

.
:

l 'i
"

"

i
'

*
-=L -

E Èe
a a

' E Discretamente
°" " ""

"
⇔ "" """" ᵈ→ʳʳʰ
↓ ⇔

- Nsin✗ = buffet @24K7g SPLITTING IN ENERGY + ~ cosOn the Brillouin borders, GA
④ y~eikxjik-gk.e.ir, èikx<È> = 0

,

kg↓
STATIONARY STATES •

F-E



In the free electron model, isoenergeticswfaasare Spheres : E- FIÈ

Mixing of degenerate states . . . . . .

d-Bragg planes con le
✓
NOTVALID

interpreto asadiffraction . . .

i . .

È representation
by the potential . When this a Distortion Becomes

NOTICEABLE BY GETTINGCLOSER

TO BRAGG PLANES, UNTILhappens, È isdiffracted into • ◦ •

IT BECOMES A discontinui"
° °

È -
+§ , so {(E) isdiffractedinto {(E) and viceversa .

1 Età)1 i

1 E representationl

' 2 '

i'

;\. e

i >410 100

How we compute density of states in the mostgenericway .

g
= È → N=%g(E)DE gh~tinr-euo.ec#

^

* " "" "" "
FM

: }
←

,

Avé
1
Kz

È afgg
INFINITESIMAL ELEMENT

OF ISOENERGETIC SURFACE

(SPHÈRE IN FE, SOMETHINGELSE IN NFE)
- E+DE

{ dks>

Ky
@ISCRETE TE

L

Kx
c- se:

ggi) - £#STATES IN INFINITESIMAL VOLUME

dk-dsedksrsdN-gfidse.dk

Harmony states (E) in the shell E. G-ok ? È
GENERAL

on ..fi?.pdseaks.=F:ik--E# ÈÉÈ%¥÷⇒ torna

SHEK

SE SUM OVER
ALL BRANCHESSe

FÙECÈ) / ÌÌ
, gradientisalwaysperpendialartoisoenergetics.info .



Tutorial
The idea behind free electron model is to considera ✗(e) =È

"" with E- mieux +my÷
,
È + a-È ùzand E- ÈE; are thoseK campanelle to the ares of RL ?

"

1kt SMAUER
QUANTUM
NUMBERS

art; « sk/ =
E

RLV
a

The granularity is mich smoller thou theRhone.

I 4 ? ? ? È i
sia
. - -

-

-
- - -

- - - - -1

"

÷:

All States con le occupied metil we run out of electron ; we call this particular border È
Fermi Wavevector

.

TOTAL NUMBER

§Tikf OF STATES

N =

2µg
= Net Occupied Bié ⇒ KF = § ☒

%

TOTAL NUMBER
OF STATES WITH IN

↑A SPHERE OF Radius ke

gg, 8¥ ↳ {e = £2%÷ =2%-13F)
%

(FERMI SPHERE)

Wenowwant to highlight the dependance of the number of states on the energy .

N =¥, fgf)% Also we can final the electron density as aroma↓
@
↓ DENSITY

F- = NYE.am?:ij:eegfe)=Y-g---3-2E-r.Fr.= 2-eNavy
←

MOLAR MASS

#PROTONS+ F-Neutrons)÷È Doing so we can compiute , i. e. ,kr-H-lt-1.i-s.ee?an-iEr.--IEf-E--&IEj-jki=%aE.Y-IH-s.wmif-n.ae
in

snooker Thm,smaKrdʰa,&✗a¥↓justtoavoidmassthr.is
ystem can also be though as a gas of free electron confine in a box; thermodynamic laws are useful .

EF

U =/g EdE = 3¥:-[ÈÈ } Ne E-
0

OF THE System
Q = U +I⇒ U = Q -2

µg<U>=%=§ga
e-nera

da = PDV-> 7-÷
TÈ -È = §# Er Zmipms_⇒ me MRT

D= -VÌ→ 31¥14



When -1=10
,
situation isofcourse differenti.

tra

A- / Egle) )- (E) DE ft) .
- io

-1--0

È

Ictwa#ˢ
right binding

gte) -- % _ ÈÈ Èwhent-tdrit-owehanadisaontimity.SE
i Elk) igt)I l

'

:
:

:h Van Hae
' singolaritài è

-E E
'
K

E
,
5 E

←È

Effi )→Ì#/affilati Tomakeealalationsinthereaproaalspaa, we have to
sole integrale and divide for the discreto volume.

