Group Theory in Quantum Mechanics
Lecture 12 713

Cysymmetry systems coupled, uncoupled, and re-coupled

(Geometry of U(2) characters - Ch. 6-12 of Unit 3 )
(Principles of Symmetry, Dynamics, and Spectroscopy - Sec. 1-12 of Ch. 2 )

Breaking Cy cyclic coupling into linear chains
Review of 1D-Bohr-ring related to infinite square well (and review of revival)
Breaking Can+2to approximate linear N-chain
Band-It simulation: Intro to scattering approach to quantum symmetry

Breaking Con cyclic coupling down to Cy symmetry
Acoustical modes vs. Optical modes
Intro to other examples of band theory
Avoided crossing view of band-gaps

Finally! Symmetry groups that are not just Cy
The “4-Group(s)” D2and C>,
Spectral decomposition of D>
Some D> modes
Outer product properties and the Group Zoo
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Breaking Cy cyclic coupling into linear chains
Review of 1D-Bohr-ring related to infinite square well (and review of revival) ‘
Breaking Con+2to approximate linear N-chain
Band-It simulation: Intro to scattering approach to quantum symmetry
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(a) Infinite Square Well (b) Bohr Rotor
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oo-well zero+point
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All oo-well peak must be made of
sine wave components.

(a) Infinite Square Well at t=0
<« W—>

A

= =0 o
(c) Half-time revival at t=1/2

t = 0.50007,
=1 'Stbeal

1.2 0.4 0.&

t =1.00007,
=301, meﬂ 0.4 0.6 0.5 '

After only 50 round-trips

M's wave does a partial revival
as it makes an upside down-delta
function around x=0.8W.

“Flipped”
revival

]

So how is the co-well “flipped
revival explained?
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t = 0.50007,
=1 'STbeal

t=1.00001,
= 3‘OTbeal meﬂ 0.4 0.6 0.3

After only 50 round-trips

M's wave does a partial revival
as it makes an upside down-delta
function around x=0.8W.

.
All oo-well peak must be made of

sine wave components.

(a) Infinite Square Well at t=0
<« W—>

A

= =0 o

(c) Half-time revival at t=1/2

“Flipped”
revival

]

3. So how is the co-well “flipped
revival explained?

2. Bohr rotor peak made of sine wave
components is anti-symmetric, So an
upside-down mirror image peak must
accompany any peak.

(b) Bohr Rotor at t=0
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< W——>—— W —>
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4. Bohr rotor half-time revival

is same-side-up copy of initial
peak on opposite side of ring.

So that upside-down Bohr-image
will appear upside-down on the
other side at half-time revival.
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Breaking Cy cyclic coupling into linear chains
Review of 1D-Bohr-ring related to infinite square well (and review of revival)
Breaking Can+2to approximate linear N-chain
Band-It simulation: Intro to scattering approach to quantum symmetry
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Cs symmetry: Elementary Bloch Hamiltonian H8(©® ( 15t neighbor coupling)
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Cs symmetry: Elementary Bloch Hamiltonian H8(©® ( 15t neighbor coupling)
3

HIB(6) eigenvalues

®, level spectrum
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Cs symmetry: Elementary Bloch Hamiltonian H8(© ( 15t neighbor coupling)
3

H3() eigensolutions are very sensitive to zeroing or constraing a coupling!
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Consider sine and cosine eigenvectors of a /4-by-14 elementary Bloch matrix HEB(4
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Consider sine and cosine eigenvectors of a /4-by-14 elementary Bloch matrix HEB(4
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HFB(4 gives eigensolution of a 6-by-6sconstrained Bloch matrix HM®)
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HFBUY oives eigensolution of a 6-by-6 constrained Bloch matrix HM®) ysing its sine-waves only
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HFB(4 gives eigensolution of a 6-by-6 constrained Bloch matrix HM(®) ysing its sine-waves only
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HFB(4 gives eigensolution of a 6-by-6 constrained Bloch matrix HM(®) ysing its sine-waves only
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HFB(4 gives eigensolution of a 6-by-6 constrained Bloch matrix HM(®) ysing its sine-waves only
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Breaking Cy cyclic coupling into linear chains
Review of 1D-Bohr-ring related to infinite square well (and review of revival)
Breaking Con+2to approximate linear N-chain
Band-It simulation: Intro to scattering approach to quantum symmetry ‘
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HEBUY gives eigensolution of a 6-by-6 constrained Bloch matrix H*M(® ysing its sine-waves only
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» Brea

king Coy cyclic coupling down to Cn symmetry ‘
Acoustical modes vs. Optical modes

