Interatomic forces
What holds a crystal together?
Affractive electrostatic inferaction

- e crwad

betweean electrons and nuclei -
the force responsible for e
cohesion of solids
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Types of bonding
I. lonic crystals
Usually involve atoms of strongly different electro-negativities
{Example: alkali halides).
UR)=-N-Z_sNA
4z, R R"

attractive” I .
(Coulomb) repuisive
lonic bond is strong

{binding energy - few e\/fpair)
= hardness, high melting T
electrons are strongly localized ..
= Insulators In solid form ECL epergy per molecule vz 8
T}rpuﬁ_lﬂ ::Iryst:l structures: rﬁm% (froms Eimed)
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1. Metals
= Mzt elements in periods: table
= Hhgh electnical and tharmal conductivity
= High dersity
= Considerable mechanical strength. but plastoity
These propertes can be explained considering the metallic type of bond

Exarmple: alkali meials — single electron weakly bound to alom — easily
delocalized.

In confrast to covalent banding. electronic wave funciions are very extended
compared 1o interatomic distances. Why total energy is reduced 7

Partially sccupled eleciranse bands — electrons can mave frealy

Group |l metals — twa & elecirons — should be fully cooupled
bt cverlapped with emply p-states

Transtion metals: deelectrons ane mone localized = form covalent-like bonds; 2
and p-glecirons again form a common band

Mgtals ml;.l-taht in Mpﬂmﬁ&mﬂ-&#ﬂ pi= ]

Il. Covalent crystals
= Electron pair bond: usually one electron from each atom
= Electrons tend to be localized in part between the two atoms
= The spins of electrons in the bond are anti-parallel

= Gap bebweean fully cccupied and unoccupied states — delectrics
or semiconduciors

Directionality of covalent bonds. Example: carbon
Hybridization, 2s%2p° — 252p,2p,2p,: sp* tetrahedral configuration
Also possible sp*:.  252p,2p, — planar (graphite, fullerenes)

remaining p, - interlayer t-bonding

Covalent polar bond {many compound semiconductons) —
intermediate case between non-polar and ionic bond. Described by
effective ionic charge or fractional ionic character (between 0 and 1:
0 for Si or diamond, 0.94 for NaCl). Covalent bond i5 also strong,
binding energies of several &V per atom
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V. Van der Waals bonds
Inert gases: outer electronic shells are full = no ionic or covalent forces

Weak interatomic forces due to quantum fluciuations of 'l:hifﬂl- — irl'ﬁl'iﬂ
dipole moments cause a weak attractve force

Can be described in the guantum-mechanical model of two linear oscillators
[given in Kittel) — results in 5 dependence of potential

Binding enengy in arder of 0.1 &V

Crystal structures ane fod (electronio distabuton is sphencal, atoms pack as
closely as possible)

Van der Waals forces are also responsible for bonding in crganic mobecular
crysials. Molecules are weakly bound; ofien form low-symmetry crystals

They also exist in covalent or ionic crysials. but neglighle

V. Hydrogen bonds
Formed between two strongly electronegatve atoms (F, O, N) via H
Example; ice Binding enérgy s also ~0.1 eV

Lorunare | Ssbog Fapembin SITT H



Today: crystal structures (Omar Ch. 1.1.-1.6.)

Cryztal: atoma are arranged so that their positions ars periodic in all
three dimenszions

Atoms are bound to one another - " * - *
well defined eguilibrium separations; ' ' .
many identical atoms — &g- - '

- -

MMM energy requires every [
identical atom o be in

identical environment — 30 periodicity v =na + - ma,

b Ry |

Ideal crestal: perfect penodicity

Feal cryztals are never perfect:
ssurface
simpurities and defects

*thermal mofion of atomse (lattice vikrationg)
Laenee 1 Andeei Sirenks WIT 15

Choice of primitive cells

» Which unit coll is a good
choica?

« A B, and C are primitive
wnit cells, Why'?

« D, E, and F are not. Why?
= Nolice: the volumes of A,
B, and C are the sama.
Also, the choice of onigin is

different. but it doesn't
miatier

Unit cell choices

# Alss: Thars is only one @ 2 4 @
lattice point in the primitiee
unit cells
Lectus 1 Andeer Saanl, NIIT I#

Crystal structure = lattice + basis
S |

. - - .
- - - - Wa nead o dentify the
A latmce symmmetny (lathics vecion)
_-' & 3 [ ] = r:l' |. r Sl '
#, ard the laitice contents
pirant L {basis) to fully describe a
structure
L]
- A by
L e (1) How do we choose
¢ . . Iatice vectore? [This will
. & & " lead us fo thinking abouf
L ¥ - ]
s o" cvum unif cells)
O | 3 sipciune
L] L] L]
L { -
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Basic definitions

The periodic array of points is called crystal lattice.

For every laltice point there is a group of atoms (or
single atom) called basis of the lattice:

ay
Don't confuge with a,, g, a, - basis veclors
parallelogram formed by the basis vectors —
it cell a,
if & unit cell containg anly one lattice point, it is

called a primitive cell (minimum volume)

Bravais lalticas = all lattice points
are equivalent

2D case - 5 Bravais latticés in the next slide

Loutare | sk Fapembon BT ;]



The 2D Bravais lattices
—

Wode thal this is the .

propes primiive cell -
for the cerdered a7 I W [
reclangular laltica e

type (why? 1 contmns

p— - .
only cne [atlice pont) Mgl s B

/ ]

Fecharl A i|nl=, ] w W

BEl — 58
I T

roctarge

(this = called a rhombus) f}_i.?
ag ' f

]
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Cubic lattices: SC, BCC and FCC

i i bce
simple cubic fee

Lastese 1 Andsei Sirenks, WIIT 2

T crystal systems and 14 Bravais lattices in 3D

triclinic monoclinic arthorhombic
a=hs=¢ anfb--fc' u,—-‘b,—c ﬁ_ﬁ_}f_g'f"“
w iy = 50° P
9:1'
IJI
{ 4 [ [ [
ﬂ.
tetragonal rhombohedral cubic hexagonal
a=bhz=e {frigonal) a=hb=¢ a=hs=c
cr=,.|3=}’=5'{.'-'° ,-_-;|'=,!;|=|:;I a-:ﬁ:;_;:g{]“:' ﬂ'=,||3=.';'|:|ﬂ
P !

a=g8=yr00° p | E

y=120°

i in -nl'Ia e Bl ,
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Cubic lattices: SC

The Body-Centred Cubic Lattice

Packing fraction = {4/3mi{al2 P

(Li (at room tamp.), Na, K, V, Cr, Fa, Rb, Nb, Mo, Cs, Ba, Eu, Ta)

(a[ﬂmic Unlumejlf {aﬁ} _

........ i (bravais unit cell

Bady-
volume) Centred
Cubic
Latlice
¢ The simple cubic has 1 lattice (BCC)
paint per unit cell, with a total
area of a*

a L] glumtler of nearest neighbours:

& Nearest neighbour distance: a {atomic volume )y
. : »  Mumber of next-naarast | bravais unit cell
simple cubic neighbours: 12 volume)

* Next-nearest neighbour
distance: +2a (prove thisl)

Lezture |1 Azadies Sireska, MITT ) Lecnee 1

The Face-Centred Cubic Lattice
.

