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Induced magnetization field M = Xm%B (for small fields), satisfies rot M = Jpound — 83—1:

1
( Klassische Mechanik

prree i the free charge density, Jee is the free current density, x is the electric susceptibility and

Translation in eine Richtung Rotation um feste Achse Xm is the magnetic susceptibility.

Ort o m W%nkel L rad Refractive index n=,/u= -

Gesch. v=2a m/s Winkelgeschw. w=¢ rad/s P

Besch. a=172 m/s® || Winkelbeschl. a=¢ rad/?

Masse kg Tragheitsmoment I= fridm kg m? 2.2 WAVE EQUATION

Impuls p :7mv . Ns Drehimpuls L Tjw . Nms Homogenous dielectric material without free charges or electric currents

Kraft F=p""2""ma N Drehmoment M=L "2""Ia N m

i = . i — . 2 2

Arbeit = fI: dr2 J Dreharbeit w 1fA2/I dﬁ J AE — %%E _ MO%P

Kinetische E. T =zmv" = 2~ J Rotationsenergie T=3lw" =37 J c2 ot ot

Leistung P=W=F-v W Drehleistung P=M-w W 1 92 1 92

In Vacuum AE- ——E=0 AH - —--H=0
Reduced Mass 1 =L 4 L~ ,— ™mims v? Ot v? Ot
poome o me matme Monochromatic solution to the wave equation

Two-body problem F = u#y1, I = pry v v _ )

) E(Z,t) _ E(—;-ez(wt—kz) + ‘Eygez(wt-‘—kz)7 H(Z,t) _ HE)I—e'L(wt—kz) + Haez(whl—kz)
( Electromagnetic Waves

2.3 TRANSVERSE ELECROMAGNETIC WAVE (TEM)
Vfalc'uillm. permittivity_ao :18‘8342 x 10;1:‘ \éri: vacuum permeability po = 1.2566 x 107% 2= speed ELH kLE kLH
o 1gt1nvacuumc—ﬁ—3>< 0" = .
Lorentz force F =q(E+v X B) Hy = :I:EES':
2.1 MAXWELL EQUATIONS vacuum: Z = Zo = M0 = € — L e Q, medium: Z = ,/HHO #=! Zo
€0 Mo (&30} EEo n
Microscopic Integral equations Differential equations
Gauss’s law #Edn = EL fff pdV V- E=2 2.4 ENERGY DENSITY, POYNTING VECTOR AND INTENSITY
0 0
20 Q
Gauss’s law for magnetism g?ﬁ Bdn =0 V-B=0 Energy density (instantaneous) w = %(E D+ H-B)= %(550E2 + NHOHQ)
20

VxE— _0B Poynting vector (instantaneous) S = E x H (for real fields)

Faraday’s law ot

¢ Eds=—-% [[ Bdn
A A

¢ Bds = Mo fden-i—/.to&o%ffEdn
HA A A

Poynting vector (averaged over time) (S) = L Re(Eo x H}) (for complex fields)
Maxwell-Ampere’slaw V x B = uod + Moeo%—f 2 »
4mr2

Intensity I = (S)=cn(w), from point source: I =

Macroscopic Integral equations Differential equations
Gauss’s law ¢ Ddn = [[f precdV’ V - D = piree
20 o)
Gauss’s law for magnetism ¢ Bdn =0 V-B=0
20
Faraday’s law VxE=-%28

ot

Power P = {f , Sdn

I _ (S
c

Radiation pressure pradiation = L= (factor by 2 if beam is reflected)

for monochromatic plane waves with amplitudes Eo and Hgo, where ko = K

¢ Eds = —% [ Bdn
8A A

S Magnetic field H(r,t) = % x E(r,t)
agﬁ Hds = ngreedn+ angn

Z

Maxwell-Ampere’slaw V X H = Jtee + '%’

Energy density (averaged over time) w = 1eeo|Eo|?

Displacement field D =¢oE + P (in vacuum P = 0, in linear optics D = ego E) Poynting vector (instantaneous) S(r,t) = %EQko

Magnetization field H = iB — M (in vacuum M = 0, in linear optics H = -1~ B)

v Poynting vector (averaged over time) S = 5= |Eo|’ko

Intensity [ = 5 |Eo|*> = $Z|Hol?, vacuum: I = %0¢|Eo|* = 42|Eo|?

