
SOLID STATE PHYSICS

Professor : IBassi Andrea
Lectures and tutorial

Lecture #1
-

Introduction

Crystals are the main topic of this conse ; part A enob with Dome concepts about
holes and electrons

.
Thou are a lat of topics which are not included in this cause .

The topics are very heterogeneous , so it is my important to fino a suitableapproach for each
of then . SAnelecturesareonWEBEEP-lhe.com lasts 30 -4s minutos on average (theory + celadations.

Soliday
ll solid body is somethimg that has proper Shape and volume (approximation ) .

We are interested in Optical
and trasport properties .

Solid body is made of ions and elections .

Quantum Physics and Electromagnetismo
are the main Tools; the number of particules is huge , not suitable for a macroscopico approach .

We have to simplifythe problem .

con electrousare always around their core (strong landing , notaffected by external atoms)÷ a
- È_

°
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È external elections can be perturba ly d-her atoms (week bending)
Splitting letween ious and itinnant electron is a gaodappeoach; studyimgboth of then separately
is also a goodapproximation, introducing reciproca interaction as a perturbativi . To start the cause, we can
Study as electron in a periodi potential . Quasi

- partidos as the holes are also introduco .

Periodi configuration
is the minimum

energy configuration available; equilibrium state is achieuable through periodicity .

LEGNI
Defore we start talking about Simple crystals, it is recommended to introduce thePetrie : it is a

geometrica concept, in particular we are talk.mg about a setof point with transitional Symmetry .

A oystal, then , is
a material withbÉr, meaning that the oder is Keptregardles the distance.
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Silicon crystal Bravais lattice is desoibed through a set of vectors
@
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Primitive Motors desoibe all the points became they can he shiftad with the integra• • •

ai
@ 0 9 •

ai
• • . . lllcrystalissimplewhenithasezeatomimeachpointofthell

United

⇒go.it
:""÷!!!!!!;÷

. •←

•

This all repeated for each translation fills the Space withat having any void and
a o_0 •
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Primitive Motors are not unique :

2ⁿᵈnearest point
{
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Èrhatisalsoagoodch.ie
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PRIMITIVE
CELL

each point is connected
to the d-hecs with minimum
distance (nearest neighbor points , NNP)

Convogliando ↳ this partiallyooeclaps during translations
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•
Volume is bigg" thou the unit cell and is not generated by the primitive oectoa.

•
It is mostly med for simplicity purposes (i. e. Cube systems) .
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fÉgd
BRAGG PLANES : PLANES BUILT CLOSE TO THE NEAREST POINTS TO THE REFERENCE

• •

CLOSEST

; ) %ÉLL
The Wigner - Seitz all is the regioni of space loser to a lattice point taken• - ÈÈ •
as reference .
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Gmplexoy.FI• • • • • Starting point is theBravais lattice
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group
the atoms that repeat with a char ardere into a basis, creating a

a- complex crystal.Jj
•

⊕
⊕

•

④
⊕

•

☒

⊕

•

⊕
a



salterà
UN crystals have translational symmetry .

Wehaee lattice translation when we more the crystal lyon of the
Bravais rectus .

We can define
Ivini = si- si' = (n; -n)ai + (mi -m)ai + (mi - ns)a-Ì
In particular , Ìón' = NT

:/¥+1 ;
Which are is the point in the centre ?
Ult are equivalent due to translational Symmetry .

•-

• • •

It is also
my Important to considera that any LOCAL PROPER-14 ISPERIODK WITH TRANSLATIONAL SYMMETRY.

O 0 O LATTICE

⑧ ⑨ ⑧ ATOMS

i. e. Chage density : età) -_
¥

jetdi
⑨
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•

⑨
° È È età ) =p (riti)

Imperfetta
a real crystal it is impossible to have a parfait translational Symmetry, became of the defects, such as

① POINT DEFECTS

② LINE DEFECTS Mechanical
, optical and electrical properties are strong} affected lydefeots .
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INTERSTITIAL (atom outofplace)
EXCHANGE

VACANCY
↳
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'MPURITY (this con le both substitution and interstitial )
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) .② and ③ are not treated in detail ( just dislocati.us

THREEDIFFERENTI;ÈÈ¥⇔⇒÷←. .[Grain boundaries



Uthersymme-tariesfymmetm.esare my important in Physics ; we can have
- POINT SYMMETRIES •

;① INVERSION NT
>

→ - si> "" """" "" """" " """ °""""

Giu . B
. Simmetry operations Gave the crystal

presents . Uncharted
°

[ gò
°

② ROTATIONS (2.3.4,6) In = ÈÈ In this case
,
the Ordu is 4

•

!""
.

③ REFLECTION È;) ?
⑤ ROTO INVERSION

} Combination of the precious ones⑤ ROTO REFLECTION

In general, it is True that , considerino Symmetry operation, AA? I and G-B)( = AIBC) , but AB ≠ BA .

Then are 7 possible crystalline Systems, according to point symmetry ; if we combine pointand translatiomal, they became 14 .

{YNGONIES)
Considera

.mg complex crystals , new symmetric appears like Screw axis and glide planes, for a Total of 32
point groups and 230 Space groups ( point + translational) .

