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Ionic crystals
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Ionic crystals
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Madelung constant in 1-D
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Calculating the Madelung constant
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[terative Bestimmung der Madelung-Konstante fiir CsClI - Yao Shan und Robert Krisper, 2010



Ionic Crystals
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Ionic radius
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2-D crystals
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Sizes of atoms and their 1ons in pm
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Fit the constants p and A
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x-ray determination of atomic spacing is accurate to 1 part in 10°



Elastic constant

Near the minimum, the potential energy is approximately a parabola.
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spring constant of a bond

From the spring constant, the compressibility can be calculated.



Table 7 Properties of alkali halide crystals with the NaCl structure

All values (except those in square brackets) at room temperature and atmospheric pressure, with no correction for changes in Ry and U from
absolute zero. Values in square brackets at absolute zero temperature and zero pressure, from private communication by L. Brewer.
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Nearest- Repulsive Repulsive . o

neighbor Bulk modulus B, energy range Lattllt,e energy cc—)mparx.—‘d

separation in 10" c]yn/r:m2 parameter parameter to free ions, in keal/mol

Ryin A or 10 N/m? zZA,in 1075 erg p,in A E\pcrimcntai Calculated
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LiF 2.014 6.71 0.296 0.291 242 3[246.8] 2422
LiCl 2.570 2.98 0.490 0.330 198.9[201.5] 1929
LiBr 2.751 2.38 0.591 0.340 189.8 181.0
Lil 3.000 (1.71) 0.599 0.366 1TE.T 166.1
NaF 2.317 4.65 0.641 0.290 214.4[217.9] 2152
NaCl 2.820 2.40 1.05 0.321 182.6[185.3] 1756
NaBr 2.989 1.99 1.33 0.328 173.6[174.3] 1692
Nal 3.237 1.51 1.58 0.345 163.2[162.3] 156.6
KF 2.674 3.05 1.31 0.298 189.8[194.5] 189.1
KCI 3.147 1.74 2.05 0.326 165.8[169.5] 161.6
KBr 3.208 1.48 2.30 0.336 158.5[159.3] 1545
KI 3.533 117 2.85 0.348 149.9[151.1] 1445
RbF 2.815 2.62 1.78 0.301 181.4 150.4
RbCl 3.291 1.56 3.19 0.323 159.3 155.4
RbBr 3.445 1.30 3.03 0.338 152.6 1453
RbI 3.671 1.06 3.99 0.348 144.9 1396

Data from various tables by M. P. Tosi, Solid State Physics 16, 1 (1964).
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K 1s the compressibility from Kittel
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Photons
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The quantization of the electromagnetic field

Wave nature and the particle nature of light

Unification of the laws for electricity and
magnetism (described by Maxwell's equations) and
light

Quantization of the harmonic oscillator
Planck's radiation law

Serves as a template for the quantization of
phonons, magnons, plasmons, electrons, spinons,
holons and other quantum particles that inhabit
solids.



Maxwell's equations
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In vacuum the source terms J and p are zero.



The vector potential

B=VxA
f-yy-Y
Ot
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The wave equation
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normal mode solutions have the form: Z(l_; 1) = ZCOS(IE TV —at)



Normal mode solutions

wave equation: AVig=— 2
Ot

<—Normalschwingungen

normal mode 3, - - -
solution: A(r,t)=Acos(k -7 —at) oder Normalmoden

put the solution into the wave equation
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Dispersion relation
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http://en.wikipedia.org/wiki/Dispersion_%?28optics%29



EM waves propagating in the x direction

A= 4, cos(k x—ar)?

The electric and magnetic fields are

E = _% =—wA, sin(k x—ar)z
B=VxA=k A sin(k x—cot)y




Quantization (using a trick)

The wave equation for a single mode.

OPA(K, 1)
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The equation for a single mode is mathematically equivalent to:
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Quantization

Classical mathematical equivalence — quantum mathematical equivalence

E=ho(j+1) j=0,12...

K
0=, /—
m
Rewriting this in terms of the electromagnetic field variables:

K &k, me> 1

E=ho(j+3) j=0,12...

o= c‘ ]_{‘ Jj 1s the number of photons

— in that mode

Dispersion relation



Boundary conditions

fixed boundary conditions periodic boundary conditions




Counting the normal modes

periodic boundary conditions
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Density of states
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All states in the same shell have the same frequency.



Density of states
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Density of states

The number of states per unit volume with a wavenumber between &
and k + dk is,
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D(k)dk =~ dk
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do=cdk d\=-2n/k*dk

The number of states per unit volume with a frequency between ®
and ® + do 1s,
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D(w)do = D(k)dk =——d .

The number of states per unit volume with a wavelength between A
and A + dA\ 1s,
87

D(A)d = D(k)dk =—d.



Photons are Bosons

The mean number of bosons is given by the Bose-Einstein factor.
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Planck's radiation law

The energy density between A and A + dA 1s the energy E = hf = hc/A of

a mode times the density of modes, times the mean number of photons
in that mode. he 87 1

/' 1 .14 .ehc//ikBT _ldﬂ“
E DOV \_ Bose - Einstein factor
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Planck's radiation law, Wien's law

Planck's radiation law 1is often expressed in terms of the intensity
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Differentiate to find the position of the peak

Wien's law: A 7= 0.0028977 m K



Stefan - Boltzmann law

Integrate intensity over all wavelengths

dl —oT" W/m*
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Integrating the energy spectral density over all wavelengths
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Thermodynamic quantities
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Thermodynamic quantities
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Radiation Pressure: P — _

Momentum of a photon: ~ p = hik