Induced electric polarization P = xeoFE (for small fields), satisfies div P = —ppouna 3¢
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3
‘7 Optics
Vacuum Dispersive medium
Frequency v v
Angular frequency w =27V w = 27V
Period T= % T= %
Propagation speed vp =¢C Up =Cn =
Wave number k:%—%” kn—ﬁ:%n:kn
DY
Wavelength A An =2
Reflection w; = w, =wi, kiz = kra = kto, 0; = 0,
Snell’s law  nqsin(61) = na sin(f2)
Polarization
- Linear: E(z,t) = Eo cos(wt — kz)
- Right-circular: E(z,t) = Eo (cos(wt — kz),sin(wt — kz),0)” L waves with Ap = 7

Eo (sin(wt — kz), cos(wt — kz),0)”
ei(wt—knz)

- Left-circular: E(z,t) =
- Elliptical: E(z,t) = (E1, E26'¢,0)”
Where n is a normal vector of a plane:
p-polarization: E-field lies within the plane defined by k and n.
s-polarization: E-field is perpendicular to the plane defined by k and n.
transmitted and reflected portion of E-field amplitude:

Fresnel equations
— E¢ __ 2n1 cos B, — E, _ ngcos@i—njcosby __

tan(0¢—6,;)

p-polarlzatlon: tp = E; ~ ngcos0;+ny cosby’ Tp = E; = nocosf;+njicosf; — tan(0:+6;)
_ . PN — By _ 2n3 cos b, _ E, _ nicosf;—ngcosby __ sin(0¢—0;)
S pOIarlzatlon' ts = E; = mnjcosf;+ngcosfy’ Ts = E; = njcosf;+nicosbs — sin(6:+0;)

medium: Z = %

using impedance vacuum: Zy = 377¢),

ioation: P— ) _ Z2p—Z1p _ Zy _2Z1p

p-polarization: Zip=Zicosb;, 1rp= Ttz W T moizig W= Z1 2 (1—rp)
3 i - L 7.1 _ Z2s=Z1s _ 223 —

s-polarization: Zis = Zi oo s = NS T P Gt tp=1+r1s

Z
For H-field: ryg = - = —r tg =t = 21y
fi H= 7 B, H=q = Zte

Brewster’s angle 6p = arctan(na/n1)
- reflected and refracted ray stand perpendicular to each other: ; = 6, 05 + 62 = 90°
- p-polarized light is not reflected (r, = 0)

Phase shifts on reflection 0; < 6p 0; > 0p
optically thick medium nqy <nz | ps=pp =7 | s =7, pp =0
optically thin medium n1 >n2 | ¢s =¢p =0 | s =0, pp =7

Total internal reflection 61 > arcsin Z—f (only when ni > ng)

2mm constructive interference

Interference Ap =kry —kro = £(r1 —r2), Ap=
v ' ’ A (r ?) 14 {(2m+ 1)m  destructive interference

1 waves with Ap = £75
1 waves with Ay

A
Moiré A= ucQ k:1\ = 3:m(6/2)
Fabry-Perot R Bel? _ _Fsin®(kad) Tep = B2
Yy FP = |E 12 = T1+Fsin2(kad)’ FP= g2
. _ _4r®>  _ 4R _ 2 _ 2
number: F' = 75252 = g2, R = |rel” = [ral’,
__ 2n9od _ c . _ Av
mm,  Am = =25 vy = Mg HWFM of resonance: év = =X
_ c
Vm+1 = Vm = 3,9
Finesse f = "\F SVF

Fraunhofer lefractlon applicable when diffracted wave is observed in the far field (d > b)

=1 - 1-

1+ F sin2 (kad)

f b

Change in convention for plane wave:  E(z,t) = Ege' @t
LD: T() = [1@)e® = 9de, L) « T (5)]F =2
2-D: T(va,vy) = fft x’y)eﬂw(uzz-&-uyy)dxdy, Iout(l’ y) & ()\d)g |T SvE Ad |

- single slit: I(z) = Io sinc? (f’\d) Iy =

Dyzx

- square aperture: I(z,y) = Iosinc? ( v

- round aperture: I(z,y) = Iy ( wDp/\d

- double slits with distance a: I(z) = Io cos® (32z) sinc® ({5 ),

Diffraction on a grid: t(z) =t(z + A) =305 Tpe ™ T,
Vom =M% € Opm #m2, I o< [Tin|?
Pulse Dispersion ,

- Wave shape: E(0,t) = A(t)e“’ot

- Fourier transform: E(w) = [, E(t)e”™"dt

- Envelope: A(t) = = [, e~ “O)tdw A(w) = E(w)

- Pulse duration 7,: I(7,) = 5, I(t) o |E(t )2

- FWHM of I, Aw,: [(Awy) = 3, I(w) o [E(t)[?

- Ay = %

_ Adp _ Avp

)\0 v
- Tp = D)\LA)\p

—Ft2 .
FEge e'wot,

A1)

Gaussian pulse E(t) =

Time-bandwidth product

Helmbholtz equation % + (kn(w))?