«+ The primitive cell of the

FCC lattice is defined -
by the translation . @ *
veclors:

a;: L{-n:%lil
a:‘ Waly+ )
B, =Wa(z+%)

where x, y, and £ are the Caresian unil -
wischors. Thess iranskabon vedlors
connect the lattica pt at the origin to the @
poinits at S face centres
The angles beteesn the axes are 60

Eorcnase | Ak Fpenken, BITT 1

Packing fraction =  (4/3)m{v3a/4)®

The bady-centraed cubic lattice
has 2 lathice points per unit
cell, with a total primitive cell
valume of a2

Mumber of nearest
neighbours: 8

MNearest neighbour distance:
3 a/2 = 0.BBE a (prove thisl!)
Mumber of next-nearest

@y neighbours: & (whare are
these?)
(-_x';-:rr qu'“\, Mext-nearest naighbour
S distance: a (prove this!)
Andeei Sineka, WIIT 2=



Rules for determining Miller Indices Examples of Miller Indices

£
£

+ (1) Find the intercepts on H
the axes m terms of the
lattice constants a,, a,, &

* (2) Take the reciprocals
of these numbers and then
reduce to three integers
having the same ratio,

An example:

usually the smallest of the  Intercepts: a, == (3,00
thres integers. The result, Reciprocals: afa, a'=. ale e " |ntercepts: 3.2.3
4 2 4 =1,0,0 ntercepts: a. a,= , - 3.8, ) )
listed as (hil), 1s called the .. ;e for his plane - (10 0) Reciprocals: ala, ala, af= Reciprocals: /2, ala. a/a
mdex of the plane. [mote: this is the normal vector for this plane) =1.1.0 Miller indest ;-:: h:i:plane SRS
. ; . Miller index for this plans - (1 10} b
Lecture | Asdlres Siremke, MITT 5 o madoe Birmcn, 00T .

Indexing system for crystal

planes
»  Since crvsml somchures are
obtained from diffraction
experiments (in which niluiby
particles diffract from L
planes of atoms), it is nsedfl
to develop & system for

indexing lattice planas.

*  Wa can nse tha lattice
CONETANMS &, &, 3, but It
ums ot 1o be more useful

to e what are called Miller dGdaGdeeae
Tadices. SHdHdIITDI>DD

Pl
Lectue 1 Andkei si.ml..,hal:w’




Diffraction of waves by crystal lattice
* Most methods for determining the atomic structure of crystals are
based on scaltering of particles/radiation.
¢ X-rays is one of the types of the radiation which can be used
* Other types include electrons and neutrons
* The wavelength of the radiation should be comparable to a typical
interatomic distance of afew & (1 A=10""m)
he he A= 12308/E(eV) =
E=hv =T:> A =F few LeV iz suitable energy
) fori=14A
* X-rays are scattered mostly by electronic shells of atoms in 8 solid.
MNuclei are too heavy to respond.
* Reflectivity of x-rays ~10"-10* = deep penetration into the solid
= x%-rays serve as a bulk probe

Lechue 2 Al Bk, MITT ]

Meaning of d for 20

2d-sing = mi.,

g (1) L

The Bragg Law

Conditions for a sharp peak in the
intensity of the scattered radiation:

1) the x-rays should be speculary
reflected by the atoms in one plane

2) the reflected rays from the b = -,".- ]
successive planes interfere constructively t % dsing

The path difference between the two x-rays: Jd-sinf =
the Bragg formula:  2d-siné = mik

The model used to get the Bragg law are greatly oversimplified
(bt it worksl),
= It says nothing about intensity and width of x-ray diffraction peaks
= neglects ditferences in scattering from different atoms
= assumes single atom in avery lattice poant
= ﬂ&mli distribution of ﬂhﬁ'ﬂl‘w&ml

Meaning of d for 3D
B e, Osay o8~ IUsbEartiCrystalCale_Cuble hin

' 2d-sind = m.

L] ] ¥ 7
Intercepts: 3.3,3 W kI
Reciprocals: a'a. ala. ala el el

=111 at b 2
Milier index for this plane - (11 1)

d. =29 <313 AforSiwitha=5431A

Lt 2 o 'J_?_}

Al Fapenbis, MITT B



If we use the thres dimensional diffaciion sradns as & matbematical maodel, the thres indices k. k. 1 become the or-
der of diffaction along ihe wnii cell aes a b and C respecdyvealy.

It should now be clear that, depending on what mathematical mode]l we have I mind, we use the temas J-ray reflec-
ton and X -ray diffraction as symomyms.

Lat ns consider an 3-ray beam imcident on a pait of parallel plans: P1 and P2, separated by am interplacar
spacing d.

The two parallel incident rays 1 amd 2 maks an amgls (THETA) wtih these planes. A reflected beam of maxirma
mrensity will result if the wases represemted by 17 and 27 are in phase. The difference in paih lecsth between
Lt 17 and 2 te 27 nyust then Be an intesral mamber of wavrelensihs, (LAMBDAY. We can express this
relationchip mathamatically in Brags"s Law.

2dFsin T =m =7

The process of reflection is descbed here in terms of incident amd reflected (or diffacied) rays., each makins an an-
gle THETA with a Gxed crystal plans. Feflections aoours from planss set ot angla THETA with respact to the inci-
dent beam and penaraies a reflecied beam atf an angls T-THET A from the incident beam.

The possible d-spacins defined by ihe indices b, k, 1 are determinsd by the shape of the it cell. Eewriiing
Braps's law wa gt -

sin T = 7/2d

Therefors the possible I-THETA waluss where we can have reflections are determined oy the nodt o=l

dimenszicnsz. However, the infensities of the reflections are detenminsd by the disimbuiton of the elecirons In the vmot
cell. The highest elecmon density ars foupd arcand atoms. Therefore, the infensities dapend oo what kind of atoms
we have and where In the vmit cell they are locared



incident waves
or particles
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Cylindrical Film

Incoming Beam

http://www.youtube.com/watch?v=bkaECMbLy58 (aéb o] &S\0)

# = sin~ : I::!\-.."'-'\kir:l

and the radius r on film of the scattering ring due to reciprocal lattice vector K is

\ r = Dian(2d).

Point defects

o Vacancy
An empty atomic site
o Interstitial
An atom somewhere other than an atomic site
- Self-interstitial
- Impurity interstitial
o Substitutional impurity

Some “foreign” species on an atomic site

Material Sciences and Engineering MatE271 Week 5 5

~ Point Defects in Metals

Material Sciences and Engineering MatE271 Week 5 4



http://www.youtube.com/watch?v=bkaECMbLy58

Defects lFrenkeI and Schottky defects

@ 0D defects: several types |
@ vacancy (a)

€ interstitial (b)
= atoms positioned not at lattice point

€ substitutional impurity (c)
= foreign atom at lattice point

# interstitial impurity atom (d)

= foreign atoms ot positioned at lattice point & Frenkel (F) and Schottky (S) defects
Energy e US ' Number of possible configurations Vacarice:
Defiveen perfect and defective crystal " parirs USSR OIEIOS ittt over s
- : S
+ = G Cnery to displace ditributed over Mpostions W = M/(A=116) !

Number of indistinguishable distributions
7k vacancies over N sites

USlng(iErllgg s a(ppr?;lkn;)atlon Frenkel defects Nuymvbzerm gf(i/\r::j/it’zi!rfg:ﬂshable distributions
ne = (M) exp(-« :
§x Nexps(—gslz /(7; Binary crystal AB fk interstitial atoms over A sites
- Nregular and A interstitial sites W = N (W= !
Last step Number of interstitial atoms 7% Total number for Frenkel defect

ng << N(typically n5_0.1% M) gnergy of interstitial atoms & W= ww*



estimate for B&A vacancies

Schottky defects We n

Binary crystal AB
Nion pairs Helmholtz energy F= U- 75
ns vacancies A and 7 vacancies B F= k&g — kT InW

& energy to displace an AB ion pair = Nges —2KT IN[M/(N-115)! 116! ]

Je3DLES aas‘n‘béb DA TP DNOITV aBoog), "0560" OGS (OO - DEXATEDLD, IEVNLD ST EEe. QEND0E) LIV PCrEeIoT DIDR CIE) B Doz A
@ © . . . 2 2 -, . 5., . 9, QS@ ®
Q00030 DA 01*33‘0956 €508 R0EP DI 003609¢5°8 HuEH¢o oo Sufeczraw. &) #8 f?;ono 0685 SETR DECE 0268 (B0 D es oS0y,

D 3¢ 10 Sero DEGE 063 B 8EMotsie 2 Vogrdf 8 DBVD &%) AN BDYok. WOVDY ‘g"c‘éo 08030 Drfoes’ @oé(gé @3%‘)@ 0080IAR S0dO3
SEHOBODSD SO EEPOR DATP DOEIDS’S BRE T YD WG &od.