BEH-iki.br/tisknownthataonsideimgIYri)→ /EHI :/Hdp is the infinitesima probabilitg to final an electron . Chage
density , Then , is defend as età) = - c ? / itri)Ì; if we were to make a classification, that would be

-È ⊕

a) METALS- DC Smau (e isalmost constant)→ ALKALI
-

_ ÷ ÷

c- = @ 9
.

Free elections = aèk
: e

IN THE
MIDDLE

B) IONIC CRYSTALS such as NaCl ⑧① THIEF'an force
C) COVALENT SOLIDS NO

.
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ELECTRONS ARE SHARED

D) INTERMEDIATE | ELECTRONICi ::::• Ga

Al •

Ae
Al

E) NOBLE GAS CRYSTALS
The landing is due to Van der Waals forca (vey Weak) .

00
Colesterolemia
is also aalled binding energy ; it is the energy needed to tearapart the atoms in the crystal [%) .

We can define strong and weak binding .

ele) = e là + ri)

Macroscopicproperti-fobservable.DE
= % /yeti)de meam changa density

È = E.✗ È polarization 0--0%-0È

È = E. §✗ Ej local polarizat.i.am
ritornate

gyd-al.lu structure

Gery crystal has translational symmetry ; asapproximat.im , we assume that crystalshave infinite extent, no defeat and we we meam positions . We desaibe the Crystals withthe Bravais lattice , defend as an infinite set of points ( integer sans of primitive lattice creators).Primitive uectors are not unique
: we have to choose the nost appropriate set according to the lattice .

The honeycomb arrangement is not aBravais lattice .

The unit cell is the ragion of space generated fromthe Plus that can over the whale crystal just by Translationswithoutvoidoroveclapping-ljmttheprimik.vecell) . The elementary cell, Then , is the minimal volume all but with not the nearest point taken .

The mast important primitive cell is the Wigner- Seitz cell, lecause itendoses just are lattice point, has
minimal volume and is perfectly symmetric .
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Convertiamo cells mayor may not be primitive cells; what is important is just the symmetry axes of the
Crystal structure .

Consideri
mg 3D,

there are 14 lattice in 7 Systems .

Cliccate couentionalcell

è ↳ÌÌ.IE?#I.tEH:.H-.-.
SIMPLE BODY CENTERED FACE CENTERED

D=è R = 0% R = È
Laltiaplomes
DI lattice iphone is by definition a plame containimg 3 non allineare points , thus infinite lattice points forming a ZD
Bravais lattice Witkin the iphone . Infinite sets of equally spaced lattice plans are classified as families .

Miller iudices define
the lattice planes through the method of intercept .

(h k l ) = (¥.. È, :&) • l.cm .È.tw#w-i)

Brackets : { family of equivalent lattice planes }
[direction perpendicolare to the plan}
< family of equivalent directions >

Physiaaloystal
A basis is a specific set of atoms decoratimgeoery primitive all of the Bravais lattice .
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Diamondstmcturedtisareryrarestmd-ure.it con le seem as twofccs with a basis of tw atoms compenetra-ed .

Si has
the diamond structure as we as C (graphene /graphite) .

Jupportimglecturelt-1-J-owu.ae
Series

A crystal is imtriusiaally a periodi function :

①-①-① - - - e là), Utri) , etc.

V70urier Series is a periodi function defend as ff) = f(✗ +a) + f(✗ + na) with n = 0,12. . .

+

fE) = È + ÈKaos(Eni) + bnsentenx)}



Jfwestopton-swegdfft-E-i-a.ws/Ee)+besenfEx)+aacos("È)+ ! sentiti )
◦

↓ a0 | e
al

92W; ; ;

I-aeriercoeff-iientsan-2-affflaosfnEi-ldxbn-2-af.IE/sentirei)d×

Wenowwanttohùldthesawtaothfmction :

iff ) -È ◦≤✗≤sa

Let' s fino t.be Fourier I l ' '

-4A 0º {acoefficiente then -2A La

Za

a.= 2£ /%adi-1-foen-oan.jo/%acosfnEi)dx--o-Vn2hns/ È ÷È÷af:)

bn.LI?-asenfEx)dx---EExpanentialformcos(nEax/
tisenfneaxf-eiiei-muchmorecompac.TN
EWCOEFFICIENT a

E- Lff e-
"Fidi m=n2-



Cm = :[ff) e-"dx am=L /Iff)ask.idx-2-af.IE)
"

ok .

=/ E /ÈÈ" ok + E / felci:L =

c. =L/Ifk) di→ a.=L /Iff)d- laicaG= =(mt(⊖
of we repeat the sama with bmwegeta

bm -
- E / ftsalmxldx . E /Iff) %EE-iffifhe.it?k-1-a/ifHe-iJ.f.

