Structure of Matter

The Solid State

WS 2013/14
Lectures (Tuesday & Friday)

Paul van Loosdrecht
Optical Condensed Matter Physics, I1. Physikalisches Institut
pvl@ph2.uni-koeln.de

Website II. Physikalisches Institut

www.ph2.uni-koeln.de
http://www.ph2.uni-koeln.de/527.html

Structure of Matter — WS13/14 — van Loosdrecht — Lecture 4 1



Last time:
Reciprocal lattice and diffraction
Today:
Reciprocal lattice and diffraction cont’d
Phonons
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o
Diffraction conditions

—

The set of reciprocal vectors G
determines the possible x-ray reflections

Scattering from k to k’ 1s proportional to charge density n(r)

Scattering amplitude:

Periodicity n(r) => Ak =G
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CsCl, exponential charge distributions
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Atomic form factors: f; = j d 3f€_iG'rnj (r)
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CsCl, diffraction conditions

S.=f, (é)_|_ f. (é)e—iG.FAB — i (G)+ f (é)e—i[Gx+Gy+Gz]a/z

G

Simple cubic lattice, Bragg condition: G = 2—ﬂ{hf( + Ky + |2}
d

Sthkl)=f, +fe mh+k+l)
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Case I T, >> 1,
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Case II: f, = g

(100)

(110)
(111)

(210) ?00)

S(h,k,l) —

— Jh2+k2+12

Structure of Matter — WS13/14 — van Loosdrecht — Lecture 4 7



Pseudo-bcc

Diffraction for
When f, = fj a

with h + k + | even strong
withh + k+1odd weak =¥ 'pseudo-bcc®
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PHONONS
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Elementary excitations

1in solids
Charge Electronic excitations
EM field Photon
Elastic Phonon
Magnetic Magnon (spin-wave)
Multi-particle  Exciton, polariton, polaron
Collective Plasmon
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Phonons

* Propagation of sound
 Optical properties (infrared)
* Lattice expansion

» Heat capacity

» Thermal conductivity
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General
Total lattice energy u, = >U (R -R)
<ij>
... oU, . ey .
Stability: GRO 3 = () — Equilibrium coordinates
I Ir;=R?

Harmonic approximation:

F_ — a Utotal
' 0OR,
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1D, 1 at./cell
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Relevant values of k

—mw/a 0 wa  FIRST BRILLOUIN ZONE
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1 dimensional -- 2 at./cell

o @ ¢ © ¢ © o O
M, M, a

EOM
MG, =-C(2u, —v_ —Vv_,) Dispersion
MZVS — _C(2Vs —Ug — us+1)
w?(k) = C{1i\/1—i/lljsin2(ka/2)}
Traveling wave H
1 L
1. aikas o -iwt M= — - M=M,+M
u.(t)=u e_ e | M, M, 1 2
Vs(t) — V. elkas . e—lwt

Structure of Matter — WS13/14 — van Loosdrecht — Lecture 4 15



Dispersion
w(k) = \/C{1 + \/1 - 4“sinz(ka/Z)}
U \Y
Optical branch

- @8 @ @
e @ o @

Acoustical branch
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e @ @ @
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Relevant values for k

w(k) = \/3{1 + \/1 —T\;Jsinz(ka/Z)}

Solutions for K and for kK+h-2n/a

have the same frequency
Sin(kEa) = Sin(kEa +h-2n) = o(k+ h%) = (k)

have the same wavefunctions

ikas i(h-2n/a)as

Ui inorsa(St)=u-e7 -e e =u,(s,t)

Are identical
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Group velocity

om(k) C
Vg = w(k) = \/“{ 1——S|n (ka/Z)}
k=0 w(k) = 2C ka Vg, = 29E] Sound velocity ® =V, -K
M 2 M 2
o(K) = 2C v, =0
LL

~+m/a (k) = constant: Standing wave
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Three dimensions

3-dimensional crystal: 3 degrees of freedom per atom
S atoms per primitive cell: 3 acoustical branches
3s-3 optical branches

Q)

Optical modes /_\

Acoustical modes

Longitudinal: u//K

Transverse: ulk

mt/a
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Sound waves

Longitudinal
u//k

Acoustical

Transverse
acoustical
ulk
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Optical waves

4 A
Longitudinal [ o [ Q [ _
optical phonons 4 £ & = —
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1mensions
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phonons

Classical: uy(t) =u,(t) 'k

2

EOM: mi,(t)=-C,u,(t) with C, =mo,

Quantum states of elastic waves:

h 0O° 1 V(u)
{_Zm U 2+2mmk2uk2}'\|’k(uk):Ek'\Vk(uk) :
K
i L :
iU =My () Eg=(n+y) o, o

See appendix C: quantization of elastic waves: phonons
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Properties of phonons

Any number can occupy the same vibrational mode u,

Phonons are bosons
Thermal occupation given by Planck’s distribution

1
<nk> = e(hocIkT) _ 4

Zero-point energy: E, = Z%hwk

k

Energy of 1 phonon: 7®,
“Momentum” of 1 phonon: 7K

Phonons: Quantum excitations of solids
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