2J1(mDp/Xd)

I;b?
Xd

ot = wot + Tat?,

E(z,w)=0

angle of first minimum 6 = %
) sinc® (L;ﬁ’iy), Iy = (Ad)Q (D.Dy)?,

2 ) o\ 2
) p= VTR, =g () 0

416>
Io==7, 0=7%

Tm =% fOA t(w)eim%ﬂzdx

w(t) = Lflttc’t = wo + 2F2

(Gaussian shaped pulses) 7, Av, = 7p A;r" = 2n2 — 0.4413

Dispersion parameter Definition Calculation from n(X)
Phase Velocity v, ﬁ Cn = %
Group velocity vy d% = n—“g = 1,1L'>\
Group delay T, ;lu"; =1Lg4 dk" = 5—: ”fd (1 — %A)

2 3
Sr;oup delay dispersion % Zw—f . éﬂﬁg " [fs?]

A AL

= d\ = ;Rd 22dp”  [fs/nm]
Third order dispersion g ;\ﬂfc’é Bn” +An'")

Group refractive index ng

ng—n—i—wdw

Rrp,
Resonances: sin®(k2md) = 0 < kamd =

free spectral range: Ay =
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4
( Quantum Mechanics

Planck’s constant h = 6.626 x 107°*Js = 4.136 x 10~ '® (s),h = £, Boltzmann’s constant kp =
1.380649 x 10722 JK~ !, conversions: 1J = 6.242 x 10'¥eV, 1eV = 1.6022 x 107 1°J

4.1 BLACKBODY RADIATION
Planck’s assumption FE = hv
. . 3
Planck’s radiation law E(v) = 82 TomgT—y B = S’;—QCW

o = 51.9504nky /c3h?® = 7.5643 x 10716 Jm 3K ™*
b= hc/4.9651ks = 2.8978 x 10 * mK

Stefan-Boltzmann’s law E = aT*,

Wien’s displacement law M1 = b,

4.2
Photon energy FE =hv=hs =hw=cp

PHOTONS AND ELECTROMAGNETIC WAVES

Photon momentum p= hT” = % = hk, with the wavenumber k = 27/A

Photoelectric emission Let ¢ be the energy required for an electron to escape metal:
Exin = Frot —p=hv — ¢

Rayleigh scattering Elastic scattering of light: Causes only small perturbations to the atom,
treat it like a classical oscillator excited by a wave. The outgoing photons have the same energy as
the incoming photons.

Compton effect AN =X -\ = Ac(1—cosb),

where for electrons A\c = m};C =2.4262x10" 2 m

Pondermotoric emission Kinetic energy of oscillating part of a free electron in a linearly pola-
rized electromagnetic wave averaged over time:

1 2
Eg,

Up = Ekin,osc = Zm Up =9.34- 1078)\21

4.3 PARTICLES AND MATTER WAVES

Particle relativistic energy F = cy\/m2c? + p?

Particle relativistic momentum p = \/% o= \/ﬁ
de Broglie wavelength (for matter waves) A=h/p, p=hk, k= 27“

Wavepacket w(k) = 2’:; = %, Pz, t) = :OOjAA: Aeikr—w(k)t) g1,

Group velocity vy = hmﬁ =1

Probability distribution P(x,t)dz = |¢(z,t)|*dz, |(z,t)|]> = f*"o ¥(z)de

Probability of finding particle in dV =
Normalization fj;o [¢(z, t)|?de =1

[r,r+dr]:  P(r)d r:r2|R( )| dr

Heisenberg Uncertainty Principle AzAp, > g, AtAE Z h

4.4 SCHRODINGER EQUATION AND OPERATORS
1-dimensional general
Schrédinger Equation  Hy(x,t) = zh w(x t) H®(r,t) = ih%‘l’('r,t}
Time-independent SE Hy(z) = Ez/)(x) H®(r) = E¥(r)
Position operator == F=r
Momentum operator p= —ih% p = —ihV
R hZ 82 R ﬁQ h2
Kinetic E ) o9 P _
inetic Energy op 5 D 5 o
Potential Energy op. V =V(x) V=V(r)
Total energy op. E= zh% E= zh(%
2 42 9
Hamiltonian H = _2%1% +V() | H=T+V = Qp—m +V(r)
Particle in potential 1D —%;?w(x) + V(x)y(x) = Ey(x)

Expected value for observable O: = [, ¥"(z,1) YOU(x, t)dV
Probability of measuring the (elgen—)value ¢y of a system ¢ = 3 cathy, is |en)?