Intro to other examples of band theory

Avoided crossing view of band-gaps
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%, C>4 lattice reduced to Ci2 symmetry

(11X (r2 IX)
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o, Co4 lattice reduced to Ci> symmetry
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oo (24 lattice reduced to Ci2> symmetry o

(11X) (2 1X)

{(rIX) .
Only Ci2 symmetry projectors commute with K-matrix if a #a

®
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g Fig. 2.7.6 PSDS
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%, Cos lattice reduced to Ciosymmetry 5 0% ( (9|kr) (“|K|) ([KI) - (]K]r)

NG Fig. 2.7.6 PSDS
g: Nk PR IR IR R
13 200 4 G : : : : :
\ : : : : . J
(23 1) ( ata -a 0 .. -a )
(r31X) = -a at+a -a .. O

(1 1X) (r2 |X) \ . . . . . )

(rIX) .
Only Ci2 symmetry projectors commute with K-matrix if a #a

1

. v g . 2nm
P = E(l +e o’ 4 et e ™

T+ e”"mr_Q) where: k= -
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oo (o4 lattice reduced to Ci2 symmetry i ® ( < 0|K‘r0> < O‘K‘I"1> < O‘K‘I"2> < O‘K|I"_1> )

.\ Fig. 2.7.6 PSDS
E :3 Lo R (K] (R (K
ot : . . . . .
K . . . . . )
g ( 0 .. -a )

(23 1X)
(r31X) _

(11X) (r2|X) \ . . . . . )
(rIX)

Only C2 symmetry projectors commute with K-matrix if a #a

1

s e g . 2nm
P = E(1+e g 4 et et ™

T+ e”"mr_2) where: k= -

Two kinds of Ci1> symmetry states are coupled by K-matrix.
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%, Cos lattice reduced to Ciosymmetry 5 0% ( (9|kr) (“|K|) ([KI) - (]K]r)

N Fig. 2.7.6 PSDS
g: Nk PR IR IR R
13 200 4 2 : : : : :
\ : : : : . J
(23 1) ( ata -a 0 .. -a )
(r31X) = -a at+a -a .. O

\LIX) (r2 |X) \ : : : : F

{(rX)
Only C2 symmetry projectors commute with K-matrix if a #a

1 o wog ey m _— 2mTm
P = —(1+ e’ et 4 e7r + L+ e e 2) where: k =——
12 12
Two kinds of Ci1> symmetry states are coupled by K-matrix.
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oo (o4 lattice reduced to Ci2 symmetry - o* (<,,0|K‘,,0> <,,0‘K‘r1> <rO‘K‘I’2> <rO‘K|r‘1> )

S Fig. 2.7.6 PSDS
3 3 o~ IR (PR PR K]
gl G 35 3

(r23 X) a+ta
(r31X) _

LX) (r2 |X) \ : : : : F
{rIX)

Only C2 symmetry projectors commute with K-matrix if a #a

1 o wog ey m _— 2mTm
P = —(1+ e’ et 4 e7r + L+ e e 2) where: k =——
12 12
Two kinds of Ci1> symmetry states are coupled by K-matrix.
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oo (o4 lattice reduced to Ci2 symmetry - o* (<,,0|K‘,,o> <,,0‘K‘r1> <rO‘K‘I’2> <rO‘K|r‘1>

.\ Fig. 2.7.6 PSDS
3 3 o~ IR (PR PR K]
e | L 5 E 5 ;

(r23 X) a+a
(r31X) _

S (2 1X) L : S
{(rX)

Only Ci2 symmetry projectors commute with K-matrix if a #a

1 s o g m _— 2Tm
P = E(1+e op’ et e L e?r 4 e™r ) wherer K, = -

Two kinds of Ci1> symmetry states are coupled by K-matrix.