O

= - ik.m-cm-ikm-C.sn)
If we combine all

cm = ? (an - ibm ) } e:-(
in

cui Elam + ibm)

Then

amaosfmfi-bms.eu/mx)=(Cm+C.m)Ej-eT-i(Cm-C.m)E--i:-(mè:<meine
ff) - c. +È:((nè:[È

") = Ècmè"=È,GÈ" c: con
me -

[
Complex number

We com assume Then

Cn - Pnei"⇒ ftp.jpneiteatd)
2Dand3DfmÈo il

fey) with two periodicità.es
→

ai
/ da

flat ) - ÈÈ anmcosfueai-aosfmE.lt ÉÉPN.mg/Ei:)senfnEHiM=om--o
M- o M-o

+ ÉÉ 8mm senfnE-fcostmEHI-EESmmsenfnE.fm/m 4) =
neo M-0 M=@ M-O

= ÉÉ cnn.ci#aIeim! :-[ cnn.eifE.am: " )
se-✗

M-no Mim= -so



Zor 3D function it is the sane procedure :

ftp.z) = È ètnÈ
"ME' %TÈ £) G.mt

mm, 1-= -no

in"É ;ME ; TÈ) . E; y; z)]
If we do watt to we the scolari product : e-

Jimi . E

f(E) = È Cmmt è Fini
• E

c
mmt

= f (×, y, z) e-È.int
• E

Mmt= -no

✓

Ardra}

(9) az , a})→ À = ha i mari Ma})

FG) - f (ri +si) = FÉ fare è8:E) èEnri
"

÷
2ctwu#ˢ

zoom and reciproca lattice

Macroscopicamente
very

local property is periodico, like changa density : e (e) = ehi + vi) . The meam value of a specific propnty
for a cell con le extended to the whale crystal .

e- = ↓ /vetri)dàHOMooene-qframlatiIIT-ry-e-NSORF-E.IE- Pi=%§✗È↳
Tropic crystal

" remoti. - amen:| gas.. .

-È ? È }
Quattro example of tensorial dependance could

be the stress applied to a Solid material in mechanical deformations , Known as oij .
Sting

ÈÈ:{Kikaider.pe,

ÈRANA OIJ =§ È.es East
Èra"")

^

[STRAIN 7
Ero = £PIÈ :?) .

"

What happens if we apply point symmetry operations ? °

- ROTATION ×; = [✗
g.
×
,
È"
""

✗È = È✗irtjs✗nslhisishowtensorstransfom-NE.WS/STEM[
ROTATION
SENSOR

78 ✗ ij is a
,

Symmetry Operation, the new component will be qual to the old .

✗ij = ✗ij ⇒ ✗ij
= [ ✗iv. ✗jsXKS
K
,
s

Of a system is isotropia, every rotation is a Symmetry operation .



In anisotropia system we have just are component in the diagonal of the tenso .

Reciprocamentehave onlytalked about direct lattice untilnow.
Let's start with id situation

, oboiously periodi .

età) -- drive)

19 ' ' ↓ ? ti dà da catenina)
-a-2A

✗

Eoery periodi function canherepcesented with the Zavier Series (Sinnos orexyi) .

a

qfr) - [ quei
Ein

en
-

- Ifach ÉÈ
"dx ifehisreal.E-e.in

invierà
thnhmhmhnrhn

è
"

"Ì → a-È isthewaneaght
ti = a
72 = È
73 = }

Reciproca lattice vectors : g.
= E' n :

i

DIRECT LATTICE

1 I 1 I 1 I 1 >
-3ª

-La - a 0 a 2A 3A ×

RECIPROCAL LATTICE (abstract concept)

1 I 1 I↓ EL Ea Ea
>K

This is a discrete space
-LE -LE -Ea

((✗ +ma) = [ lnè
EiÈ"

= §qÉÉ" è
"""

tirerà

TÈ
-

1- (Complex number properties)
How we considera 3D situation .

PLANE

ele) - drive) È> età) -- jpg>è9
"are

If for the direct lattice ai.a-i.at are all 1-, _g=2È with like iutegers

Fourier coefficienti : @g-
÷ ↓ /vetri) e-

È"dà
P

pIt is important to reminder that all the Waves have the sane periodicity of the crystal.

qloitni) = -2g, egeiFÈ
")

= [ qq.eiai.rieij.si
Lefty àìtàidài)



Qltemativeh.feig.ni_@c-_seioEtii-iIei8.e PLANE WAVE

NT =MIÈ + n, ai + n,è§É MILLER NDKES

s

linear combination
amongqq.qjit.ie/-jnrj--2-(hIii- KÈ + l'Ì ) sibi

,
sibi , sibi

Avery interesting proputyis È = ÈÈÈ÷ FÈ
È _%Èe. Ij = Sii -

- [ ¥ ""

ti
1 ifiej

0 @ @ •

P.ropertiesofthereaproaallat.tfamilyofc.pe
(all4)1) RL is a Bravais lattice;

> Y2) RL of RL is DL;
•
e

• b

• @ • a

•3) Vp, re = ( in id E- Ea) ; "
a I

°

e.amenità:"

a) Gim Di
aol.gm.gg#Eoati.Im.i!ii.e

), % "⇔ :

dare :
° ° o

L

@ @ @ @

•Ì THERE •
IS FOR

SURE

a @ a @

2E

5) dhke = -1%-1
whoa the / giare / is the smallest possible .

Lecturer
Diffraition

è -9:: 1 ⇒ è-9:("⇒
= èg

: e

gi Eri già 2-nfhbii-kbii-l.si)2-iinteastingt.no/-iathatt-cc-.Bccands.fE?,=cc.PLANES (h ,Kl,) ⇒ 3- giare 1- PLANES
deve -1g:-|



Brillantezza1ˢᵗ Brillouin Zane is the Wigner - Seitz all of RL .