Commutator [Q, O} = QO — OQ
Two observable operators can share the same eigenstates if and only if [Q, O] =
For position and momentum [%,p] = ih — eigenstates are not shared.

Measurement probability of o} yielding a value of O, for wavefunction ¥ (z) =

22 Anthn(2):

P(Om) =3, laj|?, where j € {j | O; = O} —  collapse to o' (x) = %

E . E
Superposition of two time-dependent eigenstates 1(z,t) = 191 (z)e " 7 '+ cotha(z)e  F !
(2, t)[* = |19 (2)]? + |catpz (@) |* + 2e1tp1co9py cos (B2 Bt)  — w = E22EL
4.5 INFINITE POTENTIAL WELL

0, 0<z<a

Potential V(z) = {
oo else

Energy eigenvalues E, = ";;ZZZ = 8:;2 n? — Quantized wavelengths: \, = 2%
Energy eigenstates ¢, (z) = \/>sm( ) =r=a
0 else
i En
Dynamic solution W, (z,t) = ¥, (z)e " 7"
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4.6 POTENTIAL BARRIER (TUNNELING)
Vo 0<z<a
Potential V(z)) 0 T="=
0 else
ikax —ikx
Ae + Bie z<0 ( 1 . A B ]
. ; ; determine A;, with re-
Energy eigenstates g(z) = Ase™® + Boe™*'* 0<z<a . S
A gk ik quirement for continuity)
3" + Bze™ x>a
2mE 2mV
where k= =, K =y\k>2—k2, ko= 0
. . . A, 4kk’e*a(k*k,) A, (k27k/2)sin(ak/)
Transmission and reflection A T Ggk)2_eZiak (k)2 Ay . 20kK cos(ak’) T (R2TR'T) sin(ak’)

4E(Eg—E)

Tunneling Probability Plane wave with £ < Vp: T = 1B(Bo—B) 1 B2 sinhZ(na)’
0

o — /2m(§ng)

4.7 QuAaNTUM HARMONIC OSCILLATOR
~ A2
Harmonic potential V(z) = imw’2®> — H =2 + Ilmw?3?

E, = hw n—l—%)

Energy levels Eigenvalues of Hiy)(x) = E,t(z): n
with the Hermite polynomials H, (z)

Energy eigenstates

1/4
_ mw —mw?/2h mw
Yn(@) = (7r22"(n!)2h> ¢ Ha 796)
Dynamic solution W, (z,t) = wn(x)efiET” = iy (z)e I NFL/ Dt
Ladder operators at = —i (QWLh)l/Zﬁ + (%)1/2 z, a = i(—%}wh)l/zﬁ + (%)1/2 z,
[a,a'] =1, alyn = Vn+Tnyr,  ahn = Vs
4.8 ANGULAR MOMENTUM AND SPIN

Orbital angular momentum operator

L
- . 1o} 9] - . o} S . 1o} ad 0
L, = —ih (ya — za—y) Ly, = —ih (z% — Z@z) L, =—ih xa—y — y%) = fzh%

(0 1 (0 —i (1 0
%@=\1 0) T\ o) 7 \o -1

Total angular momentum operator J= (jz, Jy, jz) =L+S=—-ilr xV+ %cr

Commutations [ix,f/y] = ihL,, [Ly,Lz] = ihL,, [Lz,ﬁw} =thLy

[£2 1] = [£2.1,] = [£2,1.] =0

Same goes for spin and total angular momentum: [5'2, S’m] = thSy, [jz, jr] =iy (...)
[82.8,] = [72,4] =0

Uncertainty We can only determine L. and [L|> — AL, AL, > LnL.

Angular momentum eigenstates

ﬁzyvlmz (07 90) = LZ}/lmL (6.’ 90)

i’2}/lmz (0’ 30) = LQYEml (97 30)

rr | L. \ 52 \ S. \ J? \ J
R+ 1) hmy h?s(s +1) hms hZi(5 + 1) hm;
1=0,1,... |[mu=—1l.,01]s=0313 . |mi=—s..,s|j=02313 . |m=—-j..j

Adding angular momenta j = j1 + j2,j51 +j2 — 1,...|j1 — j2|
for electrons j =1+ % >0

Fermions Particles with half-integer spin s = %: Electron, Proton, Neutron

Bosons Particles with integer spin s = 1: Photon

Magnetic moment operator for electrons: Bohr Magneton pup = 22?6 and gs ~ 2.00232
From spin:  fis = =228 s, = —pupms

From orbital angular momentum: fir = —ﬁL =—-8L pr, = —27‘; L, =—pupmy
Spin magnetic moment of Protons and Neutrons pux = 2:1;,’ gp = —5.58, gn ~ 3.826

From spin:  fip = — 22585 p, = —4LKS

Stern-Gerlach experiment Showed that spin is either parallel or antiparallel to B-field.