[N NG
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%, Cos lattice reduced to Ciosymmetry 5 0% ( (9|kr) (“|K|) ([KI) - (]K]r)

.\ Fig. 2.7.6 PSDS
: e o ) (R )R] (R
e L s S

(23 |x) ( ata -a 0 a )
(r31%) _ 0 a+a -a 0

S i (2 [X) L : S
Only Ci2 symmetry projectors commute with K-matrix if a #a
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12 " 12

Two kinds of Ci1> symmetry states are coupled by K-matrix.
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Breaking Con cyclic coupling down to Cy symmetry
Acoustical modes vs. Optical modes
Intro to other examples of band theory
Avoided crossing view of band-gaps
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oo (o4 lattice reduced to Ci2 symmetry - o* (<,,0|K‘,,0> <,,0‘K‘r1> <rO‘K‘I’2> <rO‘K|r‘1>

S Fig. 2.7.6 PSDS
3 3 o~ IR (PR PR K]
gl G 35 3

\ J
(23 x) (a+a a0 a )
(r31X) _ 0 a+a -a 0

L4 e (2 [X) \ : : SR )
Only Ci2 symmetry projectors commute with K-matrix if a #a
P = i(1 +e "y e ort e or + L+ e + e”"mr_Q) where: k= zmm

12 " 12
Two kinds of Ci1> symmetry states are coupled by K-matrix.
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&
%, C>4 lattice rgduced to Ci2 symmetry e <r0|K‘r0> <VO‘K‘I"1> <r0‘K‘r2> <I"O‘K|I"_1> )
N Fig. 2.7.6 PSDS
E : : e R R R (K]
P oad : ; : : ; :
(23 |x) ( ata -a 0 a )
(r31%) _ 0 a+a -a 0
S o (r? 1X) \ y,
riX)
Only Ci2 symmetry projectors commute with K-matrix if a #a
1 . . . . . 2
P = —(1 +e e’ +e oyt e + L+ e + e*’kmr_z) where: k= =il
12 12
Two kinds of Ci1> symmetry states are coupled by K-matrix.
k V=P rON12=(| 0 Ve ™| Ve 2 V4 L) 112 K A=P" r \12=(| 7 e ™ r Ve 2] 7 V) 7412
&, )=P"] g
Seculr Eq | (R (kK
0=k>— Tr(K)"+  Det(K)" (k. |K|k,) (k.|K|k)
0=x’-2(a+a)k+(a+a) —(a+e™a)a+e ™ a) »
0=k’ —2(a+a)k +(a+a)’ —a*—a*—2aacosk, :[ ara (atera) )
0=k —2(a +a@)k + 2aa(l—cosk ) (a+ea)  ata

Thursday, March 7, 2013 30



%, Cos lattice reduced to Ciosymmetry 5 0% ( (9|kr) (“|K|) ([KI) - (]K]r)

.\ Fig. 2.7.6 PSDS
: e o ) (R )R] (R
e L s S

(23 |x) ( ata -a 0 a )
(3 1X) = a a+a -a 0
S -t (2 [X) L : S
Only Ci2 symmetry projectors commute with K-matrix if a #a
P = i(1 +e ot + et + e + L+ e e e”kmr_z) where: k= znm
12 12
Two kinds of Ci1> symmetry states are coupled by K-matrix.
|km>=P(m)‘ r0>-\/ﬁz(‘ r0>+e_ikm r2>+e_2ikm r4>+ )/\/E k,;>=P(m)‘r1>'\/ﬁ=(‘rl>+e_”‘m r3>+e_2ik"’ r5>+...)/\/§
Secular Eq.: o | (K IKk,) (K, |K]K)
0=k’— Tr(K)"+  Det(K)" (K™ = [ (k. |K|k,) (k.|K|k,) ]
0=x’-2(a+a)k+(a+a) —(a+e™a)a+e ™ a) it
0=k —2(a+a)k +(a+a) — a’—a’—2aacosk _ [ ara (a+ea) )
0:K2—2(g+a_)1<+2c_zg(1—coskm) (@+ea) a+a

Eigenvalues:

Kza),f =Q+5i\/g2+ 2aacosk, +a’
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Fig. 2.7.7 PSDS w? w?
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Figure 2.7.7 Band splitting due to C,,~C,, symmetry breaking.

