Group Theory in Quantum Mechanics
Lecture 18 @413

Hexagonal DsC Desn and octahedral-tetrahedral O~T4 symmetry

(Int.J.Mol.Sci, 14, 714(2013) p.755-774 , OTCA Unit 5 Ch. 15 )
(PSDS - Ch. 4)

Review: Symmetry reduction and splitting: Subduced irep D*(D3) | C> =d"@®d"*&.. correlation
Symmetry induction and clustering: Induced rep d*(C2)1 D3 =D*®DP®.. correlation

D3-C> Coset structure of d"(C3)1 D3 induced representation basis

Ds-Projection of d">(C>3)1Ds induced representation basis
Derivation of Frobenius reciprocity

DsDD,DC, =D3; XC,symmetry and outer product geometry

Irreducible characters
Irreducible representations
Correlations with Ds characters.
...and C>(i3) characters......and Cs(1,h',h°,...) characters
D¢ symmetry and induced representation band structure

Introduction to octahedral tetrahedral symmetryO,D>O~TaDT
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*Review: Symmetry reduction and splitting.: Subduced irep D*(D3)| C> =d">®d">®.. correlation ‘
Symmetry induction and clustering: Induced rep d*(C2)1 D3 =D*®DP®.. correlation
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Applied symmetry reduction and splitting: Subduced irep D*(D3)|C> =d"®d">@®.. correlation

D, > C, P%relabel/split D relabel/reduce ®“ relabel/split D,oC, |0,
A P'=P'P=P =D'NC~d" =o"->o" A |1 | DMDHIC,~d"
P =P"P'=P =D"1lC,~d S0 S S| D (D)VC,~d
E, P=P"P" +P P =D"]C,~ = 0" - 0" E 1 1| D"(D)IC,~d"®d
=P/, +PF d” @d N
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Applied symmetry reduction and splitting: Subduced irep D*(D3)|C> =d"®d">@®.. correlation

D,oC, Prelabel/split D relabel/reduce @°relabel/splii D, >C, | 0,
A P'=P'P*=P), =D'NC-~d" =o'>0" A, 1 - | DY"(DHIC,~d”
P'=P"P =P =D"1lC,~d" =0 -0 - 1| D*(Dy)VC,~d
E, P =P"P"”+P"P: =D"1C,~ 0" —>ao” E, 1 1| D"(DHYIC,~d"®d
=P, +P d” @d N 4" (C,)D.,
Spontaneous symmetry breaking ~D"@® D"
and clustering: Induced rep d*(C>)1D3; =D*®DPD.. correlation d"(C,)D,
~D"® D"
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Applied symmetry reduction and splitting: Subduced irep D*(D3)|C> =d"®d">@®.. correlation

D,>C, P”relabel/split  D°relabel/reduce " relabel/splii D, >C, | 0,
A P'=P'P"=P), =D'NC-d" =o'->o" A 1 - | D"DHIC,~d”
P =P"P'=P =D"1lC,~d S0 S S| D (D)VC,~d
E, P =P"P" +P"P: =D"]lC,~ 0" > 0" E, 1 1| D"(DHYIC,~d"®d
=P, +P d” @d N 4" (C,)D.,
Spontaneous symmetry breaking ~D"@® D"
and clustering: Induced rep d*(C3)1 D3 =D*®DP®.. correlation d"(C,)TD,
~D"® D"

Applied symmetry reduction and splitting: Subduced irep D*(D3)| C3 =d"*®d3®.. correlation

D, > C, P%relabel/split D" relabel[reduce " relabel/split D, >C, | 0, 1, 2,
A, P'=P'P =P =SD'IUC~d" =o"->o" A 1 - .| DY"Dylc,~da”
P'=P'P"=P), =DIlC,~d" =0 >o" 1 - - | D(Dplc,~a*
E, P =P"P" +P"P* =D"1C, ~ 0" > o" E, .1 1| DDylcC,~d"®a>
=P +P) d"®d* No”
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Applied symmetry reduction and splitting: Subduced irep D*(D3)|C> =d"®d">@®.. correlation