F=-V(u,-B), V=ups B
5
( Hydrogen Atom
For hydrogen atom Z = 1, Bohr radius ap = 5.290 x 107 m = 0.520A, 1A =1x107m
Coulomb potential E,(r) = —ﬁ:jr

Hamilton operator Nucleus at rest approximation (mp > m.)

S.E. Nucleus at rest (m, > m.) (*% A — ﬁﬁjr) =Ky

S.E. Nucleus not at rest (f% Ne — % A #‘i%l) Y(re,rp) = EY(re, p)
Eigenvalues F, = —13.606¢V - i—;, n=1,2,3...

Eigenstates nim;m, (1,0, 9) = Rui(1)Yim, (8, ©)Xm,
- Principle quantum number n =1,2,3... («Hauptquantenzahly)
- Orbital quantum number [ =0,...,n — 1, n values («Drehimpulsquantenzahly )
- Oribtal magnetic quantum number m; = —I[,...,0,...,l, 2+ 1 values
(«Richtungsquantenzahl des Drehimpulses» )

Sszs = SszS



Manuel Antoinette Physik II1 Seite 5/8

- Spin quantum number ms = —s,...,s, for electrons s = ;= — ms = —%7 —l—% 6.2 HeriuMm AtoM (Z=2)
(«Spinquantenzahly )

Ze? Ze? e2

— — +
dmeory 4megTs Amegria
N——

—iEn, Potential assuming (my > m.) E,=

Time-dependent eigenstate Wm, (1,0, ¢,t) = Rni(r)Yim, (0, @)e

nucleus—e~ attraction e~ —e~ attraction

2
Centrifugal potential E, .(r) = % ,

N ~2
Hamiltonian H = ZQ by _ 22 _2e? + e

i=1 2m i=1 4mweqgr; Aregriz
. e 1s . 2 52 2 1(1+1)Rh> ? ori 0r12
Radial Schrédinger equation —Z2-2-R./(r) + (—Z—E + 2= ) Ru(r) = EnRpi(r . . . ~ p 2 p2 2
g g 2m 577 1t (1) dmeqr 2mr? n(7) n Rt (r) Without electron-electron interaction: ~H = 2 — 473550” 52 _ 47?;OT2

— Each electron is described by hydrogenic wave function

3
. B . _ 27 (n=1=1)! —p/2 lyn—1—1

Radial eigenfunction  Fn(r) = (”“0) 2n(n+1) € P Ly () Effective nuclear charge Zeg =2 —90, Odue=0.32, Zeg nue = 1.6875

where p= %, Ly(z) = %dd; (e~ *x™t®)

Bonding energy FE =2(Z — 6)2EH, Erot,He = —2(Zeff)2 -13.6eV

Ground state ¢(r1,72) = ¥1(r1)2(r2)x—, X+ = %@(Xhig + X112)
Both electrons in lowest energy spatial eigenfunction, opposite spin states, anti-symmetric wave-
function, anti-symmetric spin wavefunction.

Radial probability distribution P(r)dr = r?|R(r)|*dr

Average radius (1) = [ ¢ rodV = [rlplPaV, ()l =n® (143 (1-1450)) 2

(r)a < {r)]p < ()]s First excited state Singlet:  ¢(r1,r2) = % (1 (r1)h2(12) + V1 (r2)ha (1)) x—
Triplets:  ¢(r1,m2) = 75 (¥1(r1)vha(r2) — Pa(r)iha(r1)) x+
Y(r1,m2) = 5 (Pr(r)a(r2) — dr(r2)ye (1)) Xt
5.1 THe Bonk MoDEL (ri,r2) = J5 (W (r)da(r2) = dr(ra)va(r1) Xiasa
Bohr radius 7, = %ao = 2meo ﬁzezna ap = 4::670;;2

6.3 PERTUBATION THEORY

Rydberg energy FEgr, = % — 2180 x 10~ '8 J = 13.606 eV

272

H = Hy+6H, §H < Hy — Hip = (En+0E),, 6E = (5H), 6E, = / Vi Hppda

62 2 2
Energy levels E":_s;soa'%zERy'%’ n=1,23...
Quantized angular momentum L, = myvr, = nh Commutation requirement [ﬁo, ﬁo + 5161] =0
6 s Fine-structure constant — 1 e 1
Atoms with more than one Electron O = Tneg he 2 137
. o ) ) Spin-orbit coupling dV = —pu, - Bhucleus;,  Bhnucleus = %ff*o e L
Hamilton operator H =YV ( Di Wzie) + D i e N 2 5 - i1y oy e
1\ 2me Ameqr; #J Ameorij 0H = fgﬁfnzgjss -L, 0FEn;s= %a4mec2z4J(]:;l)(l_lf(i};l))(1+(1)+l
. . PN 22 22 A2 PN 2,
6.1 EXCHANGE DEGENERACY Spin-orbit operator 28-L=J —L -8, S Ly =% (j(G+1) —1(1(+1) — s(s + 1)) s
Exchange operator Xl/J(Tl,Tz) = Y(re, 1), X1/JX =X¢yx, X=4=1 Magnetic torque & Potential M =p X B, Epq=—p-B=—pBcost, Epor = —f1.B