• • @

←
1ˢᵗBz

•

2nd •z
The 1ˢᵗ BZ is the closed- ragion

to the
origin

withat

Crossing Bragg planes .
•

"

È •

Bragg planes

Howwemusttalkaboutdiffad-ionsaalter-ingdnreal.ly
, periodicity is given by the average position of the atoms, as they more due to atomicvibrations

. If the material is a crystal, we can talk about diffraction became the atoms areordeced
.

(x-rays)
e.m each atom behaves as a scattering center

tparticules
(né ) this workweonlystudyorder-datmso.li

as the slits

X-Rays have a wavelengt.hr similari to the distance between the scattering atoms (light doesn't work) ,nucleare forasWhite electron are surface sensitive .

Mentrons identify the iindei inside the material , white X-Rays justthe distribution
"

Ìfeelectrons (they are casier to use) .

U possible appoach using x-Rays
involve Maxwell

equation , but we are aging to use the Von Lane semiempiriaal laws. Bragg law can he denied from those .

For particle , we have to study Schrodinger equation . Mathematical , hoth are the esame
.

7 ☐ DETECTOR

Diffractin G- lei)
7

We measure the intensity (#partides vs )t.is?-:Es---::rose-
> TÈ

?
°

Ò >- - - - - D=>(Aq) direction
9 .

/ è, n saME E I1
>

COLLIMATED BEAM
s

Then are Dome approximationsto le donne . 111111) Elastic scattering : after the scattering , we stile have
sane A/E rosition information) . I f li ' 1 Mi > µ

⇔ I Just sane angles are gaoddue to INTERFERENCE

È
=
Èèti: ri-at) i 1 µ = aèlrì

: e-wt)
VÌ l

→E
i { = !.FI?:=II?=?Yiei#-O

WII = = IVÌI = K I
! = KE

i hEnergydoesnitchang@c--tunEph--hoanstantI.t= TÈ =



Sometime electron maylose energy , hetinanapproximation they just changa direction .
2) Farfield approxi.ua/-ion ☐DETECTOR

>☒d
"

r >> d oraltematiuely È « 1

Hyw⑧
3) Barn approximatien (itordn) : we just considerare interaction (single scattering ) .

WEAK INTERACTION

4) NO small angles

zedo.me#5VonLauesemiempiriaallaw-s and Schrodinger equationVallone
We would we Maxwellaquationsfoeastrid-erapproach.pe?=EIeiEi.E-wt) > ☐detector

>☐
' è

Kit.È ↓

È , È@i(
KÌ.E)

>
≥

• °"" SCATTERED WAVE Amplitude

(at the detector)
E-si È.=Èè÷àa è;!j?_?,→ .

,
-

-

For the elasticapproximatu.am scattering
amplitudekiHE

KÌ - KER - Kùr È
% a

à

ÉTÉ -È

↑ e SCATTERED
SCATTERING WAVE VECTOR

-
- -→

? -4
- -

~ 14
>

Wave Vector

VÌ È

Iri - rit-Èà)•Èn=È÷m÷rÈÈ¥; rt
- TÈ)

THEN (
foefafield

klr-i-n-Y-kr-kur.si> = Kr - VI.si approximation
NO SMALLANGLE

Zhereisalsotheimàdent

n⑧⇔WaveÈÈÉÈè%.si/eir;-+E:eii/:eg:~giele-E(re)=&aE-?eiki:si



Èlri)=ÉAèK④§èÈingaggiati;
"""" "" "• "⇔

←

spheriaal
Wave

Let'srewrite È as With the detector Hamamura intensity
% / ETE)/

'

~ / ÈèEipIÈ! 2 ksinf-Y-s.cnÈ
How we more to partidos .

sohu.dingnequati.nl////.-----&?----c-or%
With the detector we measure the fbxofpotiah

→

Y.ae#-:ri-wt)

da.⇔;;÷÷÷÷ÈÈ÷÷÷È; ☒arenaria. -rosssection Eri ]
RECAP

⇐"""""" """"

~>Èà À=ih%I---Iivi-Uri@WeKnowhowmuchistheenergylvi.l
-
- IVÌKK

E. LEI justvùneticaoagy ⇒ftp.KIYwehavetosobethislelasticsaattering)

T.EE??aa?=2Yf?-YFfHelmoltzquati- ingenera più)y=fÈÌ
"

{ ifflri) -0 - homogeneous
ifflri)-10ns ienhomogeneousThe problem is that hero the source dependsont.be solution .

ed SE) . {∅ if #∅
,

lyreenfunctonmethod →trofeo

tiri)GÈà) - speri:[
⇐È"

È nostra) : -

shek - 1

/ftp.adx-ff)È
-✗

'

a

>

e
:@ function existsonlghere



The Solution for a point- like source is G(ri, è:) = -¥èÈ÷; TherionWave

convolation with the source

✗(E) = /tdà + Yi (ri )
↑
un ~ Jamais both the potential of the crystal and the solution .
source homogeneous

Solution
Solution for
E- point Solution ! ! ! negligibb for BIG ANGLES

we got an implicò equationUE) = -T.fr/gY!::?-@t-;!P:?di+*at.d-..i. ◦↳tantas I
← farfield approximation Barn approxination

SCATTERED KITI-È ≈ Kr- VÌ . FÉ
WAVE FUNCTION %« 1

Eventually
lfs(E) = -ÉTÉ/eikre-ikireeiki.EU/ri)dri=-IIf--eY-)U(ri)e-iÈÈdàa-

Ztoù#ˢ
We are go ing to study crystals with the reciproca lattice .