(k. Kk, ) (kKK

Eigenvalues: ¢
<K> ' = 4 ’ /
K=, =g+c_zi\/gz+2c_zgcoskm +a’ (ki |K|k,) (k,|K|k,)
B at+a (a+e™a)
- (a+e™a) a+a

Thursday, March 7, 2013 32



Fig. 2.7.7 PSDS
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Figure 2.7.7 Band splitting due to C,,~C,, symmetry breaking.
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Fig. 2.7.7 PSDS w? w2
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Figure 2.7.7 Band splitting due to C,,~C,, symmetry breaking.
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Breaking Con cyclic coupling down to Cy symmetry
Acoustical modes vs. Optical modes

» Intro to other examples of band theory ‘

Avoided crossing view of band-gaps
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Fig. 2.12.1 PSDS

’ Figure 2.12.1 C,, “clocktane” potential wells and energy levels. (a) Zero potential gives
Bohr orbital levels. (b) Weak potential gives small and-gap splittings at (m) = 6,12,... . (c)
Strong potential gives tightly clustered bands and wide gaps. (Splitting of clusters is
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Bohr-1t simulations assume ring-periodic-boundary conditions
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Band-It simulations line-non-periodic scattering conditions
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Bohr-1t simulations assume ring-periodic-boundary conditions
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Breaking Con cyclic coupling down to Cy symmetry
Acoustical modes vs. Optical modes
Intro to other examples of band theory

»Avoided crossing view of band-gaps ‘
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Fig. 2.12.7 PSDS

| X up) | X down)

(H)= n o=
H

-S

Cj, Reflection Symmetry Broken Symmetry
ISI>0 S=0
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Fig. 2.12.8 PSDS

4 [X up) | X down) )
(Hy= H -S
e lag H
2
(:f_1) | X up) | X down )
V291 H+8 S
Fig. 2.12.7 PSDS s 3 P &
2\ —~ C%)
1 H-S
Cj, Reflection Symmetry Broken Symmetry
ISI>o0 S=0
\ J
| Xup) |Xdown)
H+p‘E -S | X )
(H)= up
\IXdown) (—s ) /

‘E|=0
X gp) i | X down )
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» Finally! Symmetry groups that are not just Cy
The “4-Group(s)” Dzand C>, ‘
Spectral decomposition of D;
Some D> modes

Outer product properties and the Group Zoo
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Finally! Symmetry groups that are not just Cy
(And some that are)

S ()

D 3 CGV
Cay Dgh
D34
C3h o~ C3 X 02
> D3h

ORDER OF GROUPS

Figure 2.11.1 Abelian crystal point groups. Sixteen of the 32 crystal point groups are
Abelian and are illustrated by models drawn in circles.
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Finally! Symmetry groups that are not just Cy
(And some that are)
Starting with D;

® l"“\ Cep ~ C3 X Cy X Cy
(N s

D3 c6v
Cav Deh
D34
C3h ~ C3 X 02

|!"

b sedirard o i s ol o ono e o

1 2 3 4 6 8 12 16 24 48
ORDER OF GROUPS

Figure 2.11.1 Abelian crystal point groups. Sixteen of the 32 crystal point groups are
Abelian and are illustrated by models drawn in circles.
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T T Finally! Symmetry groups that are not just Cy

< (And some that are)
I-IIl Starting with D and Con and Coy

Cy X Cp
o %
Dg T4
: Cs o C3 X C2
l'r“\ Csh r~ C3 X c2 X Cz
Fig 2.11.1 PSDS
c
D3 6v
Cay Dgh
D3y
C3h ~ C3 >4 02
b iy
1 2 3 4 6 8 12 16 24 48
ORDER OF GROUPS

Figure 2.11.1 Abelian crystal point groups. Sixteen of the 32 crystal point groups are
Abelian and are illustrated by models drawn in circles.
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D> Symmetry (The 4-Group)

Z AXIS

Fig. 2.1.1 PSDS

Fig. 2.1.2 PSDS

POSITION

»

1 : THE ORIGINAL POSITION Don’t touch the fan blade.
R,: THE HALF-TURN POSITION  Rotate it by 180° around its axle

or the z axis.
R,: THE OVERTURNED POSITION Overturn it 180° around the y axis.
R,: THE FLIPPED POSITION Flip it 180° around the x axis.