EePe (1000LSAND B, €90E3 fotYed) T3 STy 090N (Sea0 # 1, Seao # 2, QOATID). 080% #1,#2,#3 #4,#5 Seeen 10 ?8866 &o63, Sodasw #6,#7 #8,#9,#10
28 2¢5° ) OB, B DG AFT OO Ao %a;ggaso 00963, GETErErcd, #6 000 #1. & 10 Srrody 2 Hdow 2065 WBNTeAS 210 = 1024 Hovgren &) 0.
SB20m, somen DHBoSEN'S, Dot THY Send ST A ©%o, S DB 1 &° 5 grren 00k 2 HBS® 5 grre DRI 061 Ttk EFPR) A6 AT0NINBS TS
WBBNTIS 28 AP eI, (QocsBND sere E0 1024 Srgrod DS, 63 Sabeed3 11 DB rgren gy ey ol

DEBODS Seen 208 BERD Srren. 2,88 o) LTSS Bdyco 5%,550 S, & NS 8w 0. :acsmoo:ioanboe‘:a BT TABD ;m):;csogoef
R0, T8 goao DIPODE B Dore BDOYOEVN. OB, €3 :ooodaoesﬁ, 299 HIBOIEAD SETPROTT ATPGTPON. STPOSVDES D DELATEDRD,
S0’ JUTE, LirdoS” Tergd Hoth Hbo S WGBTS DL 03 ol VBT DHBALSID.

93 (OOLILND SETPL VoG D DY oM €0e°0?

3 8ETe &%) 030 LTRo, 208) &) 3 3§ rowen 1, 2 20008 3. dre Q8 nl=1,n2=1 08050 n3 = 1 HAriEdocsoc:. 9o OB Fraws 2.8
DBATENY) €080 SETRD DOOWISAND e.oow%, RN 6 D gy ‘?géow €:0E°00). 9000B, EFPe DEWODTED’B, 1 S €008, 90T
S0EDDAN0E - DY 2,8 EDDIOW



S
QO OO
Q OO
O OO
Q OO
?PF

€03 Dedorr, e § Q) VoG S°(otr0 Vof TT° VDL AIPHOT D &AW G0 ESXDQJU’Q‘&&».

S R0308 | ETEPEEL), 0D 2.8 ?ODS ABo0E); Botd Dog@o 6:0CITON. &wdc?é@oaw&é Boto-&6s BB HDADD (21, 22), RO R02TOIBR RO

|/(x1, 22)|2dx1dre DoCd00eS” 208J0 208 serdy SOFTIR0 21 8 21 + drl 08030 EFED do6sy x2 & 22 + daz, 8500 e.‘)gboefaom SrGR0 &od

od [/(x1, 22)|2 = |/(w2, 21)[2, o0 & TociodeS® DO VL L) ¢ BHLOBE BDoDLE. &) o S-y..

BSTPO HDANB 301G 8065 Bocd (080, FGPEEOT, Totkd ATGA) WoeTdf LRIV PABRod: (21, 12) = a2, 1) S l(x1, x2) = ~x2, 21).2 AGD
9aA..

avdng gewen §y ?8&0&36 %vga BSoPO HDIANEK $OA &otraw, €3 GSo SEren QI %vga BEorPe) HDIBHD EOAH GotrPon SOOI DB QLT DEVFED
bosons. (e.85% '

S8R ?88956 03 Ao BE DD DoLS SO €00, WD &8 DBV VY, BDoDH D6 TFRNRD DY So Q303020 838 secs.

OBV VoI Vot DESTET 0d. |/(z1, 22)|2 = |/(z2, x1)T2.) B0, C3PodDRLBE Borrw DIBW EDAD SrreRd D ew fermions.

N independent What about
distinguishable indistinguishable
identical particles particles?

2 particles and

" ) 2 particles and
2 energy levels _
2 energy levels

2 O Q [ 1 ]
2 @ @ [ 1 )
1 @ee e @
E, E. E. E, 1 @ee e @
2 2

E,

1 E, E;
a \/

These are the same.
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Derivation of the density of states for dispersion
relationship c=Av

Electromagnetic radiation is considered as standing waves insider the cavity, satisfying
boundary conditions:
¥(0.t)=0 and ¥'(Ly.t) =0 and ‘¥(Ly.t) =0 and ‘¥(L..t) =0
For plane waves,
F(0.1)=0 = ¥(x.0) = Asin(kx)cos(ot)
YD) =0  =sin(kly)=0

=kL~nm n,~1.2.3....

Nodes at the boundaries

1 Blackbody cavity

S . n, =123... | |

L *=0

=

In other words, because of the boundary conditions, k cannot be any value it wants.
Similarly for y and z directions:
n,7m K, = n,m K, = n,m
L L L

x ¥ z

k,= n,.n,.and n,=12.3.....

A possible standing wave can be considered as a state defined by wave vector (k, k. k;)
in the cavity. Note that the states are packed together close together uniformly in the k-
space, because L is large (hence we can use infegration). We now want to calculate the
total number of possible standing waves (i.e. states) within a spherical shell between radii
k and k+dk. Spherical shell is considered because all states within the shell have the
same magnitude of k and hence the same frequency.

kz
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With An=1, volume per state in k-space

'd N 3 3
i (1 - (V = volume of cavity)
L AL, AL, ) LLL WV
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E Therefore, the total number of possible standing waves within the spherical shell 1
_1 y Volume of spherical shell
L2 g Volume per state

The factor 1/8 is inserted because k;, ky, and k; have to positive. However, there are two
possible polarizations for a transverse standing wave:
»

E
.
= N Wave (k) is traveling out of paper
«——E K

K

Therefore we have to add a factor of 2 in the above equation.
.. the total number of possible standing waves within the spherical shell

1 Volume of spherical shell
=2x—x

8 Volume per state
3
=2xl><47ck3dk /Tr—
8 %
_ mk*Vdk
7'[3

But k is related to v:

iv=¢c = 2vr/c =2n/k = k=2vn/c
Therefore, the total number of standing waves between v and v+dv is:

> 2nvY . 2nd

é . n( TV v mdv 2
nk'vdk | ¢ ) c _Srcvclvv

e 7’ ’ ¢!

& colege

T theo 12-1



for students Density of state for light BBody. pdf - Adobe Reader

File Edit Yiew Document Tools ‘Window Help

B & € 9[zliz @@= BSE |

I! But k is related to v:
v=¢ = 2vr/c=2n/k = k= 2vm/c

o Therefore, the total number of standing waves between v and v+dv is:
( 2mv . 2ndv
2 TV 2
Tk Vdk L c c Smvidv
3 = 3 = 7V
7 T c
Define density of states N(v) as the number of states per unit frequency v per unit volume
V. Therefore, number of states between energy vand v +dv=G(v)dv =V
8nv’d 8mv'd
Ay o Nwdw = 2 Yy —Gvydvy
c
8nvid
= N(v)dv =2
c
2
or N(v) = Sﬂ;;
c
&
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Free electron gas in one dimension

Azsume an electron of mass m 13 confined to a length L by infinite bamrers
Schoddinger equation for elecon wave Ametion y(x) Hiy (x)= Ew (x)
E, - the snergy of electron erbital

ausume the potental lies an zers = A includes only the kinetic energy =

¥ r_' :.' .
Hy (0 =Ly (1) = - =, (1) = E . (x)
2m 2 alx”

g A b =

Mote: thi ong-alecty fion —
%I:mﬂL :-i:-:m-!!t:u;: ﬁ?nl:nnn-um

Caneral solution: Aungx = Beos gx

boundary conditions for the wave funchion:

= E=0,g,=ml;n-integer V0 =y, L)=0 -
Substinte, obtain P

e [ "n ) = Ly
i”.i-"':"-""‘m[T"" J the ergenvalues “ 2m\ L)
Fermi energy

We need to accommodate N valence electrons in these quantum states.
Pauli principle: no two electrons can have 1dentical quanmm mumbers.