Lattice isdescribed through
its spatial foqwnas instead of point position; we enter in the World of Waves (K→ a) .

⑧ ① 0 0 @

0 O • @

•

a-i ↑
• • •

DL o

ai
→ • •

@ @ @ • •

LE
Ta

Of conse thou has to be periodicity ( FG) = f(ri-Tn)) . This Kino of function con le rqnesated
as a Fourier Series .

fG) = È Aareè9hr7

The reciproca lattice is a set of vector K- que such that è
*È

= 1 (plan wawe hasthe sane periodicity as the Crystal) .

oggi,@ = hÈ + KBÌ + CBÌ PRIMITIVE VECTORS OF RL

(21T)
>

ti
= 2,Giarre-

-

Tr
↑ lai.lajxar.IQ

Volume RL [ Volume L LSL

The 1ˢᵗ Brillouin Zane is the Wigner- Seitz all of the reciproca lattice
; its center is aalbd Tpoint.

It is important to remainder that a family of lattice planes is perpendicolare to a reciproca lattice vector
of and further the spacing between neighbor planes is d- GÌÀ , .

← shortest RLV in direction ofg-
>



Igiene / = FÉE .

Higbee Brillouin Zones con le fond over Bragg planes .
2↓Bzµ%z &AD • -0-00--0 •

-

EEEE:

• @ • • •

2D.ae#F*i---ii:-EachBrillouin2-onehQ• È;Ì .

the sama size

• .
!

. .

lo • • • . @

zd-orialk-37h.rs
is about chemical landings .

In general, a system is Kept together became it has
minimum energy .

D= Nn
↑ I UNIT

TOTAL ENERGY
ENERGY

Crystal Structures are various
.

7 • •

è / lothmodnhs can he written as {
a-ÀR

a)
b- b- R

•

È
•

• . .
wewantto condensa information into Rsothatu.ua)

We impose that ¥-0 to have a minimum potential,theaforeulRD-u.com/-ant.Whyistheceahndingenergy?

dRR-R.pauliispri-na.pe
Zwofermionswithsame spin cannot Occupy the sono state; this > alongwithelectrostatic,
gives us

the answer .

Bonding types u [ev]

""⇐⇔⇔⇔
""≤ ⇔" " @""" "

ⁿᵈ"ᵗ "h

2 corale" - possible c. si.ae..

- ∅

I. (DIAMOND~ 5,4

GaAs ~ 0,67 ⊖
. ; NaCl ~ 78

asimmetrie
>
FKPYAAH-qm.to impossible Nadu 0,94 sharing

4 METALLIC ALKALI 0,8 - 8,9
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Neutral crystals are also aalbd molecular crystals; they are my common in natura

Jhellstmd-mes-l-os.me
.

- O , ms = • MOLECULAR

p→
l=. 1

, me =_ . . . • METALLIC

; • PURE covalenti

NOBYLE GASES'

.

A)
LKALINE

# #"#
÷:aiaìaiiaìi:

Gvaolent bonding has the mast Symmetric directionality .

Nloleadarcrystals
Ice is a molecular crystal with a metal- like melting temperature . We have to considera also noble gases,
which are attracta to are and-her by Van der Waals interaction .

I
"*:*: -☒÷. .lk!- FÈ

"

.

This has bandane considerino
just a pair of atoms; in a crystal
the situation is more EH.

Kfr) Klo)

↳ U-o-i-I.FI?.uii--!NEeffa.F-(E.)Y=jmi-IÉÉÉ: - IÉÈÈF
• • ⑨I • -

×iÉ☐ . •
R"#④

anni, u=%↳ just ome ° •
NON -DIMENSIONAL

iudex K. • • ④j



We meed to know what the shape of the crystal is . Zypiaally , Kar) ≈ 12,13 and Kw ≈ 14,45 .

n' (d) = 2E (5%1-12)È TÈ (6) K¢1) = 2EÈ [7%(-121%+646)]=0
CONSTANT

↳ ÷ - Ì÷,- E-•F÷
Ne Ar Kr Xe

= 1,09
PERFECT☒ 114 | 1,11 | 1,1 |1④ For Heart

-

NOBLE GASES

Lecture
Diffractionagain

Each atom in the crystal is a source of electromagnetiaal wave. We have already seem
that

x-rays 7 /[ e- ià
:" Ì È = KI -È

Particle Ups (e) ≈ µà)èiÈ%
«attorno AMPLITUDE

Asi (E)
Unti this manent we have considered a generic crystal, but now we wantt considera periodi potential.

U (ri) - UÈ- ri)⇒ Utri) -- T.gllg.ciÈ
"

whoa Ug: ↓
,
/gufi) e-

%' die

If we do this, Then Asi (À) ~ /ye-i.ie?g.UjeiEidri---gEUj / È#È' de Atheneum of the crystal is

large enough

Considerino a periodico potential , Asi (À ) - o unhssÈg (DIFFRACTION Condition) > ✗SÈÈ)

Demokatinof8_

/ è#di =
.

È -ÈÈ
"
- è
"

/ = Èsinlkl) -Kinki
- L

12L tra

la ↳ + no
, e-

i:/✗ = Sf)^%:

ma
io

# = È _È = g-
'

hke DIFFRACTION CONDITION



Asili) ~ .GG/ve-iti-sitiidrizttisaaselaIalUgI ENSITY OF THE PEAK

The Won Lane resultisthesame .