D,>C, P”relabel/split  D°relabel/reduce " relabel/splii D, >C, | 0,
A P'=P'P*=P), =D'NC-~d" =o'>0" A, 1 - | D"(DylcC,~d”
P'=P"P =P =D"1lC,~d" =0 -0 1| D (D)VC,~d
E, P =P"P"”+P"P: =D"1C,~ 0" —>ao” E, 1 1| D"(DHYIC,~d"®d
=P, +P d” @d N 4" (C,)D.,
Spontaneous symmetry breaking ~D"@® D"
and clustering: Induced rep d*(C3)1 D3 =D*®DP®.. correlation d"(C,)TD,

~D"@® D"

Applied symmetry reduction and splitting: Subduced irep D*(D3)| C3 =d"*®d3®.. correlation

D, > C, P%relabel/split D% relabel/reduce ®“ relabel/ split
A P'=P"P =P = D'l C,~d" =w'"->o”
P=P'P"=P, =D"IlC,~d" =0 ->o”"
E, P =P"P" +P"P* =D"1C,~ PN CIRINPANE
=P +P) d"®d* No”

Spontaneous symmetry breaking

and clustering: Induced rep d*(C3)1 D3 =D*®D°®.. correlation

D,oC,|0, 1, 2,
A 1 D (D)l C,~d"
1 D" D)yl C,~da"
E, 1 1| Dylc,~d"®d>
d"(C,)TD,
~D"®D
d"(C,)TD,
~DH
d>(C,)TD,
~DH
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*D 3-C> Coset structure of d™(C2)1 D3 induced representation basis *

Ds-Projection of d":(C3)1 D3 induced representation basis
Derivation of Frobenius reciprocity
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D;3-C> Coset structure of d™(C>)1D? induced representation basis

Left cosets [1C, = (1,1,), rlC2 = (rl,i2 ), 1‘2C2 =(r’ ,i )] relate to sets of r —trapsfornlled kets
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D3-C> Coset structure of d™(C>) TD3 induced representation basis

-
-
- -
'''''

Left cosets [1C, = (L,1,), (r ,12) 2C (r ,i )] relate to sets of r —transformled kets

-
.......
.....

-
- -
......
'''''
- -

-~ S -

[1(|1>,'|xi3>)=(|i>,|\is>), l‘(|1>|13>) (|I‘>|lz>) 1’(|1>|13>) (e*), 1))
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D3-C> Coset structure of d™(C>) TD3 induced representation basis

-
-
- -
'''''

Left cosets [1C, = (L,1,), (r ,12) 2C (r ,i )] relate to sets of r —transformled kets

-
.......
.....

-
- -
......
'''''
- -

-~ S -

101)i)= i>,|“i3>>, PN TSI, PN =1
Right cosets [Cy=(1,1i3), Cor*=(r?,i,), Cor=(r,i;)| relate to sets of bras
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D3-C> Coset structure of d™(C>) TD3 induced representation basis

Left cosets [1C, = (L,1,), (r ,12) 2C (r ,i )] relate to sets of r —transformled kets

-
-
- -
.....

-
.......
.....

-
- -
i S
-~ ..
.....

b} -

[1(|1>,'|"i3>)=(|i>,|\is>), l‘(|1>|13>) (|I‘>|lz>) r (|1>|13>) AN
Right cosets [6’2:(1 i3) C’Qr —( i5), Cor=(r,i1)] relate to sets of bras

... -
------
__________________
..........
___________________
- -
............
-
_______________________
~~~~~~~~~~~~~~~~~~
~

[({11,i, I)l ((ll (1 ), ((ll G, e = (e [, D, (AT, el = (e 14, D)
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D3-C> Coset structure of d™(C>) TD3 induced representation basis

Left cosets [1C, = (L,1,), (r ,12) 2 C })] relate to sets of r —transformled kets

-
- -
......
~ o -
- -
-~ -~
~ . ~ -

-
- -
- ~ -

-~ -

[1(|1>,'|"i3>)=(|i>,|\is>), l‘(|1>|13>) (|I‘>|lz>) r (|1>|13>) G AN
Right cosets [6’2:(1 i3) C’Qr —(

... -
~ - - -
___________________
...........
..................
~ ~ -
.............
_______________________
~~~~~~~~~~~~~~~~~~
~