T.yhtlindingmodelp.tn/-ialisnownotnegligible, lntitisstill periodi .
Utri) -_ Ultimi)
1 Non qa.FI?-Yeme(Iq)Xmsthisisagenericwauefund-ion

② Un Atom

ÈÈ

. .

g
. . .

""

☒
•

rt

÷"Sometime elections>
R I 1 I | I canjumptoanotherionI 1

i
'

\µ MI withoutchagingoeitaetyrpe
È : 1 i 1

ELECTRONS TUNNELING -10 OTHER 10ns
m l me Ms
1,2, 3 am-1 -Ftl ± 12

Whan an electron isclosetoanatom.wecanwriteitswaeefunetionasrf-e.fi/--*Eàqafivi)È
:"

; function mustsatisfy
Bloch theorem : Yeti:- E)ÉPÉE galà-fi-è)) è"" = Yeti) è

è

÷



This function isnotnormalized , though .

OVERLAP INTEGRAL

/ 141 :/✓=/yiyedv-n-E.ee?ti-%9a*(ri-ri)qa(ri-n-jdV=1+1-È; ti q:(ri -⇒qafi-i.ir

Vveassnmethat
I
,

> this is nellÈuÈÈÉ.
?

-
DISTANT Atoms ÀU - EH notexactly↳
ÈANG

↓

" "

÷; È:*:*:"

. .

DUE Utri ) - Udii) À=Ì+Ù
i1 1 ^

Kinetic crystal singleHo - 1- 1- Ho ⇒ Halfa - {Alfa energy potential impotential

atomic / \! ! ! no
,

!
,

"
i
{(E) = < Hai.IE?i-E.Gieiei

, , ✗
i

'

,

l
' I HOPPING INTEGRAL÷

. JIT.tl?:Fn&=fa:G-:iisuH9aHdQ' '

li1N! '
i

µ È = 4)A AVERAGE VALUE

OF SU FORQA

Eti) - E.at/dU)a+-qZ;o..G-ieiK:li (anatomia state)

II.
⇒

TÈ
.ATOMKORBK"

tapioca function {(E) = { §)
{ 1 (RELEVANT IN SHORT DISTANCE)

2s
÷
: Jumping probalility deoaaseswhen distance

÷:
= getsligger .1s

' >d

⑨ 2gftlindingbd-weennearestneighb.ae
• • • • o • • •

-2g
STOP AT THE NEAREST

A-1)a④ +1)a NEIGHBOURS

-

E
,
= / 9:(x-tn-fasuq.f-nadx-E-i-EIKI-Eai-sudi.si/eiY-e-iY---Eai-

(su/Atalanta)



Hopping integral can be either positive or negative .
I Elk) ^

, i E<0 (s states) Uim3☐wehoweswandaf
I if&>oi24 ) ,
1 G-+ AulaVA

1
+

'

i
- IL & Parabole APPROXIMATION

How we considera an electron on the minimum G-→a) :EKT-Emini-GI.TL?Qm*=s&---E(K)--Emint2I-*K2
Effective (%÷) /⇐o
Mass

Around maxima and minima of the land, elections behave like they were free with a diffeont mass .

Lectures
Electron dynamics

Yeti ) = 1 -2
☐ ≈ galà - ri)ÈÈ

" Not perfectly normalized due to hopping integral contribution .

< È>e = E(E) = Ea + §
È

/YÌIIÉÌ) SU qa (e) IV jumping prohalility dato oystalline potential
•-0

•

rÉ÷÷Ei ÷
Hallandale

They have am external shell configura as (n-e)d
"

+ né ; Au , Ag , Cu are noble metals . If orbital
are chose in

energy ,
bands overlap .

{(ri) 1 4s ,
Cn : 4s

' 3d"E ^

× i

1 TlGHTBWDINGM0dEr÷#
g, µ

,

gz

i g""ʳ"ª"º✓'
. ti

We have to daclop the LCAO (Linear Combination of Atomic Orbital) .
/
FREE PARAMETERS

Ye (e) = ¥È?④fa. :(ri -a)è
""
→ E(E) = < À >è This

energy hasta
le minimized in

c) Respect to Pi in ordertofind the free parametro .