- For fermions (half-integer spin particles), the wavefunction must be antisymmetric with Zeeman effect Interaction of orbital magnetic moment with weak external B-field.
respect to exchange of particle labels (X = —1). 0H = —f1,B, Enim, =En+0E=E, —ugmB, Av, = %
- For bosons (integer spin particles), the wavefunction must be symmetric with respect to

exchange of particle labels (X = 1). Paschen-Back-Effekt Energy of electron in strong B-filed (such that L-S coupling is negligible)

AFEp = upB(my + 2my)
Pauli exclusion principle The requirement that two identical fermions must be in anti- L. . Lo 4 o { an
symmetric wavefunctions means that they cannot be in the same state. Relativistic correction JE = —gZ%a mec (l+1/2 - 3)

Hund’s rule In their ground state, atoms have maximum total spin, which is allowed by the Optical transitions electric dipole approximation: H, (t) = er - E(t) = Ege™ (2 £ i) + c.c.
pauli exclusion principle Selection rules: 1’ =141, right/left circular: m' =m +1, alongz:m' =m
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7
( Molecules

Born-Oppenheimer approximation As the nucleus is much more massive than the electrons,
the nucleus together with the core electrons can be treated separately from the valence electrons in
the outermost shell. =~ — Solve Schréodinger equation for each electron with stationary nucleus.

Homonuclear diatomic molecules Molecule made of two atoms of the same element (Hz, N2,
etc.). Have inversion symmetry about center of molecule, with 1) = 11 £ 12 either symmetric (+)
or anti-symmetric (—).

7.1 HYDROGEN IoN Hj

Potential E, = - (7$7i+%), riipL&re, Taip24re, TipL P2

Hamiltonian H = —% JANSE 45}2&0 (—% — é + %)
Energy of Electron E =FE, + 4;:0T — “l‘ig,
Overlapintergral: S(r) = [ 91(r1)2(r1)dVa

: . _e? 1/1%("’1)
Coulombintegral: A(r) = I dvy

4meq (D)

Overlapping term: B(r) = % f %del

+ for v symmetric, — for ¥ anti-symmetric

(attraction between the two electrons)

Covalent bond Stable bond with minimal binding energy is achieved with a symmetric wave-
function ¢ = 1 + V2

7.2 HYDROGEN MOLECULE H,
: _e? 1 1 1 1 1 1
Potential Epf;r—%(f;qugf¥+a+;)

Hydrogen bonds Symmetric (o4) and anti-symmetric (o) wavefuntions. * means non-bonding.
ns-orbitals, |m;| =0 — o4(ns), o;(ns), nps-orbitals, |m;| =0 — oq4(np:), oy (np:),
npgy-orbitals, [my| =1 — 5 (NPay), Tu(NPey)

— Pauli exclusion principle with fermions: Total wavefunction must be anti-symmetric, select spin
wavefunction appropriately Yot = Pg,u - Xu,g

Angular momentum states Except for o-states, all states are twice degenerate (£, spin)
my: 0 +1 2 +£3
Al 0 1 2 3

Symbol: o T 0 %)

7.3 PorvyaTroMic MOLECULES

Bonds get formed, where the wavefunctions have the most overlap.

sp Hybrid orbital can increase wavefunction overlap and form stronger bonds.

Heteronucelar diatomic molecules Molecule made of two different atoms. Uneven electron

distribution creates polar bond.

Polar bond Electron pairs are closer to one atom, which creates a partial negative charge 6.
P =caa+cpyB

Ionic bond Electrons move from one atom to another, creating a positive and a negative ion,
which get held together by the coulomb force. For ATB™, ca =0, cg =1

Electron affinity Energy required to unbind electron from negatively charged ion X~ = X +e™.
Atoms with strong electron affinities tend to form ionic bonds, as this results in a lower energy state.