Electronic state i a 1D solid is characterized by quantum numbers n

and m,, where n describes the orbital (), and m, - the projection of

the spin: m, =%,

= each orbital labeled by the quantum number n can accommodate

two electrons, ene with spin up and one with spin down orientation.

Let ng - the haghest filled energy level. Start filling the levels from the

bottom (i = 1) and contimue unril all N electrons are accommodated.

Condition 2n; = N determines nz

The energy of the highest occupied level is called the Fermi energy Ep
For the one-dimensional system of N electrons £, = L]

2m

NY

\ 2L }

First three energy levels and wave-functions of a free electron

of mass m confined to a line of length -
=== Energy lewrli
NN — Wi et
ix)=4d h‘ll'l[ —_— J - ) evlatine wule
L _|:=| L &
=% L 3 ‘i
. . § -
3 i W
£t 2 ; 3
2my L ) E i |
B w8 o 3 =
i i 1 1
] L
L
picnare fram Kimel
|L_‘|-.--.-.

Finite temperature: the Fermi - Dirac distribution

The ground state of the N elecmon system Pt

at zero temperature: all the elsctronie = BEV——1

levels are filled up to the Fermi energy. 2 —

All the levels above are empty. —_—=
.

What happens if the temperanre is increased?

The kinetic energy of the electron gas increases with temperature
= some energy levels become occupied which were vacant at 0 K;
some levels become vacant which were occupied at 0 K.

The dismribution of elecrons among the levels is descnibed by the
distribution function, fIE) - the probabality that the level E is occupied

1

Fermi - Dirac distribution:  f(E) = P~ ey
-



AE) atT=0Kand = 0K
fIE)

1

JE) = Fom

u — the chemical potential.

It can be determined 1o a way that
the total number of electrons in the
system 15 equal to N.

AtT=0K u=Ep
Atany T if fiE) =12 when E=p
High energy tail of fE), when E - y ==k, T

called Mavwell - Bolrzmeann dismriburion

http://www.toutestquantique.fr/#metaux (?50&35.) QA3TTTeeD)

f(E)=

gl EWkT

Effect of temperature on Fermi-Dirac distribution

: 1
_p;[.g] B explis - @) ET]+1

L

| b
! b
Probabily tat an orbital of
wrangy £ wil be occugied

Cramical pelenial
[~ el Gf ehergy needed 1o add an
mlaciron o tha sysham)

= Fami enagy
3 |
b o AN =TT
1N
d N
LE I;‘I\.\\
[T I—.....\"- o

o [in enis of 107 K
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Limitations of free electron model

The free electron model gives a good insight inte many properties of
metals, such as the heat capacity, thermal conductivity and electrical
conductivity. However, it fails to explain a number of important
properties and experimental facts, for example:

* the difference between metals, semiconductors and msulators

*It do=s not explain the ocewrrence of positive values of the Hall
coefficient.

*Also the relation between conduction electrons in the metal and the
mumber of valence electrons in free atoms is not always correct.
Bivalent and trivalent metals are consistently less conductive than the
moenovalent metals (Co, Ag, Au)

= need a more accurate theory, which would be able to answer these
questions — the band theory

Periodic Lattice

» What doos the electron density (9] look like?

Kote: only electrons
which have a wavelength
commensurate with the
attice (k = mia) feel the
periodic potential, and
they form standing wave
pattems

Y Y vy vy

Ona of these (+) has ekectrons v ;(mﬁﬁnx}ﬂj}

near the positive cores, the i

Y i ),
ather has the elecirons in T ST i .
\Ill:',_,r'ﬁ_h- WL.—"“.-—U;‘I/ '

ral

netween the cores
(50 they have diffenent
enargies)

The problem of electrons in a solid — a many-electron problem

The full Hamiltenian contains not only the one-electron potentials
describing the mnteractions of the electrons with atomic mucler. but also
pair potentials describing the electron-electron interactions

The many-electron problem is impessible to solve exactly =
simplified assumptions nesded

The simplest approach we have already considered - a free electron
model

The next step 15 an independent electron approximation:
assume that all the interactions are described by an effective potential.

R
J{\Hi/

One of the most important properties |,
of this potential - 1ts periodicity: IR

Uy =Ur+ T \
o\

Bloch theorem

Write the Schradinger equation the approximation of non-interacting
electroms: -

[ & s
= Vo 00 [wrir) = Epeir)
2m

wir) —wave function for ene electron.

Independent electrons, which obey a one-glectron Schrédinger
equation a periedic potential L) = Uir + T) - Bloch electrons
Bloch theorem: the solution has the form v, (ri=e¢™u (r)  where

U= ur+ 1) - a peniedic fimction with the same peried as the lattice

Eloch theorem introduces a wawve vector k. which plays the same
fundamental rele in the motion in a periedic potential that the free
electron wave vector k plays in the free-glectron theory.

Bk 13 known as the crysial momentum of guasi-momentum



Another conclusions following from the Bloch theorem:
the wave vector k can always be confined to the first Brillonin zone

This 1s because any k' not in the first Brillonin zene can be written as
E'=k+G  Then, if the Bloch form helds for k', 1t will alse hold for k

Energy hands

Substitute the solutions in the Bloch form g, (ri=e™w ir) into the

]

Schrodinger equation, cbtain: [ 4 .
—— [tk + V) +U) o ()= E(k e (1)
i
with peniedic condition: u (r)= 1 (0+T)

For any k. find an infimte number of solutions with discrete energies
E (k). labeled with the band index n

For each n, the set of electronic levels specified by E, (k) 15 called an
engrgy band. The information contained in these fonctions for different
it and k 1s referred to as the band structure of the solid.

Mearly free electron (weak binding) model

First step: empty-lattice model. When
the potential is zero the solutions of the

'-\ },l: Schradinger equation are plane waves:
N, v 5252 ) 1
\\ / L Em=7 vi() = e
1 my I
\-\""\-\_\_‘___,_,.:-"/J : 1 & )
In [ where the wave function 1s normalized

g "7 tothe volume of umit cell I/,
&

.ﬁ\ *_J./A,'c
%Y

] il k
o

w i H
= = x

i

a
=—Firil .-|-u—|

Socowd  First sove Smom
Er T

Mumber of states in a band

The number of states in @ band within the first Brillowin zone is equal
to the number of primifive unit cells N in the crystal

Consider the one-dimensional case, pertodic boundary conditions.
Allowed values of k form a uniform mesh whose unit spacing 15 2n/L

= The number of states inside the first zone, whose length is 2n/a,
15 2ma)(2ndli=Lia=N, where N1z the number of unit cells

A similar argument may be applied in 2- and 3-dimensional cases.

Taking into account two spin orientations, conclude that there are 2N
mdependent states {orbitals) in each energy band.