/YÉÀYKDV
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- - - Pure tight binding

-n.ii-i-i.IT - LCAO

I

,
Bandsarehylridizedfdshylridizati.fi

I

>
E

1ˢᵗ BZ

pwutightlindimgwithaban.siI
•÷ Vi =LÈ Eeqalà-ù) +bqalri-ni.at/)eik:iEled-rondynami-
This is about the electron behaviour in an external electric field; that is also aalbd semi-classica dynamics approach .

= -LÉPINE) → He
→ HÌY÷Etive This is the situation in equilibrium, lntnow È.tt?+Ue(ri)-HI=i&YT-→ È t)

{(E)
TIME DEPENDENT SCHRÒDINGER

EQUATIONIn the demichassical approach , elections are represented by Wave pockets (localized b.✗Dprk) .

Miclassica dynamics for <×> May he applied.
This is True for sono hypoteses . Zee electron is a phone Wave

✗= Acilia: ri-wt) ±, µ= aèlkx
-wt)

←

Zoe a pack of free electron sip-i-KEE-KI-hww.FI#y=fII:K--ai-idK-svg--PÌÙ:¥ -

- Fi!ÌÌ!
Ka-SK

%aoystalwehaNWaeepacktsofBlchwaI Piane Wave

~

(rit)=/a Nepi) è"Èdà=/api) ne È
: "
e-
"FÈ de

Èg=§ÈE SAME AS THE FREE ELECTRON CASE

Limits

1) dx « L
We can Day

that the electron is baalized if the uncertainty of the position is lesser thou the crystal lenght. Alsop≠KK, lat qi>=LÈ> .

2) DK« E
Maximum wauevector available is the are on the Bragg planes . Also since 1×1pub, disk- 1 ⇒dx④

7µg

" " " 0ᵗʰ" ""
"" &""

•

T.IE
. . . . . . wavepackets Newton / Hamilton) if U is smooth .
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Un
È - EU →

S (notanahnpt#
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This is descriled in the Ehrenfest thoron .

WdàtkÙa
Èwww.ert-heorem Jordan ruhs

We know {(ri); we call Warner operator VÙ:{fiÈ) and È
= EÈ=ihÈÉh~, _ i = IÈifweapplyittoawauefmctions.fi?m--eIEEiEFIÈ)Vii = {(E)YE BLOCH FUNCTIONS

ARE EIGENFUNCTIONS OF
^ ^ THE WANNIER OPERATORAlso Hive = E(E)Hi, so W. Ho .

☒
EH ) = [Enèkna

n

⇒ È Efi = {E.èª¥
=p§
Entra⇒ Ùvtfif) = { Eye Etna)-76cimeli =

DL
= {(KNEE)

• • @ 0 a

@% 1+✗✗+21×7<+16×3×7 . . .
a

RL
èªÈ

= ltnadj +{ fna) +. . .

• • • • • T.E-y.ma.ms#.;aai::-.i::ii;i-::Q.-2ft

Lectwaf-169emichassiaalapproa.ch
For the Warrior theorem E(E)→Efi YEE (E)Ye and ti = è: fine = è! ) .

EAed-iiemasstheoremdt.isalso Known as the equivalent hamiltoniana thoron .

À
.
= -2%-7: NÈ) and IÌÌH. +vk.fi) are the starting point; let'stake

a Bloch wavepackeit (rit)=/ a (E)Yee
-Ìde=/àkittyiidri and apply HÌ :

Ìt
. = TÌ

. /àlk:D Ye de:/àlvìt) HÌY dri-Y-alvi.tkfi-HYedk-EI.ie/
how we considerare external potential to, so HIHI + Uefi)

HIV = il}È ⇒ Ìt
.# + UEIU = il }È-⇒ Ef ) + Ue = il }; ⇒ (Ef + Ue) = IÌ⇒ +A.)E- il#at

It is exactly the santo apply War À.