[({11,i, I)l ((ll (1 ), ((ll G, e = (e [, D, (AT, el = (e 14, D)

C pr()]ectorsP 2= (1+1 )=P* and P2=1 , (1—-1,)=P” split ket‘ > r‘1>or b1ra<r‘:<1‘rT into ﬂa:XiScoset sumsk
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D3-C> Coset structure of d™(C>) TD3 induced representation basis

Left cosets [1C, = (1,1,), (r ,12) 2 C })] relate to sets of r —transformled kets

'~ "~
- -
- -
- -,
~ - -

-
- -
e S
- ..
.....

b} -

[1(|1>,'|xi3>)=(|i>,|\ig>), l‘(|1>|13>) (|I‘>|lz>) r (|1>|13>) AN
Right cosets [02:(1 i3) C’Qr —( i5), Cor=(r,i1)] relate to sets of bras

~ .
~ - -
............
........
~~~~~~~~
- -
~~~~~~~~~~~~~~
-
-----------------
~~~~~~~~~~~~~
...........
-

[({11,i, I)l ((ll (1 ), ((ll G, e = (e [, D, (AT, el = (e 14, D)

C, projectors POz:% (1+i,)=P"and P b1 , (1—-1,)=P” split ket‘ > r‘ >or bra<r‘:<1‘r into " coset sumsk

[P"Z 1>:§(‘1>i‘ i3>), } H > , }basis of d"2TD,
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D;3-C> Coset structure of d™(C>)1D? induced representation basis

Lo G, = (i, PG, PGS
AAL)15,) =15, (DL =1L, r*(D),

Right cosets [Ca=(1,i3), Cor®*=(r*iz), Cor=(r,i,)] relate to sets of bras

... -

P ST SO DG D ]
D T . DU L S
.....
......
~~~~~~

.......
......

.....

~

[((1|,<i5'i§1:(<1f,<i‘; ), (<1\i,<i3 D ={r 140, D), ({11, hr' =W LG, D]

C, projectors POz:% (1+i,)=P" and Plzzé (1-i,)=P” split ket ‘ r>:r‘ 1>0r b1ra<r‘:<1‘rT Into & coset sums

:P"Z 1>:§ (‘1>i‘ i3>), }:_ r0> , :basis of d"2TD,

o

, |basis of 4 "2TD3

P :% <1‘i < I

),
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D3-C> Coset structure of d">(C3)1Dsinduced representation basis

*Dg—Projection of d™(C3)1 D3 induced representation basis
Derivation of Frobenius reciprocity

<
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D3-C> Coset structure of d™(C>) TD3 induced representation basis

Left cosets [1C, = (1,1,), (r ,12) 2 C _____ })_]__relate to sets of r —transformled kets
DT = D15, PO =TEYEY, P = ()
Right cosets [02:(1 i3) C’Qr —( iy), Cor=(r,1i1)| relate to sets of bras 13

~
~ - -
.....
-------------
_______________
......
...........
- - -
...................

...........

'''''''
-

(L1, |)1 (<1| () (<1| (i D = LG, D, (TG D' = (e 1K, D]

C, projectors Pozzé (1+i,)=P"and P b1 , (1—-1,)=P” split ket‘ > r‘ 1>0r bra<r‘:<1‘rT into ﬂa:Xiscoset sumsk

:P”z 1>:§ (‘1>i‘ i3>), }z: r}?> , :basis of a’"ZTD3
_<1 p"2 =1 <1‘+< }: _<r3 ; _basis of a’"zTD3
("G—bond" ket
e ]
y of induced rep.
. d*Tp,

e )=10,'0 )
g
=(|r")+Hi, )2
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D3-C> Coset structure of d™(C>) TD3 induced representation basis