The Energy Gap

8o, there are 2 soluticns for the energies at this K-value
+ This is what gives rise fo the energy gap
& L]

S

slleardl
bl
Frliphhon bl

Firl
il

[différance between tha
expeciation values of these
2 energy levels)

E, = I!’f{,x'}[lw'r —||‘|.l'f |:]d.-:



Now, tum on 2 wezk potential. Consider it as a weak periodic
perturbation i Hamiltonian.

From permubation theory have: .
E,(k) = EC(k)+ (] (. [k

Ui Z e 5

where index 7 refers to i* band; * refers to empty-lattice model.

The first term iz the undisturbed fres-electron
value for the energy.

The second term 15 the mean value of the
potential in the state i, k
— constant independent of k — can set to zero

The third term — the 2% grder comection

—vanishes except K'=k+ G

- r \\
E{k)=£.;+4;«sm‘!k—f

) [
L2, I
Origimal energy level E_ has broadened |
into an energy band. I

|

The bottom of the band is E,
-located at k=10

| S

—x/a wa k

The band width = 4y - proportional to the overlap integral

For small i, ka/2 == 1 (near the zons center)

E(by-E; = }ajkz - quadratic dispersion, same as for free electron

-

Eik)-E, = FE where mt= ]"' - gffective mass

=

dm¥ 2a :
For k==, you will find that PR
2 Generally, [m# =37 E
¥ = - ] | dk?
lat ¥ - -

Tight binding model
Assumptions:
— atomie potential is strong, electrons are ightly bound to the lons

— the problem for isclated atoms is solved: know wave functions g,

and energies E_ of atomic orbitals
—weak overlapping of TneAte T Al
atomie orbitals

Maltiple Atoes
s

5
1p
b
Start with 1D caze

1 N
Bloch function in the form:  w(k,x) = ?Ze’“- g, (x—X )
d =i

where X, = ja — position of the j® atom, @ — lattice constant:

w,(x- ) — atomic orbital centered around the /* atom — large near ¥, |
but decays rapidly avay from it.

Small overlap exists only betwesn the neighboring atoms

The results obtained can be extended to 3D caze.

For simple cubic lattice, get

(kay . ofka} . ofka)
_ITI_-l'i]II. | 5 + 31 __T.-

o= =

E(E) =E.3+4}’|:siu]

=1

o d2E Effective mass i3
mE=nt determined by the
' curvature of
dispersion Large miss
Generally, anisetropic: — - k
1 2'E

|,. .

=— T o W=X).T -inverse gffective mass tensor
B,

Velocity of the Bloch electran: v= 122

1
iD: v=—V,Ek
P ADx . pE(K)



Physical origin of the effective mass

Zince p=mgv - frue momentum, one can write: my i = Fmr = Fm + FI
T

The total force is the sum of the external and lattice forces.

dv F
But My — = iy [0
dt m¥
So, we can write
* Fm
m* = iy ————
F..+E;

The difference betwean i * and My lies in the presence of the |attice force Ff.

Metals, Insulators, semimetals, semiconductors

insulator

(zemi) metal metal

Ezerpy

Exengy

E1EY

Holes
Already know that completely filled bands do not contribute to the
current
. ke ik dk
Therefore, can write: 0= I ar vik)= m{_”ﬁ vik)+ I w vik)

wencrupiad

we had for the current density:  j=—¢ | ‘—m_uk}
:rrl.‘p:“' 4

can equally well write this in the form: j=+e I 4& vik)

L

= the current produced by electrons eccupying a specified set of levels
in a band is precizely the rame as the curvent that would be produced if

the specified levels were unoccupied and all other levels in the band
were occupied but with particles of charge —e - holes.

Convenient to consider mansport of the holes for the bands which are
almost sccupled, so that enly 2 few electrons are missing.

Can introduce the effective mass for the heles. It has a negarive sign.

Conductors vs. Semiconductors

Remember, where the Fermi

level is is largely determined

IEIF the density: ke = {3m? Conduction
e Band

It iz also determined by how  Fermi Fermmi

many electrons are free, and  Energy Energy E,

how many are tied up in T

chemical bonds

The kywer the density of

carners, the higher the Fermi

Energy

VWhen the Fermi Energy is so

high that it appears in t Condugtsr

ap, then we have a o s A Semiconductor
ge Eniwndudnr Fermi energy 185 Farmi enargy lies in

withim a band of
the gap, gap is
wo il Have o nouatsy accessible staes  eivey amal in sz
(you need a large amount of (~1 &V} so that some
n-rmhrI y to make the alectrons e's can be excited
mabile)

Valence Band




Crystal structure and bonding
Semiconductors include a large number of substances of different chemical
and plysical properties. Main types of semiconductors:
* Group [V ssmiconductors - 51, Ge.
- Crystallize in the diamond structure (foe lathees with a basis composed
of two 1dentical atoms)
- covalent erystals, 1.2, the atoms are held together by covalent bonds
- the covalent electrons forming the bonds are hybrid sp? atomie crbitals

*OI-V (Gads, InP, etc), II-VI (Zn%e, Zn5) senuconductors and alloys
- zine blende structure (same as diamond but with two different atoms)
or hexagonal wwtzite structure (GalV)
- also covalent bonds, but polar - the distuibution of the electrons
aleng the bond 15 net symmetne
*Some other compounds (I-VII, varions oxides, halogenidas, organic
semiconductors..)

http://www.toutestquantique.fr/#metaux

Band structure

Semiconductor - 2 solid m whaeh the highest oceupied energy band, the
valence band (VB), 15 completely full at T=0"K
However, the gap above this band 15 small, so that electrons may be excited
thermally at room temperature from the valences band to the next-higher band
— the conduction band (VB).

Conduclion

Electrons ars excited across the gap bl
—+ the bottom of the conduction band
15 populatad by elactrons, and the top
of the valencs band - by holss. E. T =

As aresult, both bands are now only "‘ _
partially full — can cany a current if £ E
an electric field were applied :‘ Vilarcw
besnd
The energy of the CB has the form: /‘ I
o The energy of the VB mayv be written as

I’ .:k.'
2m, E,(k)=E,——

-
2y,

E(k)=FE_ +

Carrier density of metals and semiconductors

IV Ssemibconductors

{ |'\-:1‘-:|:.|":
— o
L1 I_'\.::_-.:_"pr'_!-.:_l[::
P i e e T P LUK PR e
-V Sembeonductors
i I‘:J‘J:I'Iq"::."'r""f.l"i‘":“'lﬁ_l,
FLY I-.::-.::;I"3ﬁ:7.rl'"L:.I'J"-h:-l,'.".'
-
/ ' Semiconductors have higher
I e T resistance than metals (~ 102 to
10% Ohm-cm)
oy s Typical metals: 10°% Ohm.em

Meaning of curvature

= A small curvature — small
affective mass

= Alarge curvature — large
effective mass
+ Examplas of band masses:

Iash 1 i il Bl T

S B e o e /—\

[see assignment for an example of m* for Ge)
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Spectroscopy Direct and Indirect Gaps

‘ « A direct gap is when you can excite an electron to the conduction

. Elecirpr'!s can ab?'ﬁrb light. and { ol = band {leaving a hale behind) without assistance from phonons
when it is of the right energy frort g + An indirect gap is when the elactron cannot be excited to a higher
ifrequancy), you get absorption [ “direct” process level without the aid of a phonon (the electron has to change it's
- ) momentum to get to the next band. For a direct gap. the change in

at k=0 {zone centery mementum is very small)

Phenon of energy R, vector K.

opleeil gheorpisan
X

Insh

pholon enetgy

Vaberee: bind ek

’..-"'"r'd-“--\ poweriul method 1o
determine the energy
gap E_

direct gap mndirect gap
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The ensrzy zap vanes with temperature — due to 2 change m lathice constant.
Thas affects the band stracture, which 15 sensttive to the lathee constant.