KINETIC ENERGY
OPERATOR

| Elk) 1 | ~

I '

negligihle 2

{EH :*. + {¥:|.ve?E-*---E(-i:)=-Fm* :-.i i.
'

i me =È /'

:
. È in comparsa -2¥!È UE) = ih GÈ

Yood approximation K THE ORIGINAL

SCHRÒDINGER EQUATION 2

for the minimum

✗ ↳ (¥m# Ucrystait Ue) = ihSE
- at

Provided that we changa the mass of the electron, we can foaget about crystal potential
↓

All the effect of the crystal potential goesimide the effective mass
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.
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' e

Ene - Ry RydbergFrom those consideration we can conclude
Ia Energy

Ry-13,6Nthat

go.mil?y(E)tI-)
TE
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" ""taobao.them-anergy.me#raded-ron.taeafre .

isfreetomoue .
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Doping increase semiconductor conductalility
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ÌÌ.HR#aiti)+Uelri) ⇔ʳÌÈÈÈ%"

Ès
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¥ We cannot me semiclassicalapproaohfrthecystall.me potential

Hamiltonequationsinclassiaalphysi-EG.ph/tafri,p) Jane name> diffontnatwa .

"
" """ """ """Hàzmtlllà)uh ? I
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Then all becomes

£ YÈ = -Elle - È{ LÌ
= - Haq = - Ife = ?

24¥)
⇒ { LÌ -- E-È %È = ùj

Libica dynamics equation
for an e- in aaystalai:-. - %;÷= -

§

Vvauevectoe changa intime due to an externalface .

Tutorial

Ìtvì = -2kmTHE + VENE = EÉYE.

Ne -- Ue (E)È"" Bloch wauefunctions : stationarg states of are electron in aperiodica potential UGHI) - Utri){ Uriti+Ì) = unità)
↳

a free electron fi
.

u.IT?EhoWasa9uantummmlTtYm.+...n- G) 1 iii.È"' Etty!! EÈve, Bloch wavefunction become phone waves Yè e and
energy

eigenvahes go as K2 : Ee:{(E)=Eri
2m

Im
'

Zara nearly free electron ÀYE. = (À. +White = Eye, whoa Ùvlri) = }UgèÈ? So {(E)
= FI-i-II-E.EE?I

,

idegeneratingifki-kok-ael.tw7) . perturbativi
Bandstand

⑧ DL ÷ E
• • I • | • •

-2a -a 0 a 2A

RL 1ˢᵗBZ

{
K= I'm Nallowed K values inthe 1ˢᵗ BZ
Na

-

È
° Immensa • •

a -2£
-

È 0 En Ea Ea dk=21
Na

Repeated zone is highly redundant; extended/reduced are lettere representation .

Structure of silicon is otiamond .

29 and 3D are ta complex to draw (see slides) .

Jane values of energy do not have a corresponding K (GAPS) .

Intimità

È + Ne ⇒ - FIÈ + Ucrystai + Ne→

#%È = - ÈUE - È↓

EFIÈ ) + NE✓ II. = ! E:{(e) = È un> III. = ! (IIe) =
2 ÓK

= È IFE È

[K-idkxdkxoky.dk/dkxdKyjKy./←
TÈ

= È %Ee.FI . TÈ
: : mt



1 a 1 ÒEWegetthat ; - Eje ⇒m±g¥# 2- isatemorleaauxitdepads
on the direction of the application

i EH | , nrg , of the force .
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⇒
% wewanttoknowwhathappensintherealspacewehaueto consideri %÷= EEEE) Constantfara-sosàllatingtrajectoy

IWe have Bloch oscillation everytime we have a periodi potential.
We don't have oscillatimgaooontwith constante though; that 's becameperiodia-tyismd-BGchoscillationsperfe.atdue to atomic vibrations (collision) anddefeots.

" KTM
,
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⇔. , I~EH-ig-E.FI?HI=2-eii ?IaI;y!!gY;;;!→[
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" except from -e lehua like)t.oo.i.%ba.o.IN

i

i

, HÉLÈNE for are +e
'

i
>

×

Energy of the holes inoaases gang downwards . Occupation probability is also the opposite :

÷.EE?.*-!:-:!::;:.............
i

^ '

,

2
a semiconductor

i÷"÷:
⇐

<
II= Io + Iv H.be/-iniEtaut >

110 100

If we apply a magneti field , Lorentz Force dans .

È= -e ci✗TI

À% isoenergetic
surface in Rs Pentidesdoesìtohangeenugg

E(E) constant

1

Tutorial

2 the marty free electron model E. = FIÈ± Ug I
this separation is responsible for the formation of landgaps .

In those
gaps

thou is no
energy

value assigned to a K .

This model is choses to reality .

Whoa does Zeami level lie ?

E 1

Fermi level is the chemical potential, while Fermi
energy

is the lost electron -filled band .
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Jf Fermi level is situate insite a gap, we have an insalata . If itfalls within a band , we have a conductor .
fermi level can he engineered by doping.



