PHY 745 Group Theory
11-11:50 AM  MWF Olin 102

Plan for Lecture 21:

Symmetry of lattice vibrations
Chapter 11 in DDJ

1. Review of vibrations in a one-dimensional
lattice

2. Vibrations in a three-dimensional lattice

3. Lattice modes and “molecular” modes
Some materials taken from DDJ and also Solid State Physics
tex’t‘tz))‘/,Grosso and Paq@yig[ni (2014)

5 Spring 2017 - Lecture 21
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13 Frii 02112017 Chap. § Alarmic orbilals 211 021132017
14 Mon: 021132017 [Chap. 6 Direct product groups #12
15 Wed: 02162017 |Chap. 7 Malecular arbital £13
18 Fri: 021712017 Cﬁau 8 Introduction te Space Groups #14 0222017
17 Mon: 02/20/2017  |Chap. 10 Group theory for the periodic lattice
18 Wed: 02222017 |Chap. 10 Group theory for the periodic bitice
19 Fri: 021242017 Chap. 1-10 Review — Distribute take-home exam
20 Mon, 0227/2017 [Chap. 10 Space group representations Exam
21 Wed: 03012017  |Chap. 11 Symmetry of vibrations Exam
22 ¥ 030N201T  [Chap, 11 Syrmmelry of vibrations Exam Due
Mon: 03106/2017 Spring break - no class
Wed: DADAZ01T Spring break - no class
Fri: 0311002017 Spring break - no class
Mon 03N32M 7 APE Meeting - no class
Wed: 03116217 APE Meeting - no class
Fri 0372017 APS Meeting - no class

23 Mon 0372002017
24 Wed: 03222017
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Wad. Mar. 1, 209
Evrysc rono
Professor Law, NG
4:00pm - Olin 101
Refrashments served
3:30pm - Ofin Lounge
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Thanks to the Born-Oppenheimer approximation, the

nuclei of a material in equilibrium move in the potential

field provided by the ground electronic state of the system
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Figure 9.1 Longiudinal displacements in a one-dimensional monoatomibc lattice. The equilib-
rium positions o, na are indicated by circles; the displacements wy, al a given instant are

indicated by amows.
The ground electronic state depends on the nuclear positions

E, ({R"}) Suppose R* = R“’+u”
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Relationships:
Dy = Dy Dy = Dyt if ty =ty =ty — ly
Z D=0 forany n:
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Classical equations of motion:

Miiy, = z Doty
"

Solution

unlt) = A gtna=—s

MwPA = Z: Dy aina-rnal 4

|. a{g) = Dig)

where

|D|_q'| = Z.n,.,. erfeary "'i:
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Analytic result for monoatomic chain with only nearest

neighbor interactions
. Duypyi=Dpin=-C. D=0 if| n'—n[>1

Dun
D(q)= YD, =C(2-€" —e™)=4Csin’ (ga/2)

ic|. 1
> U=y sin zqa

Figure 9.2 Phonon dispersion curve for a moncatomic lincar lattice with nearest neighbor inter:
actions oaly; the Brillouin zone is the sepment between =/ aned 47 /o
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Figure 9.2 Phonon dispersion curve for a moncatomic lincar lattice with nearest neighbor inter-
wfa arel 47 far

actions oaly; the Brillsin zone is the sepment between

= -.”;ur,l =g (gax 1)
velocity of sound in the
material
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One-dimensional diatomic lattice

cd by black and white

we indical

Figure 9.3
positions of wo sublattices of atoms, of mass M) and |
circles. respectively; the displacements wy and vy ol a given instant are indicated by amows

Equations of motion for this case:

Myiiy = —C(2uy — ty_j — 1)

Mziia = —C 20y — g — txi1)
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Solution:

1) = _"I',u.;nu‘. o) and ve(t) = ‘_“",ln.mm-|4.!|.:‘- g

C(2A) — Age™ Pl | g, Foonidy )
C(2As — Ayela90/2 _ 4, o2y, convenient
» . . constant
Necessary condition for non-trivial solution:
2C — Myw* 2C cos (gap/2)
= 0.
2C cos (qap/2) 20 .-\f_nn"'
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One-dimensional diatomic lattice -- continued
Normal modes