Density of states
MNumber of electromic states per umt energy range (E, E+dE): DyE)dE

D{E) — density of states.

Bk

2m*

E(k) =

In the effective mass approximation,

Mumber of states dN

- sttes

in the shell (E, E+dE):

. ) #3343 .
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Taking into account spin, multiply by 2.
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The distribution function and the conduction and valence bands
of a semiconductor:

E E

Elecirans 1
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The distribution Density of states for

function electrons and holes

Carrier concentration: intrinsic semiconductors

In order to determine the mmaber of carriers, racall the Fermi-Dirac
distnbution fumction: 1

BT —
EI_E il _!'+]

FE)=
- probability that an energy level E 13 occupied by an electron at T

AE)

Fermi level in intrinsic
semiconductors lies
close to the middle of
the band gap.
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|
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First, calculate the concentration of electrons in the CB.

The nmumber of states in the energy range (E, E + dE) i3 equal to
D E)dE, where De(E) - the density of electron states.

Each of these states has an oceupation probability fE) = the number
of electrons in this energy range is equal to fTEWD (E)JE.

The concentration of electrons throughout the CB 13 thus given by the
integral over the conduction band: F
g n= [ fAEID,(E)IE
E

E, ~1eV == kT = can neglect the unity term mn the denommator F(E)
— ST T P
_I-I:E}—EI:_E _lrIJr=T+] LI:E}*-E. E
The density of states for the conduction band 1s given by
[ 2n

D(E)= %|

i
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substitute expressions for £(E) and D ¢E) mto the integral. obtain

Tk
1 ( 2m,
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change the variable and nse the result j'x' g
3T

Cm kT .

get n=2 —=— | Ui
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Apply the same 1deas to evaluate the number of holes in the VB.

The probabality that a hele ccoupies a level E in this band 15 equal to
1=f(E), simee f{E) 15 the probability of electron occupation

Assuming that the Fermu level lies close to the middle of the band
gap, Le. (u—El==kT we find for the dismbution fimction of holes:

[0 1) O S ST

G ERT | Gle-EN T

L _ . 3 )
Substituting p into the formula forn =2 = m kT RES TS,
m..‘rles 1 _JT}[ )

kT
34 _E, (kT - =F _T
A
i | 13 the band gap.

This also gives the intrinsic hole concentration. smee n = p.

n mereasas very rapidly - exponentially
- with temperature

For Ge at room temperature i ~ 10M cm? -
typical for intrinsic camrier concentration in
semiconductors.

&, cm=%

The density of states for the holes is
DUE) =

( 3?”_.__ Ee
2 : I-. h: )
where E_ i3 the energy of the valence band edge.

(E,-E)"

Simularly to the way we did for electrons, can find for the concentration
of holes in the valence band:

E, r 3z
- e ;’ AT YT B g
p=\| fUE)D, (E)E = o B
-[ R | 2 )
For infrinsic semiconductors n=p
1”?“ }" B c-_.r E, 1/ kyT — [”?ﬁ }'J 4 f-IE' 11 kT
i ) E +E, ",
Solve thus for the Fermi energy: 4= . —_ 3 i Tln—=
e .lrf

The second term 15 very small compared with the first — the Fernu
level 15 close to the middle of the energy zap.

Intrinsic vs Extrinsic
Semiconductors

. the Fermi energy lies within the energy
gap without altering the materials {valence band is completely filled
at T = 0 K, for temperatures higher than this, electrons can be
excited 1o the conduction band)

+ Extrinsic semiconductors: we can add impurities to make a matenal
semiconducting {or to change the properties of the gap)

* There are 2 types of extrinsic semiconductors: p-type and n-type
(you many have heard of p-n junctions in electronics courses —
these are based upon interfaces of p and n-ype materials)

+ Thess are materials which have mostly hole carriers (p) or elactron
Carmers (n)

+  These give you ways of madifying the band gap energies (important
for electronics, detectors, ete)

L I




Extrinsic semiconductors: n-type

Teo sea how this workes, lels add a small amount of Arsenle (As: 4824p*) 1o
Silieon {Si:3s23p7) (generally, a group ¥ element to a group IV host)

As replaces a Si atam, but it danatas an electron 1o the conduction band
(Ag is callad the donor atom)

Thiz is an n-type semiconducior — mare elestrans around that can be
mohile, and the Fermi energy is usually near the Conduction band

At lew temporaturos, these axtra cloctrons get trapped at the denor sitos

(ma longer vary mobils) riwyw g
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il oy levels in the
w 5 3 (3] NET—— gap that can
il i | be occupiad
nijpe slive by electrons

{diamand structhure of Si)

Impurity states
Consider, for mstance, a sample of 51, which has been doped by As

The As atom has five electrons wlile
51 has valence 4.

4 of As elecrons form the tetrahedral
bonds with 51, The fifth electron
cannot enter the bond, which iz now
zaturated, and hence this electron
detaches from the impurity.

Impurities that contribute electrons to the CB of the semiconductors
are called donors.

Note that elecirons have been created without the generation of holes.

Extrinsic semiconductors: p-type

The p-type semiconductors rely on a similar principle: now we are doping the lattce
with igns that want o take eleoirons away (these are calad acoepors), laaving
mabila holes in the latlice

An example: Doping Boron (B: 2572p) into 51 (31 38737, The Boron takes an exira
eleciron so that it has the same bonding as Si, and leaves a hole in the lattice

Tabin §  rephn peieiin carran K, of ircslen ] ampariiies i e e sl @
e, 1 wuh

| This creates hales in
the latiice, which
are these states near
#,.f" the valence band
-
Ll i al = T
e ar

v e s bl b e
W bt F e Err e
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We can caleulate the binding energy by using the familiar Bohr model.

MMust take into account the dielectric constant of the mediuwm.

Thus the coulomb potential 1s now given by o
Firy=-——
g=11.7mn51 o
A
in the Bohr model, the binding energy is [, = -~ i’;}ﬂ
eI

(fm,=myade=1, getR, =13.5eV)
“ﬂ."l.*q'uIl.u'I!uu ba.ml

The binding energy of the donor is reduced ,L Vi
by the factor 1/e® (usually ~0.01), and also r“ ————————— T
by the mass factor m_m, (nmally = 1). Dosar

The binding energy of these shallow donors is
about 10-* of K, — agrees with experiment.




Extrinsic region:

For the commeon deping levels, about 10° e, the number of carriers
supplied bv the impurities 1s large encough to change the intrmsic
concentration appreciably at room temperature.
Two differsnt oypes of extrinzic regions may be diztingmshed.

1) N,== N,

In this case, to 2 good approxmation, n = N

Hole concentration p is smazll To ealeulats it, nota that

Sy b T
and F=21.H?Ti

PRI I 2
m kT ra?lr-.,.-r-_‘,|,r;¢,r | g ErlaT

n= ]| — |
are stll valid even for doped sampls (here E, =0 - E, = EEJ

3
T | fkgT 3 ,

(mm, flRe 5t =p? = p=
LT TR gy 1 -,\,-
) N,

e

p==N;=n n-ppe semiconductor

Electrical conductivity. Mobility

Both electrons and holss contribute to electric current.
Assume first that a sample 15 strongly n-tyvpe.

. . He'T
Conductrvity in the free electron modal: o7, =—2=

-

m,
Estimate the value for o,; w = 10" em® (~107 of that in metals); m,= 0.1 m,
g, ~ 107 (uchm-cm)?!  Typically, inmetals &~ 1 {uohm-cm)?