HALF TURN
POSITION

T IRy

OVERTURNED
POSITION

Ry

FLIPRED
POSITION

Ry
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D> Symmetry (The 4-Group)

Z AXIS

1 : THE ORIGINAL POSITION Don’t touch the fan blade.
R,: THE HALF-TURN POSITION  Rotate it by 180° around its axle

or the z axis.
R o THE OVERTURNED POSITION Overturn it 180° around the y axis.
R,: THE FLIPPED POSITION Flip it 180° around the x axis.
Fig. 2.1.1 PSDS
Fig. 2.1.2 PSDS HALF  TURN
POSITION
: le>=Rz| 1>
POSITION
)
OVERTURNED
D> Product table POSITION
I B|RER Ry =Ry|1)
X y z
fe B | RER
R R | B
y z X
R’ B R g El FLIPPED
POSITION
Ry =R.|1)
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Finally! Symmetry groups that are not just Cy
The “4-Group(s)” Dzand C»,
Spectral decomposition of D; ‘
Some D> modes
Outer product properties and the Group Zoo
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D> spectral decomposition: The old “1=1°1 trick” again
Two C> subgroup minimal equations:

2'1=0, Ry2'1=0.
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D> spectral decomposition: The old “1=1°1 trick” again
Two C> subgroup minimal equations and their projectors:

2.1=0, R,>-1=0.
+ 1 + P+ — 1 + Ry
P’ = 5 reducible y ?
1— projectors _ 1-R
P = P, =
2 o2

Thursday, March 7, 2013

50



D> spectral decomposition: The old “1=1°1 trick” again

Two C> subgroup minimal equations and their projectors:

2'1=0, Ry2'1=0.
1+R
1+ + _ y
P’ = 5 reducible P, = )
1— projectors _ 1-R
P -——— Pl =—>
2 o2

1 =p*+pP~ Completness 1 =P +P]
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D> spectral decomposition: The old “1=1°1 trick” again
Two C> subgroup minimal equations and their projectors:

2.1=0, Ry2-1=0.
P’ = > reducible Py =—
_ rojectors 1-R
P_ _ 1 p .] P_ _ y
2 g 2

1 =P"+P- Completness
Spec.decomps g —p+_p-
y Y y
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D> spectral decomposition: The old “1=1°1 trick” again
Two C> subgroup minimal equations and their projectors:

2'1=0, Ry2'1=0.
1+ N 1+ Ry
+ . —
P = 5 reducible P, )
_ rojectors 1-R
p_ 1 proj p-_ )
2 Y 2
1 =P"+P~ Completness 1 =P +P]
_pt_p- Specdecomps p _pt_p-
Y y Y

The old “1=1¢1 trick” 1=1-1=(P"+ P7 )-(P} + P |=PT-B} + P -B + PT-P[ + PP, gives irrep projectors

y
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D> spectral decomposition: The old “1=1°1 trick” again
Two C> subgroup minimal equations and their projectors:

2'1=0, Ry2'1=0.
P’ = 5 reducible P, = >
_ rojectors 1-R
p— 1 Proj P - )
2 Y 2

1 =P"+P~ Completness 1 =P +P]
_pt_p- Specdecomps p _pt_p-
B S B

The old “1=1e1 trick” 1=1- 1=(P++P_) (P +P) Po-P +P P +P"-P +P -P  gjves irrep projectors
) v (1+ )-(1+Ry) 1
P =P -Py= 7 :Z(1+ +Ry+RZ)
P +:P‘-Py+=(1_ 2):(21+Ry)=%(1— +R —R_|
P —EP+-P;_(1+ 2):(21_Ry)=i(1+ -R,-R_|
P —EP‘-P;=(1_ 2):(21_Ry)=i(1— -R,+R_|
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D> spectral decomposition: The old “1=1°1 trick” again
Two C> subgroup minimal equations and their projectors:

2'1=0, Ry2'1=0.
P’ = 5 reducible P, = >

b 1— projectors p-_ I-R
2 4 2

1 =P"+P~ Completness 1 =P +P]
_pt_p- Specdecomps p _pt_p-
B y oy

The old “1=1°1 trick” 1
(1 +

— 4
+ -
~
<

P +EP+'P;_: 2)2 )=%(1+ +Ry+RZ)

P +:P‘-Py+=(1_ 2):(21+Ry)=%(1— +R, -R ) 1
- __(1+ )-(1—Ry):l1 2B

P =P P - 4( + )
S —:(1_ )'(I_Ry)=l 1-R -R +R

P =P -P - 4( + )

(completeness is first)
=(+DP "+ (+DP T+ +DP T +(+D)P
=(+D)P "+ (-DP "+(+DP  +(-DHP

R =(+D)P TH+HDP T+ (-DP T+ (=P

R_=+DP "+(-DP "+(=DP"~ +(+DHP ~
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D> spectral decomposition: The old “1=1°1 trick” again
Two C> subgroup minimal equations and their projectors:

2'1=0, Ry2'1=0.
1+ . 1+Ry
P’ = 5 reducible P, = )
_ rojectors 1-R
p_ 1 proj p-_ )
2 Y 2
1 =P"+P~ Completness 1 =P +P]

_pt_p- Spec.decomps R, = Py+ P

The old “1=1e1 trick” 1=1-

[—
[—
I
=
+
+
~
-t
+
<
I
.-
+
.-t
+
~
-
+
o
+
<
+
~
<
7.
<
N
75}
3 .
N
AN
3
<,
N
o
o~
Q
5

1+ 11+R
P+EP+°P+:( )( y)=1(1+ +R +R)
Y 2-2 4 Y ‘ (completeness is first)
i +EP_.P+:(1_ )-(1+Ry):l(1_ /R -R.) 1 =(+DP ™ +(+DP t+ (P +(+1)P
’ 2:2 4 S =(+D)P T+ (=Pt +(+)P T+ (=P "
(1+ )'(I_Ry) 1 + t - -
P =P P = — :Z(H ~R,-R_) R, =(+DP " +(+DP +(-DP ~ +(-DP
(1- )-(I—R ) { R_=+DP "+(-DP "+(=DP"~ +(+DHP ~
P =P .P = “=—(1-R -R +R_]
u 2.2 4 yooE C,xCy |11 R 1] 1R, R,
C |1 C) |1 R . 1 1 1 1
X 11 1 F 4 1 1 1 1
N — D) (D
1

Shortcut notation for getting D, character table

(1)

(1)
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D> spectral decomposition: The old “1=1°1 trick” again !
Two C> subgroup minimal equations and their projectors:

2 1=0, R 1=0, CxG |11 k1R, KR,
e B B N B 1
1+ , 1+R) =+ |11 -1 1 1
P’ = 5 reducible P, = 7 S 5 T % IR YRS ) IR BT
1— projectors 1-R — -1 A=) —1-(=1)
P = P = .
2 g 2 D, |1 R, R,
1 =P"+P- Completness 1 =P +P] IR R R B S R
= 1 -1 1 -
_pt_p- Spec.decomps R =P P T o
—]1 -1 -1 1
The old “1=1e1 trick” 1=1- 1=(P++P_) (P +P ) Po-P +P P +P"-P +P -P  gjves irrep projectors
1+ 11+ R
P+EP+'P+:( )( y)=1(1+ +R +R) |
Y 2-2 4 Y ‘ (completeness is first)
1-1 ) {1+R 1 =+DP "+ )P T+ (+=DPT +(+)P
I (A y)zg(l_ I (+DP T+ (+DP T+ (+DP (4]
22 4 —(+D)P T+ (=DP T+ ()P + (=P "
P =pt.p- (1 )'(I_Ry)—l(n -R -R ) R =(+DP "+(+DP "+ (=P ~+ (=P ~
- y o 2.9 4 y
(1- )'(1—Ry) { R_=+DP "+(-DP "+(=DP"~ +(+DHP ~
P =P P = =—(1-R_ -R +R)
u 2.2 4 C,xCy |11 R 1] 1R, ‘R