How can we assume if we have an insalata or a conductor ? We can compare the number of electionswith the number of States, as bath defend on N .

2 spina

NK in a BZ ⇒ NK in an energy
bandÈ 2N available states

If a sold has add number of valance electron per primitive cell, band ishalf filled (alkali) .
If number is evans the situation is complicate .

Lmiswf→
Far partially filled bands, occupied and unocapied levels are separate ly a surface; the set of all those swfaces is the Zuni
Surface . DimensionalityoftheswfaatimemionalitgofthelaHiaI÷
Far

a solid with gaps , Fermi surface is not defend. Whore thou is a Farmi Surface, thou is the possibility ofmailing a free Transition .

=

Far from BZ boundaries, FEM is gaod (we have a perfect Fermi sphere); otherwise, deformatians became relevait.BZ borders reflect
whatare crosses then . 7am Alkali (monooalent), FEM is perfecto Calcium is not a goal metal (K space is reduced) .

Ztoàal#ˢ
We Want to build our electronic wavefunction Writing in team of atomic wavefunction (for tight binding) .

✗(e) = CEq (ri -È;) e
iii. re

e i BETAd
i

LOCALI 2-ED
[ i-th LATTICE SITE

STATE

The localized state can he Written as a combination of atomic states .

9=2
p
cfpbp P encloses a set of quantum members med to identify each specific atomic wauefunctions.

COLLECTION

OFStates just dependent on modulns
We we just are Kino of atomic wavefunction frnow : the s states (e- a) ⇒ 9 (e) =%)

9 ^

ATOMIC

< ENERGY
jumping on cara⇔ ~

,

{ (K) = E. + §è
◦ li §. whoa Ej =/9

*

ÈÈ;)sufi)q(àdv is the hopping integral.
[DESTINATION↓SI MPLIFICATION R

{(K) = § + [è
È.È

"
& constant (NEGATIVE Contribution)

④ = E
.

- LEIEciÈÈ /\FIRST

NEIGHBORS

Reference

gg.How we apply all of this to FCC crystals (noble metals like comm) .
^ XY YZ ✗ z

Èla 1,1) E (± 1,0, ± e)a.E.tn (E :o)

• > (È -%) Elah) We have to calcolate for all 12 terms(E-%) E fa -1 , -1) I
• a

[E,%) È la-11) È= (kx.ky.kz)

far ✗µ, è:(
Kx +KI

+ è:(
Kx - %)

+ eiEÈ
""")

, è:(
"✗+"") %"✗(èÈ"+ e-È + e-

i È"(È"+ e-%
"") = (èÈK"+ è:"")(e"

"

+ ÈÈ
") = 4 cos(EK×)cos(Eky)= e

-
For the athens

, procedure is the Dame .

EG) = E. -41E,☒s(EH cos(EF) + cos(EKHE.kz) + cos(ÈK×)cos(EK BETTEnown



ISOLATED ATOM !

,

≤+12£ +
gumnafion can

range from -3%3

⇔.

E.

)
Whatifk-so ?
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= E
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How wefoanonalltypesoforlitals.no/-justs .

41% -29ft -È. )è⇐È-
i irumthroughallthelalt.ieÈ

GIÀ È bagnate) LEAD methodusedtohildamoleudfromatoms.in Chemistry⇒ everythingisdoneonthesamo position> utile
È [ II
≈

' ! 'È in Solid State Physics we are considerino a
≈

(
À
" 9- = E- 9ª atomic Schrodinger equation is satisfied (Kai. _LÌ - a:-[e)

Blatt"

>

(Àattslt )¥ - ECKIUK

Hai
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[ in -1ps
consideri

.mg 9

< qmlr-Rillqnfr-Rjp-S.mn Si;

Wefaaa1DpImnow
' < 9m / (integrate bothsidesmaltialyinglyq:)A M

(È÷ = EHH.⇒ ÌÌIUK > - Ek) / the >⇒ <qm / HÌTISÙIVK > = < qm / ECKIIUK > Wi-FI G-Ride
""

onlytermnotequalt.no/(n=m)
{ i

; i-0 in

• • >ZEEK )< cfmlbncfnfr-12;) > È?! Elklbm ⇒ < qmhta.iq. > + <QMISÙIU. > = EH) bm È]
'

westopatthe
] _ - nearestneighbors

<qk-R://qdr-Rjb-smns.io. < quivi / che > = < qmlstil.EE/s.qm(r-Ri)e
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=/