III. èiè
: "

/
'

~ SIÈG)
"D
ja

-
è ↓ è {a

> rt = mani a-⇔

↓ 2
sei/È)

µ
,

Èn: a-ma → /Èè "4 =

M=D

We have the maxima whenboththe

→ II singolo 2-ero → 0¥ - meli '
.Ah] ← ÷ .

Wehavethefirstzuowhen
gg ygnmmyg.gggona.gg,↳ *

÷

|
~

-LE LÈ
'

Qe I
A- =

Typiaallywe considera crystal infinite when a> iaonm .

Non

2
'

NANOCRYSTAL
LARGE CRYSTAL

il
"

!Kl) NAME OF THE PEAKS

Bragglawofdittracti-2dsind.nl Èg
È "

è

ifgiisnottheshortest÷
.

.
.
. . . . .

""÷ÌÈÈ÷È
. sin:This is the family of planes 1- Èdare - ÈÈ

-
2dhkesinf-nfwhered-GQDiffrad-n.am condition

is equivalent to
Bragg law



Fastest

waytogd-Braggbwis.zdsind-ntf.tl
.
/

. • •

↑d^ ^

.

• • . .
V

_

0 o a 9 @

Vendome

diffrad-ioncondition-k.it
Ej KI -KIF

-

-

-
-

-

-

-
-
-

-
-
→

» the projection
vi. oeiiiaanggi K :-(E:-&) .LK?+j)--K2+g2+2k!j--sEi.j=-F- ⇒ = -Fihas Module

• o • @

ÈÈ È
stpz RECIPROCAL

• - •

LATTICE

ÈB0NABRAGGPLAN
• 0 • •

What happens if we have a basis ?

D-FFRACTE-t-s-mezlugiineu-ironsUH-E-bsti-n.it) Ug:- % /ftp.k-iiiiidri.jp/yfbpS(ri-ri)e-Eidri-rTp=1P↑ GEOMETRICA

atomsofthe-f-FI.rs/slri-riDe-*:k-:.i--ji;iig-::i]basis

Vp Vp-properties
7 / ftp.e-Y?iriiI Is
like

IF THE ATOMS ARE ALL E-QUAL,#

We have amissingpeak if the structure factor gusto zero , acnthough È §.fr destruct.ve interference .

Lectureltz
Electronic structure ofaoystal →

E:
"È " vi. &È - KÌ - È -

- gare 2dsind.nl
_ _
.
.
. _ .

.
.

g-
= £2

We start from those consideration
.

dj ~ /Ugt ; for neutrone dare ~ / § bpè
"" ⇒ [ white for the elections Utri) depende

anchorage distribution
.



X-rayap-proachwedon.twthe potential, but changa density : Utri)→ ele) renenre-RIA.si/jUlri-ei-iedri
È - filii) è

"
dà
,
then >~ /E

g.
lgistà-g)Ì and when the diffraction

condition i. sai:*
!

e >☒
di

•

a.

È
etidv

@

Each infinitesimo volume has a changa density : •

ÈYeti)dvèià
: ri

how let's final the Fourier coefficiente ⑦

età) = [ § lplri - ri- ri) -

"

AÉsistbchageditùhk
si
'

de = ↓
, / Fede- Ep) e-

ÈÈ%) e-ÌÌ d (ii. Ep) =

là
= % /y.EE/ri-r;)e-iJ

: "

ÈVp

= § } e-
i-9:* | g. (E) ÈÈ

"
dà = % Ffp (F)ÈÈ" similari to the neutron one

VP a- is important (Hej=L, EpbpÈÈ%)
~

,-
thighlight the dependance

fp (g) Atomic on of
FORM

FACTOR

Eled-ronicstmcturerhegoalistof.nothe stationary states of e- (not considerino care elections) . Then are Dome issues though ,
like

many
- body ( huge presence of partidos) , interaction è/e- and e-lions and ions vibrations

.

How is it possible to sobre

Schrodinger equation ? We do sono approximations.

1) FROZEN CRYSTAL
Jones are fixed in equilibrium lattice positions .

It is also Known as Born-Oppenheimer 02 adiabatico approximation .

1 ☒ i ) THIRD TERM CANNOT BE MERGED I
+
E +
I -eHTÉU = E- / \ • i-thè

a 9- i.µ ax: di: JZ? È

in
> ÈEaT

'#?È.aÈ÷Ha = ?È -2

ya
,

•

+2-e
-

si
Coulomb fora Coulomb repulsive

•

forceInteraction ionlions is not considered.