G

G

Y

4
+

-1 -1
-1 -1

-1

-1

Shortcut notation for getting D, character table

p—t |t

11D
1] 1D

(1)
(1)
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G, |1 Gl KR,
D> spectral decomposition: The old “1=1°1 trick” again X 11
Two C> subgroup minimal equations and their projectors: [
C,xCy |11 1| 1R, R,
2.1 = 2.1 =
_1—0, Ry'l_O. + -] | 1 -]
= |11 1] 11 1
1+ N 1+ Ry
P = : P’ = - D D
5 reducible y ) o ULy -1
_ rojectors 1-R
P—zl el P = 2y D, |1 R, R,
+2 P =4 (1 1] 1 1 Note
+ — Spec.decomps _pt_p- _ . B notation
—P —P P P R =P -P =B |1 1 |-1 -l
—=B, |1 -1|-1 1

The old “1=1°1 trick” 1

— 4
+ -
~
<

P+Ep+.p;:(1+ 2)2 )=i(1+ +R 4R )
poppr 2):(2”‘9):5(1_ R, -R.)
TS ST
T L ;i(z“Ry)zi(l_ R+R)

C, C,)

1

(completeness is first)

=(+DP "+ +DP T+ HDP T +(+DP
=(+D)P "+ (=DP "+ (+DP " +(-DP

R =(+D)P TH+HDP T+ (-DP T+ (=P

C, ><C2y

1-1 1] 1-R
y

R_=+DP "+(-DP "+(=DP"~ +(+DHP ~

‘R
Y

4
+

-1 -1
-1

-1
-1

Shortcut notation for getting D, character table

11D
1] 1D

p—t |t
k.

(=D

(1)
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Finally! Symmetry groups that are not just Cy
The “4-Group(s)” Dzand C»,
Spectral decomposition of D;
Some D> modes
Outer product properties and the Group Zoo
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Fig. 2.8.1 PSDS

A= —(k,cos*(a,b) + k, + k. cos*(b,c))/m,
a= —k,cos*(a,b)/m,

c = —k,cos*(b,c)/m.
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le41) = |el) = PY1)W4 = (1) + |2) + 13) + |4)) /2,

leB2) = |e?) = P2 1)V4 = (I11) — |2) + I3) — 14)) /2,

leB1) = |e3) = P3|1)V4 = (1) + 2) — [3) — |4)) /2,

led2) = le*) = P41)W4 = (11) — [2) — I3) + |4)) /2,

(A+a+btc) 2

(A—a+b—c)"5

Fig. 2.8.2 PSDS

(A+a—b—c)”2

(A—a—b-l-c)%
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Finally! Symmetry groups that are not just Cy
The “4-Group(s)” Dzand C»,
Spectral decomposition of D;
Some D> modes
Outer product properties and the Group Zoo
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Fig. 2.11.1 PSDS
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¥ 2 3 4 6 8 12 16
ORDER OF GROUPS

Figure 2.11.1 Abelian crystal point groups. Sixteen of the 32 crystal point groups are

Abelian and are illustrated by models drawn in circles.
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Fig. 3.1.1 PSDS

Order of Symmotrysmw] .
2 3 4 6 8 12 16 24 48

Figure 3.1.1 Crystal point symmetry groups. Models are sketched in circles for the
16 non-Abelian groups. (See also Figure 2.11.1.)
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Cs is product C3X Cy (but C4 is NOT Cxx Cy)

r

1'2

r-R

r’-R

(2) 1 e—27ri/3

(o)3 11
)

1 6271'1/3

1-1

8277:1/3 . 1

8_27”/3 . 1

1-1

8—27[1/3 . 1

827”/3 . 1

1-1

8277:1/3 . 1

6_27[1/3 . 1

1-1

e—2ﬂl/3 . 1

627rz/3 . 1

1-1

1-1

6—2751/3 . 1

1-1

8—27[1/3 . 1

1-1

I-(=D)

eZﬂ'i/3 . (_1)

e—27ri/3 . (_1)

I-(=D)

e—27l'i/3 . (_1)

ezﬂi/?) . (_1)
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Cs is product C3X Cy (but C4 is NOT Cxx Cy)

2
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(0)3 11 1
(1)3 1 627171'/3 e—27ri/3
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