- \ 2 4 2 n 2
st hs Yl N S
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Figure 9.4 Phonon dispersion curves of a distomic linear chain, with nearest neighbor atoms
interacting with spring constant . The masses of the atoms are M) and M5 (with My > Ma);
M* s the reduced miass.
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Lattice modes of general three-dimensional crystals

: 1
EF™ () =Eo@ + 5 3 Duvavaltinvatty'v'a

Busssrvir= (i)

n,

= D

Y Drvawva =10,

111412015 PHY 752 Fall 2015 — Lecture 28 12




Lattice modes of general three-dimensional crystals --
continued

Equations of motion

= 2: D,

Solution

U, (1) = Ay (q, e T

Myl Am == ) Duugawae M4,

D,

l |f>.,, vl
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Lattice modes of general three-dimensional crystals --
continued

Some special values
Y Drovala=01=0:

Z Dy (@ =MA, =0.

Orthogonality of normal modes

Z Mo AL (Q.P) A g.p') =8,
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Example for fcc Al lattice
00—
=
3 300 LA LA LA
= TAS 3 branches
B
€ 2001 |
ul | TAq
E 100+ TA ~
0.0 !
r X K r L
Raduced Wave Vector

nd wwansverse
and TA (or TAj and TA; ), respectively. The experimental
lat and B M. Nicklow, Phys. Rev, 143, 487 (1966) and R
. Nilsson, Phys. Rev. 162, 549 (1967)
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Example for Si and Ge lattices

[T

6 branches
=

6 'branches

A and TA (LO and TV, respectively. The experimental points are from G. Dolling,
attering of Neutrons in Solids and Liguids™ edited by S. Ekland (LAEA, Vienma,

1963 Vol 11, p. 37; G. Nilsson and G, Nelin, Phys. Rev. B 3, 364 (1971) and P¥ Rev. B &,
AT Aok 37 2), Comversion 1o meV unis can be dog 16

Example for LiF

Fraquency (10 eps)
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Figure 9.8 Measured phopon dispersion curves along three directions of high symmetry in LiF;
the solid curves anc a best least-squares fit of a parameter model [With permission from Fig. 4,

Phys. Rev, 168, 970 (1968)). Notice that 1012 Hz = 4.137 meV.
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I'he general outline for discussing Inttice modes in sofids is:

I, Find the symmetry operations for the
i), the appropriste character tal
tatons.

of the wave

il frreduribile

EpreseD-

Finnel i
tion is

The meaning of this rels-

Finil the irreducible representations of i sede: The char
e Topresemtstio

xpress the srmmetry

thee lattice me

Fhial the neeial mede patterns,

Which modes are [R-netive?

i. Which modes are Rumon-nctive?

7. Are there any polarization effects?

@

Fihasd the lotthee: modes at otler points m the Brallsako sone,

A Uslng the compatibility relations, connect up the nttice modes

saring & points to form o phonon branch
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Notation for O, symmetry
Ty Asg
I, Ay
r12 EQ
Tys TWQ
Iy Tz
rl’ AWu
rz’ AZu
T E,
Tis Thu
r25 T2u
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How many phonon branches?
# atoms in unit cell x dimension of lattice
€2 )
Example -- NaCl )I* o o
2 atoms per primitive
cell
=> 6 phonon branches
NaCl
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Symmetry associated with k=0 phonons O, symmetry

3/1/2017

0[432) E BCy 3C;= 3(.13 6y 60,
Iy A1 1 1 1 1
I'z Az 1 —1 —1

1 1
T (#?=y2322=r) | E| 2 =1 2 0 0
(Rz, Ry, ) } |3 0 -1 -1 1
(x.y,z)
Ty ) 3 0 -1 1 =1

IIQ_', 1z, 2x,

Oy, =0 =i (m3m)
Uneler all symmetry operations of Oy each Na and C1 atom site is
transformed either into itself or into an equivalent atom site separated
by a lattice vector R, Thus,
Yatom sites = 2415 (14.4)
For 0, symmetry, Yo = Tiu. 50 that at £ =0

Xlntticn modes = 21y & Tiy = 21, (14.5)
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. == (i, or 1)
" acoustic branches
\ Yl *. = (ryor z)
“optic branches
Figure 14.4: In-phase and out-of-phase normal modes at & = 0 for
NaClL
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