Tot = È Ìtit { Ej Vii Uther appcoximations are needed ( must reduce a complex problem for N parti}- to N single particle problems-

we Wanta sum
over electron

↳ ¥È Vij→ [Ù (à?) NomorEMKu¥wTEraàoN_
How we have a new hypotesis :

Each electron is now separato from any d-her

Ìttot = È (1) + È (2) in quantum physics it is refemed as non - interacting partidos .

tot YÈ) - E.IYG.2)⇒ {442 ) - 4414k){TOT = E
,
t &



ÈH = EH

| We don't salve a problem fortwo partidos, but we salve two problems for single partidos!Ìtiuz = E242

Then ^

Hai 4142 = {
TOT 4142

+ È)HÈ Etat 4142
-

Nitriti + Hitch = (E +E)Ha
un ~

Eih EH

2) EXCHANGE SYMMETRY
We introduce an exchange operator PH ) : Ifi) HAD = 412,1) rhetwoeled-ronschangep.si/-i-
(e), ↑(e) / = IÌP - FÀ = o it commutate with the Hamiltoniana

8tationarystatesareeigenfund-ionsoff.PH) 44.2) ; 144.2) = 44.1)
"ÌÌ EHH)=P -1141121]⇒ 44.4=22442)⇒ E- i

definition )

ofeigenuahus \

So we got PH) 4112) = ± 4112) → 44.1) = ± V42) alwaystrne
④ Symmetric BOSONS (integer spin)
-0 anti - symmetric FERMIONS (half- integer spin)
↳Pauli exclusion principle

Tutorial #4
-

We acknowledge that u = UIR) and u'(r.) = 0 whoa Ro = 1,090
?ᵈⁿᵈ← """

EEE"e-

UT = UREP 1- Uaar Uaar
, i
= Vi2-il

µ, g,qq.gg | this das not defend on the lattice site

tre ) = III
Let's start from add crystal :

harmonic Series
2- = ± 1 E- E- è RE

mi =;÷Eàᵗ⑨• •

: ⑦ : : : :- t

Zoe a generic
situation though

molecule a

Mi =GÉGÉmi
È%" "

NaCl 1,74

PK ↳Cl 1,763

GaAs 1,638



U-i-ae-R-p.si È
"'

GITEOR
Ucar(Ro)serra. f- e-% -1

ÉTÉn' = - f- e-& +EGIGI'
ª ⇒ Coulomb Interaction

energy in equilibrium

Typiaallyp - ¥ ; for NaCl , Rosie À p ~

f- assi À Aè! ÉTAIT ⇒ afro) -- (
.

- 1)La
SPATIAL DISTRIBUTION OF HATTER
RESPONSIBLE FOR DIFFRACTION µ GIGIO

-

ATOMIC Fèrm
negar 4=781 di Constant

FG)-- § fp (g) È
? È This

expresso
the Damnation of the amplitude oftwo incidente Waves .

how we are go.mg/-oseehowthosetermsbehaueimculic Systems .

fimpleculicrp-fao.io) § - LEIÈ +KEautytleauz~rip.gs -- o ⇒ e-
"
= 1

F(j)=f d=[q
"Horse
→ it is caserta considera BCC and FCC as

SC with a basis

÷:[⇒ Wearemaingonthe Complex
{ (1%1) § is the Dame as befane ~> rip . § - {↳+Kay

⇒ e- ieri È = {%" "" JhMHᵗ - Aungè A-Ktl) - fi)
1 sinaÉ
i

→

' 0
,

7

- i

f-(g) = f (g) ( + e-
⇐ (htktl)) . {

0 ifhtktliodd Counter- Phase

÷ 281g) ifhtktliseuen PHASE

FI

{
Had

IA- lit è:(
he! (1)

"e

noi .
%at )
£1911 )

↳ ←È ⇒ e-
iii. g-:{

^

(Ktli ei-lki-ll.fi/K+l
✗ +KITÈ (11/0) èlhtk)

- (a)
htk

aflgi) ifalleoenlodd
f- (g) = fig ) -11+1-11?- f)

""

+H
""

] - (o igaaaidloneaen



lo condensa everyfhimg wearemoving.in/-heoomplexplomewithjumpsefj-
o

ifoneoddloneevent-ljt-flg-Y-i.fi/?-fi)Y-fiY-Y(+ è
""9) = { 8ffgjifallevenandhi-ki-l-c.sno ifallevenlnthtktl-14m

41mi)f(g) ifallodd
Lectures

Electronica a crystal
È

,
-

- ÈHI +JE.tk Ìt Hai- Àrs Exchange symmetry : YKD-i-yf.rs
↓i-EU.ae/%Feif-aationy(AB)=Yla)Y(B)a B

NoWW@Considlrindlplndlhtl_gTHisdoesnotSATIS.t-4 EXCHANGE SYMMETRY

VK.rit-YHH.fi/=Ymlri)Yndri:) )⑦
QUANTUM NUMBERS (STATES)

GAYE.ir/XH=-oIYH) ✓

SPATIAL
anti -SymmetricUNlwfunctionijneededwavct-UNC.tl

ON SPIN

PARTICLES

Ys=%[* (E)* (E) 1- Un.fr?Ym(ri)] '""e-

sam-s-ia-icifm-m.Ys-yn.HU/mlrii)Yas=fE-Ymtii)Ym(è) - ymlriyn.fr:))
What about the spin ?

5- E ⇒ E- hs(sta )
§ -7ms µ

.

""" ✗""%EfKHX.i.la) -4k¥41)
Ms = ± §

trnoe-IXskd-TEHHX.tk/+X;HX;H)Jtisthesame,lml-
for the spin

=

iftheybuethesamespu.ms/Xs=X:(1)✗{ (2) Battuto

The final product mustle anti -symmetric .

✗
5-X.HN/y-f)Bo-'" down

Hartreeapproacha-isanappoachtof.int Unean
.

Wewantamean field generated by the electron inanatom .