Left cosets [1C, = (1,1,), (r ,12) 2 C _____ })_]__relate to sets of r —transformled kets
DT = D15, PO =TEYEY, P = ()
Right cosets [02:(1 i3) C’Qr —( iy), Cor=(r,1i1)| relate to sets of bras 13

~
~ ~ -
- - - -
~ ~a -~ - - LI
~ ~ - - - -
-~ ~a S.a . L.
~ ~ - - - -
- - -
“. ~ ~ - i . '--_
~ ~. - - - -
~ ~ - - -
iy -~ - -
~

(L1, |)1 (<1| () (<1| (i D = LG, D, (TG D' = (e 1K, D]

P 1>:§ (‘1>i‘ i3>), }z_ r}?> , |basis of d"TD,
_<1 P"z—— <1‘+< }: _<r3 ; _basis of a’"zTD3
(, ) C7r-b0nd" ket A

"o -bond" ket

)] ey ]

X

|

y of induced rep.
d"*TD,

of induced rep.

d"TD,

\_

£0)=j040) ’ 1140
3* X > X
=(|r")+Hi, )2 . ‘

J
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D3-C> Coset structure of d™(C>) TD3 induced representation basis
= (L), = (),

101,110 =( i>,|“i3>>, a1, )= i’ i),
Right cosets [02:(1 i3) C’Qr —(

(L1, |)1 (<ll ()

Left cosets [1C ? C

-
~_.
-

-~
.....
- -
-

~
~ - -
-
...........
~~~~~~
~~~~~~~~~~
'''''''

-~

-
''''''''
.....
........
~ -~

-
-
i
-

-~

-
~ e
-
~ -

-
- -
-~ ~ -
- '~
~ . -
- -

b} .

- -
-
-~ - I
-

i B
| axis

C, projectors Pozzé (1+i,)=P"and P b1 , (1—-1,)=P” split ket‘ > r‘ 1>0r bra<r‘:<1‘rT into ﬂa:Xiscoset sumsk

_ > r1>:§(‘rl>i‘ i2>)
P2 =) ((r'|2 (i,

("G—bond" ket

[ )]

of induced rep.

d"*TD,

5

—(|r1>+|1%>)m y

\_ J

H

basis of d "ZTD3

| basis of d "2TD3

C7r-b0nd" ket

)]

of induced rep.

d"TD,

\ _J
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D3-C> Coset structure of d™(C>) TD3 induced representation basis

Left cosets [1C, = (1,1,), (r ,12) 2 C _____ })_]__relate to sets of r —transformled kets
DT = D15, PO =TEYEY, P = ()
Right cosets [02:(1 i3) C’Qr —( iy), Cor=(r,1i1)| relate to sets of bras 13

~
~ ~ -
- - - -
~ ~a -~ - - LI
~ ~ - - - -
-~ ~a S.a . L.
~ ~ - - - -
- - -
“. ~ ~ - i . '--_
~ ~. - - - -
~ ~ - - -
iy -~ - -
~

(L1, |)1 (<1| () (<1| (i D = LG, D, (TG D' = (e 1K, D]

C, projectors POz:% (1+i,)=P"and P b1 , (1—-1,)=P” split ket‘ ‘1>0r bra<r‘:<1‘rT into + coset sums
: P r2>:% (‘r2>i‘ i1>)}=_ : rj>_basis of d"2TD,
I ’ <r2 P2 :% (<r2‘i<i1‘)}: I ,<rj _basis of a’”zTD3
G " \
("G—bOIld" ket ) m-bond" ket
2
[ )] [l
V of induced rep. ofinlduced rep.
L a’OZTD3 ) \_ d 2TD3 )

0

2 )=10,' )=(Ir”)Hi )2 52 )=1113 )=(Ir?)-[i, )2
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D3-C> Coset structure of d™(C>) TD3 induced representation basis