7.4 MOLECULAR ROTATION & VIBRATION

Let B = -2

4nlc [Cm_l]

mimo

Rotational energy states FE, = g—? = %l(l + 1) = Bhel(l+1) [ =prg, p=

m1—+ma
Energy difference between rotational states AF, ;11 = ?(l + 1) =2Bhc(l + 1)
Allowed rotational transitions Al = +1

Emitted/absorbed radiation from rotational transition v = £Z =2Bc(l+1)

Vibrational energy states E, = (v+ 1)hwo,
Ground state energy: FEo = éhwo

v=0,1,2,3,...

Allowed vibrational transitions Awv = 41

Total molecular energy E=FE.+ E,+ E, = E. + (v+ %)hwo + %l(l +1)

Energy change for electrical transition AFE =FE" - E = AFE.+ AE, + AE,
- Electrical energy change: AFE. =FE.! — E.
- Vibrational energy change: AE, = E; — E, = (v + $)hw) — (v + 3)hw

AE, = E/ —E.= 220" +1) = 201 +1)

- Rotational energy change:

Emitted/absorbed radiation from electrical transition

v = A—hE = Ve + v, (v, 0) + (17,1, ve = %

Selection rules for electrical transitions
- Rotational: Al =0,41, exceptforl!” =01 =0
- Spin:  AS=0
- Vibrational: No rule exists. Transitions are most likely to occur at the reversal point of the
vibrating atoms, where they are the same for the initial and end state. This way the vibrational
wavefunctions get distorted the least during the transition.

8
( Statistical Physics

Boltzmann-constant k& = 1.3805 x 1022 JK~! = 8.6178 x 107 ° eV Kfl, Avocadro’s number Ny =
6.0225 x 10** mol !

Maxwell-Boltzmann | Fermi-Dirac | Bose-Einstein

Particle Classical Fermions Bosons
Pauli-Principle X v X
Identical v v v

Distinguishable v X X
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8.1 MAXWELL-BOLTZMANN DISTRIBUTION

n;: number of particles in energy state Ej;. g;: probability of finding particle in energy state Ej.
The probability of a certain distribution is proportional to number of possibilities to distribute the
particles into the available energy states.

ni

indistinguishable: P = [T

Distribution probability distinguishable: P = N! Hf\;l gniz,

i=1 n,v
Conservation of particle number and Energy > . dn; =0, > FEidn;=0

Mean of physical property F(E;) Fae= % (3, niF(E;))

Most probable distribution (equilibrium) n; = gje=* #Fi = %gie’ﬂEi

System in statistical equilibrium

Total number of particles N =e *Z

Total energy U =% (3, giEie”"%i) = N%(ln Z)=kNT* & InZ

Average Energy of a particle Eae=§ — 35(I02) = kT 5 InZ

Absolute Temperature kT = %

Equilibrium partition function Z =3, gie ?FiZ =3, gie Fi/kT
Maxwell-Boltzmann distribution n; = %giefEi/kT (equilibrium distribution)
Mean of physical property F(E;) Fae= %>, g F(E:)e P = 1 7 2. 9iF(Ei)e —E/RT

Application: Ideal Gas

V(27rka)3/2

Partition integral Z = [ e E/Mg(E)dE = 3 (for continuous energy states)

Number of molecule states between E and E +dE g(E)dE = %El/QdE

Mean energy of molecule FE,y. = %kT
Total energy U = NEae = 3kNT = SNkNAT = SNRT, N =4, R=kNa
Energy distribution for molecules dn = %e_E/kTg(E)dE, g—g = ﬁ]ﬂl/z e~ B/RT

Velocity distribution for molecules 42 = 47TN( e

dv
Average velocity (v) = \/%

8.2 FERMI-DIRAC DISTRIBUTION

gi is the mazimal number of particles (fermions) in energy state E; allowed by the exclusion principle

Distribution probability P =T]]

9i!

i nil(gi—ni)!

Fermi-Dirac distribution law n; =

= yope—— e (most probable distribution)

For T' = 0, all energy states up to E = ep fully occupied (n; = g;), for E > ep empty (n; = 0).

g; _
eatBEr 1 T

Fermion temperature kT = %

Total chemical potential e¢p = —akT

Fermi temperature O = £

Application: Electron Gas

Number of electrons between F and F +dE dn = e“ﬁgf%

Number of electron states between F and F +dE g(E)dE = MEl/QdE

. . . . . dn __ 87rV(2m3)1/2 Bl/2
Fermi-Dirac formula for energy distribution 3% = W3 B /RT
: _ h% (3N)\2/3
Fermi energy er = ¢ (7rV

8.3 BoOSE-EINSTEIN DISTRIBUTION

H (ni+g;=1)!

i nl(gi—1!