7 in a semiconductor 15 still sufficiently large for practical appheations

In semiconductor physics another transport coefficient 15 often used: modilin:

i, - proportionality cogfficient benween the elecrron drift velecity and the
applied eleciric field: |\ =uE

(N mto accou at j, =—ch v j =k ,wefl al
Tak 1 mt that |, e v, and j =l find that

e I . e .
Ho= 254 - mebility is a measure of the rapidity of the slectron motion

M, | m the field.

)N, ==N,
In this case. p =N, n 15 small

Simlarly zet o= n==N,=p p-tpesemiconductor

Assumed temperature te be high enough so that all impurities are 1omized -
True at room temperaturs.

If the temperature iz lowered, a point is reached at which the thermal
energy becomes too small to cause electon excitation - electrons fall from
the CB mto the doner level =+ &

the conductrvity diminishes
dramatically - freeze-cur — |
elactrons are now "frozen”
at their impurity sites.

- o trinsie ——=-

N
i |
The temperature of freazs-cut:

E;~kyT— T~100K.

IniLrinsip ==

express electrical conductivity in terms of mobility: 7, = Heid

A typrcal value forp,;: o, =107 {pohm-em) ! and n= 10" em™?
= g~ Wem V™

Apply the above conziderations to the case of holes in a strongly p-tvpe
substance, The conductivity of the heles iz given by

pPeETy
o, = = el
i,

where gy iz the hole maobality

(reneral casze (both electrons and holes are prazent):

When a fiald 1= applied, elecirons drft opposite to the field and holas drft
i the same direction as the field.

The cuwrents of the fwo camiers are additive = ¢ = g, T,

In terms of the mobilities: T =new, + et
where n 15 the

15 in the infrinsic reglon, n =p, = F = Frﬁ[_Lf.. + 4 ) intrine st
rinsic conceniation



Carrier Diffusion
In general, total current in a semiconductor involves both
electrons and holes {in the presence of both a concentration
gradient and an electric fizld):

j, =neu E+eD Vn
J, =peu, E—eD Vp
The second ferm in the above eguations iz the diffusion current

(Fick's law]). It arizes from non-unifonm carnier density.

In one dimension, for the negative carmer: an
j, =neu E+eD, —
ox

At equilibrium, the drift and diffusion currents are equal:
. o
1, =0 = 0=ney E+cD, —
X

The Hall Effect

+ Consider the motion of the electrons in the x, y. and z direction
+  Indtially: v = {v_v,v) E=(E_ 0, 0),8=(0 0 B)
« Apply the fields, and cbserve what happens

= fd 1V (= 0. (a1 (.01
lrI=m‘[rﬁ'1-r-'1__.":' 1:¢H.|—|mf +rJ|1'__F|.""*r"'ﬂ]

(it force i - direction) 1

¥ - - (d 1} E[| \
& - b by
¥ ¥ ¥ i Fac il
(Ehrgtrons: buikd up Soan herg) (net force in the -y drection)
'I
B

Initial state: electrons start to flow
in e —y direction. This creates a field £,



The Hall Effect The Hall Effect

T elescironms will build ug in the lower part of the metal, generating an
aleciric flald E.

This will oocur until the motion reaches a steady state — that is, whan the
forces are balanced in the y-direction (the Lorentz force from the magnetic
fiedd, and the Elecinc force from the build-up of the electrons will be e qual

= 5o, whal happens is that we get a net flow of electrans in the x-directon, but
we also get an ebecinc field set up in the y-direction.

Hall Effect measurements compare the ratio of the fiskd created in the y-
direction, to the aurrent in the x-direction, and the magnetic eld in the z-

direclion
and cancal eachother out)
P ; , : + The Hall goeflicient is defined by:
Steady-state conditions: didtpant =0 — m[:—+ —Jt', = —:.-l E +—v, B | {from sieady stale salution)
(farces are balancad) dr r A c ! : .
E. T T - T " f Ey efith_/mc 1
(froam IH[ i_'_ _|. I|-|_. - _[‘l Eo— l v B "| RH =— =— = E p = (CGS units)
Larentz ‘ . & dt )" Al | -;-TB e TEIB I nee
F 1
P'?'&b&. 8 - . e B mv, ,E L 5 - N - _[Tmm last lecture) I .
(lmetrons build up down here) -+ W= L =y y : R o= (& unita)
’ = w & | E,|— ! ne
X
Steady state equaticons: v, [ 1 | ~
G—, = —> r:' L | E, ‘Elrﬁ h //J [ehealiv sharge)
(in steady state, no of & is.
) poliarn- g J fdensity of condustion ekeetions)
+ Why is this an important Metal | Ry Noof | Ry
- {exp) | carmiers | theary) Hall effect
s Itrelates 2 simple, easily fatarn
measured guantites (the Li -1.89 1l -1.48 . 1
current density, the electric - Wehad R =-
field in y-direction, and the Na 2619 |1l -2.603 LR
?%TH:: EI;.I Ihﬂlholzl- , K -4.845 [1el -4.944 : o if oal hol L 5 1
irection e dansity o ) analogously, if only holes are present, have =—
conduction electrons (which il = L il g ¥ N P ' . ne
we can calculats) Cu -0.6 1el, -0,82
+ Also, it gives some strange - . :
results! A9 10 1el. 118 1f both electrons and holes are present
+ In particular. Ry, ehanges Au 0.8 19, 118
signs for same materials! = | Al 1136 |1hole |1.135 1 2
. Why? I 1774 |1hole |1.780 R=—R'F* +R*~f"
o, o)
55 (D?»,Deéa : : Pv=

http://www.youtube.com/watch?v=Hnn|9vefZmA



http://www.youtube.com/watch?v=_ATDraCQtpQ
http://www.youtube.com/watch?v=Hnnl9vefZmA

Electrons and holes

+ The Hall Effect was an important experiment historically
because it suggested that a carrier could have a positive
charge

+ These camiers are "holes” in the electron sea (and thus,
being the absence of an electron, they have a net
positive charge). These were first explained by
Heisenburg.

o We can't explain why this would happen with our free
electron theory (but it arises naturally in band theory)

+« Note: the conditions we derived for the steady state can
be invalid for several conditions (ie. when there is a
distribution of collision times). But in general, it is a very
powerful toal for looking at properties of materials

http://www.voutube.com/watch?v=5ZNeDxfgYAE 9o exarg
N6 B0g), DB
http://www.youtube.com/watch?v=IcrBgCFLHIY

http://www.youtube.com/watch?v=9CrcRabTQO0s

& dods a;e%aojoesb
8

S5 Dcﬁo&% http://www.youtube.com/watch?v=23y5W5p70fg http://www.youtube.com/watch?v=Db-8alopw-cc

http://www.youtube.com/watch?v=F1PzYi8jmuo&playnext=1&list=PLYVX8QBSVXOXSMYNTCVJRHWVNSM-WOTEYR

http://www.youtube.com/watch?v=u0Q9myHr2¢cDQ

http://www.youtube.com/watch?v=RC3Cpxjx6H4&list=PL. 13DCA3EF0E29362C
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There are three main polarisation mechanisms that can ocour within a dielectric material: electronic
polarisation, ionic polarisation {sometimes referred to as atomic polarisation) and orientational polarisation,
The animation below illustrates how each of these mechanisms functions on the microscopic scale.

Select a polarisation mechanism to view

ELECTRONIC

IONIC

ORIENTATIONAL

Moo This animation requires Adobe Sash Slaver & and later, which can be downloaded here,

Al non-conducting materials are capable of electronic polarisation, which is why all insulators are dielectric to
some degree. In contrast, the ionic and orientational modes are anly available to materials possessing ions
and permanent dipoles respectively,

Another contribution to polarization is space charge, or the accurmnulation of mobile charges at structural
surfaces and interfaces. Rather than being a direct oronerty of a material this is only a feature of
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The distortion of bonds
caused by the electric
field leads to an off-
centring of the cations
with respect to the
anions (and vice versa).
The centres of positive
and negative charge no
longer coincide and a net
polarisation develops.