Left cosets [1C, = (1,1,), (r ,12) 2 C r’ ,i )] relate to sets of r —transformled kets

'~ "~
- -
- -
- -,
~ - -

-
- -
- ~ -
-~ -

[1(|1>,'|xi3>)=(|i>,|\ig>), l‘(|1>|13>) (|I‘>|lz>) r (|1>|13>) AN
Right cosets [02:(1 i3) C’Qr —( i), Cor=(r,i,)| relate to sets of bras

~
~ -~ -
.....
-----------
_______________
......
...........
- - -
~~~~~~~~~~~~~~~~~
...........
'''''''
-

[((L1,i, I)l ((ll (1 D, ((ll G, D = 1[4, D, (AT, e = (r”

C prOJectorsP 2=1 , (1+1,)=P" and P2=1 , (1—-1,)=P” split ket‘ ‘1>0r b1ra<r‘:<1‘rT into ﬂa:XiScoset sumsk
|O=3qn2]i). Pe)=idet )2, Bt )=p(e?) 2[5 =) |, ) |57 [oasis of @721,
(=3 (£ (i, (=i (], (P2 Pr=rde | G [ | (0] (] (x| [basis of @2 TD,
(3 "o -bond" ke‘g G "m-bond" ket?
i =105 IR ES] I =113) e =) ]
=(|l'1>‘|'|i2>)/\/2 Yy of induced rep. :(|l‘1>-|i\%>)/\/2 Y of induced rep.
& ", 1D,

0 )=1049) =119
g &,
=(Ir")Hi)n: i

2 )=(0 ¢2> () +i, ) 52 )=1113 )=(Ir?)-[i, )2
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D3-C> Coset structure of d">(C3)1Dsinduced representation basis

Ds-Projection of d":(C3)1 D3 induced representation basis
Derivation of Frobenius reciprocity

<

Thursday, April 4, 2013
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Ds-Projection of d™(C2)1D? induced representation basis

° Al E E E El e ° my
D,oC, projectors By, P ¢ B LB PG P must reduce induced representation d™ (C, YD,

20,2

("G—bond" ket

e ]
y of induced rep.
d"*TD,

. J

Y =100 )
X
=(|r")Hi, )2
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Ds-Projection of d™(C2)1D? induced representation basis

° Al E E E El e ° my
D,oC, projectors By, P ¢ B LB PG P must reduce induced representation d™ (C, YD,

But,which D; projector P, will work on base ‘1322> =p™|1) of induced representation d™ (C, yT'D,

("G—bond" ket

e ]
y of induced rep.
d"*TD,

. J

Y =100 )
g

=(|r")Hi, )2
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Ds-Projection of d™(C2)1D? induced representation basis

° Al E E E El e ° my
D,oC, projectors By, P ¢ B LB PG P must reduce induced representation d™ (C, YD,

But,which D; projector P, will work on base ‘1322> =p™|1) of induced representation d™ (C, yT'D,

P,U

J2ky

r >—P’." p™(1)=2

my o Jaky

("G—bond" ket

e ]
y of induced rep.
d"*TD,

. J

Y =100 )
g

=(|r")Hi, )2
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Ds-Projection of d™(C2)1D? induced representation basis

° Al E E E El e ° my
D,oC, projectors By, P ¢ B LB PG P must reduce induced representation d™ (C, YD,

20,2

But,which D; projector P, will work on base ‘1’,22> =p™|1) of induced representation d™ (C, yT'D,

I?ﬁl
Joky | T my 2 2y

) ) =P p"[1)=6/"P", 1)

Local symmetry k, of P, must match that of ‘rn22>

Joky

("G—bond" ket

e ]
y of induced rep.
d"*TD,

. J

Y =100 )
g

=(|r")Hi, )2
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Ds-Projection of d™(C2)1D? induced representation basis

D,>C, projectors By P Py P ,Pf PP must reduce induced representation d" (C,)TD,

But,which D; projector P, will work on base ‘1’,22> =p™|1) of induced representation d™ (C, yT'D,