=EÈÈ"ªE!! + è"'s? + ÉTÉ} - Ibn Gmn< Vie / Hai / cfm > = <Ha / Emcfm > = Emette / qm > = Embm

↑
IÌAT 9m - Emcfm EÈ =/qkddltq.fr?j)dxHoPPwaw-eorAl-



Gmfk) = -2 È
"""È! By defim.mg/-hisquantityhereweaansimplifythe equation .j . -ton

Final result : bm (Ek)- Em) - Ibn Gmn - Sinam
ingeneria, we

have a set of equation .

{
b. (Elk)-G) = EbnerInesatta ⇒

E- È;)!µ#yggyco MATR# FORM
go.qggy.ge#y=qgngas,n ↳

⇔ ,

Weightimg coefficiente number isequaltthewaeefmct.i.name .

←

È:-. .
- - "
÷

how we consideri justsandp state .
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{(e) µ,} [ᵈ°ᵈᵗᵈª
"""""" ""

Gss- Es Gsp
>

Gps Gpp -↓ |EYored-orsgiueweightimgcoeff-a.eu/-bp(j=o)Ess--dfsldUlcfs
> = -1141 i

G-1)
'

,
Ess =/4:(rlsitcfslr-a)ok =-141{ppl

"")
= - / Up / REAL HOPPING POSITIVE

| ENERGY

{È! - lvssl(io)
^{

sp
= < Cfs / DÙ / Cfp>=/¥14 cfpdx =∅ (INTEGRAL OFANODD QUANT'TY)

|

I %
"

gioisciqq.az#vs.TfjEE-*?(i=o)
+ tEps = ∅

Ep
""? +IVY

-

linding
e ¥*

Es!! -141
+ t

E-ÈÈ.ms/g.iiiE:j.Gpp---TdUE-EpTtlVpp/-eiKa+eika)Gsp=/Vsp/
(.ci?e-iKa)Gps=lVsrl(è"- è

") ⇒[
"""""""" """""""

""keiki *↳

"

[M -Elka ⇒ detti-4=0 ~
28 Mia diagonal, eigenvaluesaretricial.

Ei = - Es, -2 (ka)Vss ⇒ (f) Pure s

Eri - Epotsrcoslkavpp ⇒ ( ?) Pwap

This happens whenkp-afminimalaodappu.mg/oewhenK--oorK--E . Mixing tecms prevert the crossing (seeexal) .



rHàd#→

Wefind effective mass through sanichassiaal approaoh .

y

Edt) 4- Èra-aiu

According to Wamiuthaoom, GIÀ) EfiE)

NE = Unità)è
""

Bloch states are not gaodapproximat.i.ws of particle- like solutions . Wanepackets are : (rit)=/àfkit)Yeti)dè
Ut the end we have a set of semiclassiaal Operations :

① m'è= TÈ
, = midiede> ladri

dt' ÉsàrEcù meE-②
⇒

=

DI
=

It ⇒
MI;

akiskj / Kiki0 ⇔③ È=

dà
*

= G--↓ ÉTÉ

What happens if we applyan externalfield to a crystal?

F-
CONSTANT

text = 9 Èext = q Ùx → LINEAR BEHAVIOUR DUE TO②

K
'

E-
- -

-
-
- t .

I Badovini
MMA i

IREFL LE
>

t

!

We actually nem see Bloch oscillation due to electron collision and lattice vibrations (reset of the momentum) .
Un

average collision
time Tau con le estimatad.

a-- SÀ
Eroe 9

E = £ Fa⇒ Treu = §È- = 4ns 9 =L
E= 10km[

« ~ [ps -fs) 1=6,6 . 10
" evs

✓ ^"⇔

⇐
MMMM"

t ÙB = -Me
Èext

<Ù> = ÈTcou =qÈ⇒m÷ ÙÌB = Mh Èext

µWe can associata to <è> a current density È quivi = È
⇔ .

O

In
a Semiconductor , État =È, + JÌ, = e (nelle + nnµ) Èext; signi is the sane for both contribution . In atypiaalmetal nn ≈ 0,

so ÌTOTEJÌB = èng→È⇔, (isotropia→ no tensors) .
-

Drude's model



Whatifweapplyamogneticfield ?
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