Diefinition of fundamental quantities
In vaeuum, B = wH; uy = 47 =107 (ST units: M-AT);
B — magnetic mnduction; H — magnatic fisld intensity

When a material medium 15 placed in a2 magnetic field, the madiom 15
magnetized. This 15 described by the magnefizarion vector M - the magnetic
dipole moment per untt volume.

B=poH = poM
Magnetization 1s mduced by the field = assume that M is prepertional to H-
M=yH 3B=pl-pH o B=uH: p=ufl+p: w=1+y

¥ - magnetic susceptibiliny of the medium (no plorsical relationship to the
electric suscapiibility).

F.eal crystals are amizotropic, and the susceptibality 13 represented bv a
second-rank tensor.

For simplicity, we shall iznore amszotropic effects.

Classification of materials
All magnetic materials may be grouped mto thres magnetic classas,
depending on the magnetic crdening and the s1gn and magnituda of the
magnatic susceptibility:
* diamagnencs: the magnetic susceptbility 15 negative -
the magnetization 15 oppesite to the applied magnenc field
Usnally its magnituda is ~ -107 to -10-9.
In diamagznetic materials the susceptibality nearly has a constant value
mdependent of temparaturs.
Exampls: Ionic crystals and mert gases.

* paramagnencs: ¥ 1s positive, Le. M i3 parallel to H. The suscepability iz
alse very small: 10 to 107

The bast-known examplas of paramagnetic materials are the 1ons of
transition and rave-earth 1oms.

* ferromagnerics: very large positive ¥ {2.z. 107, spontanecus
magnatization below a certain temperature. s
Will discuss later, as well as anrjferromagnetics and ferrimagnerics

We azsumed that M is propertional to H, the external fiald - 1znored such
thingzs as demagnetization fleld, which were mcluded m the electric case.

Thes 15 ustifizble m the case of paramagnetic and diamagnetic materials
because M is very small compared to H (fypically 3 = M/H ~ 1077,
unlike the slectric caze, in which 7 ~ 1.

But when we deal with ferromazgnets matenials, where M 15 quite large, the
above effects must be includad.

Weta also that ¥ can be dapendant on the appliad magnetic field.

Iz this case, we can defme the magnetic susceptbility as follows:
u cH

1

The magnetization can be defined as  pp=_

[ R

where E 13 the total energy of the system. These defimitions are more gensral

Magnetism of a free atom

1. spinsz of electron: &
1. orbital momentum of electron: around the nuclens L

3. A change of the orbital momentum caused by the external magnetic
field

paramagnetism: 1 and 2 (posifive contribution)

diamagnerncs: 3 (negative coniribution)

hy



Classical consideration: diamagnetism__

Can obtain the same formmula classically: Musgleus O
zl'.' "
Conzider an electron rotating about the nuelaus i i
a circular orbit; let @ magnetic field be apphed. I' 1“-_%1| L—
Before this field 15 applied, we have, according ¢ | [ ] F. IF

[
Mewton's second law, -
Ey =mayr

Fy1s the attractive Coulomb force between the nuclens
and the electron, and @, 13 the angular velociny.

Applied field — an zdditional force: the Loventz force  F; =—elvxB)

F, =-eBov = F,—eBar = marr @ =y =
p
m

Baduction mn frequency — comespondms change in the magnetic moment.

The change i the fraquency of rotation is equivalent to the changs in the
current around the oucleus: Al= (charge) = (reveolutions per waut dme)
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Superconductivity iz a phenomenon cccurring in certain materials at
low temperatures, characterized by exactly zero elecirical resistance

Discovered in 1911 by Heike Kamerlingh Onnes - the resistance of
solid mercury abruptly disappeared af the temperature of 4.2 K

normal metal superconductor

i

Phrmasn s

.__.-' e aEsl
Tnpuritis, imphe dime i vk ] * .
a=- ”" Zero o means there are some electrons with infinite 71—
ma 7o

no scattering

Perfect diamagnetism
Second basic property of superconduciors — they expel magnetic fisld
completely when in superconducting phase (T=T).

Thig phenomenon is called the Weissner effect.
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T=T,
Could explain the expulsion of the flux f a S/C is moved into a magnetic fisld —
mation of metal preduces currents, which do not decay because R =0

T=T

Howsver. & = [} does not explain the flux expulsion when 2 5/C is already in a
magnetic firld and is cooled from its normal to 5/C state (through T.)

Superconductivity

In a superconducior, the currents effectvely run forever — there are
na collisions 1o siow them down [moeasuremants by File and Mills
suggest that the decay time of a supercurrent through a solenoid is
na less than 100 000 years )

Another odd property of superconductons:
This Meissner Efect

If a superconducting sample is cooled in a small magnetic fisld, the
magnetic field Enes will be axpeled from the sample (due o the
suparcurrents forming in a direction to oppose the field, and therefore
the fiedd inside the superconductor is zero)

Magnetic properties: type | superconductors

Superconduciors are divided into 2 types, degending on their behavior
in a magnetic field.

All superconducting elemeants are type |, except Mk

Superconductivity is destroyed by the presence of some magnstic
field, the critical field, 5,. Typically B, ~ tens of mT for type |

B-T phase diagram
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Figld B, does not need to be external: Superconducting

Critical current [, causes a magnetic
firld A, whirch destroys
superconductivity

TiKi T.

~

Critical field goes to zere as T—T,



Penetration depth

Surface currents expel magnetic flux from type | superconduciors
Currents actually penetrate the sample slightly (~ 100 nm)
Magnetic field decreases sxponentially inzside sample:

il
B(x)=B,¢ "4 - f E“ET
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As T—T 1increases and B penetrates deeper into the sample.

At T 4 — = and the sample goes normal

Type | and Type li
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effect). Most metals belong to
this class (eg. Zn, V, Ti)
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Type Il superconductors

* Alloys (and Mb and V) 1

* Higher T¢, Be, Io than type | }

* More applications e.g.Mb:5n B, hisirrad
magneis

* 2 eritical fislds:
B=8g -justlike a type |
8= 8qs - normal
Intermediate fields —
sample has both J—_
sugerconductiing and =
normal regions

Type 1l

Type |
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Magnetic Levitation

*  This is what causes the
levitation of magnets above
superconducting samples
(the supercurrants form to
countorbalance the
magnatic forca. and whan
this forces are equal and
opposite, the magnet floats)

+  Potential application:
levitation of magnetc trasns
(me friction)

Elecirons in magnet, which create &
fined magnetic fieid

Supsnconducting &lecinons in sample
{in @ direction which counters tha magnat i axpal the magnadic flakd

BCS theory
* Frohlich (1850): e-e aftraction via phonons (... . Isotope effect)
* Cooper (1858): electrons just above the Fermi surface form bound pairs

* Most stable when center of mass is at rest and tetal spin =0,
So, +kT and -kl

* Aftractive interaction is provided by latfice vibrations — phonons

* First electron deforms the lattice and second elzctron is then atiracted by
the deformation (i.e. the changed positive charge distribution)
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* Time-scales: electron motion ~ 1078 5; lattice deformed for ~103 5
In this time, first electron has traveled — vor - 10°ms ™ <1075 — 1000A]

Latlice deformation attracts 2™ electron without it feeling the Coulomb
repulsion of the 1%
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Rayleigh- and Mie-Scattering

d <. Rayleigh-Scattering
isotropic distribution

© F.C. Jentoft FHI Berlin 2008

d = \: Mie-Scattering
in forward and backward directions

——— d > A: Mie-Scattering
- predominantly in forward direction

h-v d >> . Mie-Theory approaches laws
‘ of geometric optics

Quelle: ROMPP on line
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