Distribution probability P =

Bose-Einstein distribution law n; =

gi i
catBE; ot B /KT

Boson temperature kT =1/3

Application: Photon Gas

v2dv
ehv/kT _q

9(E)dE __ 87V

CE/RT_1] — 3

Number of photons between F and £+ dE dn =

Number of photon states in interval dv/dE g(E)dE = g(v)dv = 25 02dv

Energy density distribution of black body FE(v) = %j—z = 8”0%”3 m

(Planck)

Seite 7/8

9
( Analysis

9.1
Satz von Gau [, F-dA = [, divFdV
Satz von Stokes ¢, , F-ds= [, rot F-dA

VECTOR ANALYSIS

Cartesian coordinates

)
il
%y

o0z

Gradient V =

2 2 2
Laplace A:VQZ%_,_;?_,_%

Divergence divF =V .F = 6F —&—;F + 5 F

OyF. — 0, Fy
Curl 1ot F:=V xF=|0.F, —0,F.
0z Fy — 0y Fy,
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Cylindrical coordinates 9.4 KUGELFUNKTIONEN
x = pkcos(p), y=psin(p), z=2z r>0,0€R/27Z Plots show [Yim, (6, ©)|?
drdydz = pdpdedz l: P (cosf) cos(mep) PlJm‘ (cos ) sin(|m|p)
x p - cos(p)
y| =|p-sin(p) dV = pdpdpdz 0|S XAZ
z z
a(rV, oV, aV. 1 p . . . y
Divergence V-V =1 gT” + %8—; + 5
2/d % @
av, _ 9V, AV, _ oV, A(rVy) _ avy 4 °
Curl VXV:[%@W_8zw:|er+[az_8'r]e‘9+%|: Brw_aso]ez .‘ '. ®
3 f e % & &« A v
‘ -
Spherical coordinates i “ v hd
x=rsinfcosp, y=rsinfsing, z=rcosld, r>0,0<0<m pecR/2rZ 4 g 'f‘ x \ﬂ’ ;L !; X "k f‘“
dzdydz = r2drdQ(8, p) = r* sin fdrdfdy ) P '
: & 2 Sk A 34
N 5/ h o X ¥ %k X e
or.
Gradient V=| 12 4 L A
radien [, Slilac H R X % & ¢|% X %k KHas
rsin @ O
R . s m 6 5 4 3 2 1 0/-1 2 -3 -4 -5 -6
Laplace A:W+;E+T72AS27 A52:m+Cot9%+rn20T¢2
. _ a(r?V,) A(sin(0)Vy) AV,
Dlvergence V.V = 7‘% or rsill1(9) o0 ‘ + TSii(e) T; [A cl =0 [CA A:| = [A CB] =_c |:A B]
_ A(sin(O)V,) v, v, _ 8(rVy) A(rVe) _ 8V,
Ol VoV =y [455 = tfeot Hmm Be - S5 eo e [P - e g [Apxc]=[d5]+[ac]
9.2 AQUIVALENZEN cos(a + b) + cos(a — b) [A, A] =—- [Bw‘i [AB,C'} =A [37 C’] + [1‘1» CA'} B
cos(a) cos(b) = 5
sin(a) + sin(b) = 2. sin(“42) - cos( 25" sin(a) sinp) — (0= —cos(a 1) A5, end] =0 [A.BC]=B[4.c]+[4B]C
cos(a) + cos(b) = 2 cos(%E2) - cos(%52) B 2
. b) — sin(a + b) + sin(a — b)
sin(a) cos(b) = 2 9.6 UNIT POWERS
9.3 DIFFERENTIALGLEICHUNGEN Erekﬁx Shoi;hand fgf"er Eref'ix Shortdhand lfgfvfr
eka a ezl
2. Ordnung, homogen mit konstanten Koeffizienten ay” + by + cy =0 Hekto h 102 Centi c 102
Die Losungen der zugehorigen charakteristischen Gleichung a)? + bA + ¢ = 0 seien Ai.. Kilo k 103 Milli m 103
oMz €Rund A1 # X2 y(2) = Cre” + Coet2” Mega M 108 Mikro m 10~
oA =)o y(z) = (C1 4 Caz)e™” Giga G 10° Nano n 1079
ehiz=axif, f#0 y(x) = (Cisinpz + Czcosfr)e™” Tera T 10'2 Pico p 1012
Ansiitze o >0 Peta P 10%° Femto f 10718
Y+ a2y -0 . y(z) = AeioT 4 Beiow Exa E 1018 Atto a 10718
"_ o2 - Zett Z 10%! Zept 107
y' —a’y=0 — y(x) = Ae*® + Be™ " etta epto z
Yotta Y 10%4 Yokto y 1074

9.5 KOMMUTATOR IDENTITATEN
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