☒ = Un.HU/m(ri)----Ynnlrin)symmet.ryisnotaonsidecedalongwiththespin-U.fi:) ?

ri;
→
è

>
reCilriY---eTfYnjlrYl2j-i@Eled-ronpotentialk.lrii) . /È!È¥!à, Potential isnotdisnetebecauseeled-r.us

areuniformally distributed .

V



Ob final result

Vite) =÷. /E.ly?.!!!Ye- we don't know this The Wave function of an electron
depende on the wave function of the attuare

[Entri - È?÷r: +È.IE/YI!!Y-?-)YniEii)--EiYnilri:)
Un iterativa method must le used

.

-
SELF- CONSISTENT

MEAN FIELD

HÈà;) →

yi.H://tartree-Y-ckapproach-Z-E-ri.si
; ÈÈ . . . ; Ensi )

SLATER DETERMINANT

Vinti . . . 4. finii^ For the restof the Courses we substitute
,

the mutual interaction with the meam energy .

'

.

"
.

.

.
.

I

4mn (ri.si) . . .

In ardere to jump t.ro another
energy

level
,
an energy quality DE = Ej -Ei is needed.

È
⇔ = ? Ài È = -Là: Ue-ale) + U (ri)MEAN

÷
NerysÈ;) ← Whatuermethod we choose

,
that is periodic

This has become a single particle problem .

Crystalmodels
1) Utri) - o scitala for electron in a metal

2) UE) dmall PERTURBATION THEORY

3) Uni) big TIGHT BINDING

www.unpeciodi-potential
A single particle state in a periodico potential is aalhd Bloch state; also U (ri) = Utimi) .

µ = Eµ where È = -2kmTI U(e) TRANSLATION OPERATORÌi:Ì→YH=y(à+→ [È ,⇒⇒ if the potential
is periodico

In LIÌY) = It (è+⇒Ultimi) = Èfilippini) = ÌÌTIYte)

Stati
omary

states are eigenfunction of the translatiomal operator : Inµ = HEY



Lectures

Bloch theorem

II. = -Enti+ Utri) Utri) - Niimi) ÌYÈ= Ultimi)
w ?

^

Uee.in + Uman [È .tn?--0sameeigenfmd-ions → TÉU= YFIELD

Tai ÌTÉY (e) = Ultimi +mi) - È:* Ylà)
Constant
↳ I.aUnirti:)µ !Unità) V1 ⇒ Niimi) -- tfiitùi) important propnty; just are solution : tti) - e

5 is a constant vector defend as E- È+ IÈ
ri: noi

È 7- lflxtna) -- ÈVE)
• @ @ a • •

a

/UÌYDV=/Nidi . 1

/ llflxtna) Ìdx =) /éaipyidx = / è"Ì/ / Yidx - e ⇒ /è
" l'= i

É ,

this apre

imaginary function'Hù)=eÈ [E) = [mi] È isawaevectar

È µ (ri) -- Y (Eni) = e
"

Yle) if His astationay state; We've just exposed the final-four of the Blackthorn .

Inebriati.us

1) Wavefunction is not periodi

2) Wavefunction i periodi onlyif È:-& °

. .

The eigmvalue depende on
rflritni) = ÈÈ

"

Yle) t the wavevector
.

÷
a • 0

Vetrini) = eik.siYeti) (function ngt periodi, just a phase factor è
≈)

iQuantum rumbers

HIHI) = {(E) Yaifà) fmeadÈthmambemoasdntiaI
i
energy dependent

how we consideri the second foam of Bloch theorem .

Yui (E) = Ue (ri) è
" "

with neti) -- vetrini) Bloch function

Yè (ritmi) = Ue (reni)È
:("⇒

= negri) civili e % :(e) eik.si

Tu



Ituri = Elri)Ye
⇒ [↑¥! + Utri)) giri) = {(E)*là) È = - ihÈ[vi = ne @iii. è

IN:-p:p: - liti
We can see how Bloch function dependson È .

For each È we have a family of Solutions .
Let'
s come back to the Translation operator .

✗riti) - cià" what if ri-sriig ? Leggi) = citi
•% È:" eiÈ" =

èk?? tifi)

And so Yifei- ri) = È
: "

Yeti) - Ying. fini)
✓

It is sufficienti considerati in just are all, thef.rs/-Brillouin2-one.-
Tiequivalente

°

NOTHINGC-HANGES.ie ; 5
.

Stationary states are
^ periodi in Espace WitheyHuari = Ex (E)Yari . . .

I Vari:-g. (e) = Yair:(E)
REDUCED ZONE SCHEME

Gli:-&) - Ea (ri)

Also E is called dispersioni RELATION, White a represeut.si/-sdifferentlromches .
• REPEATED ZONE

1ˢᵗ
,

Bz

◦REDUCED zone

a-
'

.

oekteooaa .
BANE

° °

più
! Ìaaesogengg

' in È¥È
-÷ ÷

-ÈÈ¥÷ÈÈ.
I l

kramerst-heoremEK-Y-EI.ie)
• a i.IE#kmeenergg

o 0 o

Zara free electron (U -∅) , we are considerino a plomo wave ✗= e
è⇒ A =AÌ

,
E = FÉ parallela

2DH cedri) = Ex (Kx, ky.kz)

Usudlly the dispersione relation is represented only in particular Symmetry directions .

•

:

o
%

-÷ . _ _ .justasimpletric.tl/
100

i • •
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410k¥ >K