PJgkz rn(iz > - ]2k2 m2 | 1> 5m2 P]‘thmz | 1>
Local symmetry k, of P, must match that m,of ‘rn22>

, r’ H r,, >=p02| 1)of d™(C,)TD, gives zero for all P¥, except Py, Py, ,and P |
D, projectors: Py, | §>< P }’%( P . %

("G—bond" ket )

e ]
y of induced rep.
d"*TD,

. J

e )=10,0 )
g
=(|r")Hi, )2
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Ds-Projection of d™(C2)1D? induced representation basis

° Al E E E El e ° my
D,oC, projectors By, P ¢ B LB PG P must reduce induced representation d™ (C, YD,

But,which D; projector P, will work on base ‘1',2 > =p™|1) of induced representation d™ (C, yT'D,

2

B 1 )=, ™ )= 37P2, |1)
Local symmetry k, of P, must match that m,of ‘r22>

For example, base ‘ r, H r(?z >:p02| 1)of d(C,)TD, gives zero for all P., except Poéloz ,P(iloz ,and Pf(l)z :

< . Al El L El 1

D, projectors: P , % | %, P, )}i
Al El 1 El 1
P, >< Pxx,>zé, P, ><

( \ o €€ )
"G -bond" ket These give the “x-band
0
[ r >: ’ } E > \@ i 3 local B
Yy of induced rep. ‘ /€ (x) symmetry, ‘ >
d*TD o
\ 3 > <
Y )=10,'% ) :
% i; global (y)
A .
. ‘ 1 > anti-symmetry
=(|r")Hi )2 xx /.

(x) symmetry

Thursday, April 4, 2013 27




Ds-Projection of d™(C2)1D? induced representation basis

° Al E E E El e ° my
D,oC, projectors By, P ¢ B LB PG P must reduce induced representation d™ (C, YD,

But,which D; projector P, will work on base ‘r122> =p™|1) of induced representation d™ (C, yT'D,

B 1 )=, ™ )= 37P2, |1)
Local symmetry k, of P, must match that m,of ‘r22>

For example, base ‘r)? >:| 1'12 >:p12| 1)of d"(C,)TD, gives zero for all P. except P, Pob;llz ,and P]i :

1,1, 2

D, projectors: PM P . % P, \}3&(, P o' ‘A2>
A E E ¢ 'w
pe e e e oL

i, global (y)
anti-symmetry

- ~ These give
"m-bond" ket the “y-band” ‘ E

TR > 9,
of induced rep. -
12
9 d TD3 ) anti-symmetry /%
0 )=11.49) Ry
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Frobenius Reciprocity Theorem

Number of D® in d*(K) 1 G = Number of d* in DY(G) | K

Thursday, April 4, 2013
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Frobenius Reciprocity Theorem

Number of D% in d*(K) 1+ G = Number of d* in D*(G) | K

..and regular representation

D;oC,|0,=1,
A 1
1
E, 2
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Frobenius Reciprocity Theorem

Number of D% in d*(K) 1+ G = Number of d* in D*(G) | K

..and regular representation

D;oC,|0,=1,
A 1
1
E, 2

D,oC, |0,
A, 1
E, 1

D,>C,|0, 1, 2,
A 1
1

E 1 1
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*D(;DDZD C, =D; XC, symmetry and outer product geometry
Irreducible characters
Irreducible representations
Correlations with Ds characters:
...and Cx(i3) characters......and Cs(1,h' h°,...) characters
Dy symmetry and induced representation band structure

<

Thursday, April 4, 2013
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DsDD,DC, =D3; XC, symmetry and outer product geometry

Dy 1s the outer product (X ) product D; xC, of D; and C,. (Requires C, to commute with all of Dj.)
D6 :D3 XC2 — {19 r, r29 i]) iZ: }X{l, RZ}

. Z h o D
5 h2 (60°)
6

R, ., =h3(180°) «—

iy h4/_

D h5(20N° -1 y
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DsDD,DC, =D3 XC, symmetry and outer product geometry

Dy 1s the outer product (X ) product D; xC, of D; and C,. (Requires C, to commute with all of Dj.)
D6 :D3 XC2 — {19 r, r29 i]) iZ: }X{l, RZ}

x product and Dy operators. Define hexagonal generator hsoey of subgroup Cs ={1, h, h*, h’, h* h’}
D6 = D3 XCZ = {19 r, r29 ib i29 > 1'R29 r'RD r2'R29 i]'Rb 12 72) 13 Z}

. Z h o D
5 h2 (60°)
6

R, ., =h3(180°) «—
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DsDD,DC, =D3 XC, symmetry and outer product geometry

Dy 1s the outer product (X ) product D; xC, of D; and C,. (Requires C, to commute with all of Dj.)
D6 :D3 XC2 — {19 r, r29 i]) iZ: }X{l, RZ}

x product and Dy operators. Define hexagonal generator hsoey of subgroup Cs ={1, h, h*, h’, h* h’}
D6 = D3 XCZ = {19 r, r29 ib i29 > 1'R29 r'RD r2'R29 i]'Rb 12 72) 13 Z}

D6 — D3 XCZ :{19 h29 h49 ib i29 ) h39 h59 h 5 j]) j29 j3 }

. Z h o D
5 h2 (60°)
6

R, ., =h3(180°) «—
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DsDD,DC, =D3 XC, symmetry and outer product geometry

Dy 1s the outer product (X ) product D; xC, of D; and C,. (Requires C, to commute with all of Dj.)
D6 :D3 XC2 — {19 r, r29 i]) iZ: }X{l, RZ}

x product and Dy operators. Define hexagonal generator heoe) of subgroup Cs={1, h, h’, h’, h? h’}
Ds =D3;xCy ={1,r,r" i}, i5 1., LR, r-R, r.R, i;R,, i»R,, i3R,}
Ds =D;xC, ={1,h’, h’ i, is i, b°, W, h, j, j» i3 }

Note: h? = r(20°) and h’ = R,(150°) and h =r* and h’ = r.R,

. Z h o D
5 h2 (60°)
6

R, ., =h3(180°) «—
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DsDD,DC, =D3 XC, symmetry and outer product geometry

Dy 1s the outer product (X ) product D; xC, of D; and C,. (Requires C, to commute with all of Dj.)
D6 :D3 XC2 — {19 r, r29 i]) i29 }X{l, RZ}

x product and Dy operators. Define hexagonal generator heoe) of subgroup Cs={1, h, h’, h’, h? h’}
Ds =D3;xCy ={1,r,r" i}, i5 1., LR, r-R, r.R, i;R,, i»R,, i3R,}
Ds =D;xC, ={1,h’, h’ i, is i, b°, W, h, j, j» i3 }

Note: h? = r(20°) and h’ = R,(150°) and h =r* and h’ = r.R,

. Z h o D
5 h2 (60°)
6

R, ., =h3(180°) «—
i, h4

J3

iz ' D)
J1 12
i
i
NOTE: .
The i, and j, do not flip over the potential plot. I ]

i I I = - B,
I3

Electrostatic potential V(¢) doesn't care which way is "up." Wells remain wells, and barriers remain barriers under all Dg operations.
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DsDD>,DC, =D3; XC, symmetry and outer product geometry
Irreducible characters
Irreducible representations
Correlations with Ds characters:
...and Cx(i3) characters......and Cs(1,h' h°,...) characters
Dy symmetry and induced representation band structure

>
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DsOD>DC, =D; XC, Irreducible characters

pyxcy | 1 {ee?}t {ini,i}| tR. {er?bR {inhi) R
D, |1 {r,rz} {ijdy, 1} A-(4) |11 11 1-1 1-1 1-1 1-1
e | |1 R, A,-(4) [ 11 1 11 1-1 1-1 141
. X |1 1= B4 |21 -1 0-1 21 -1 0-1
x (g) : : -1 (B)|1 -l A-(B) [ 111 11 1-1 1-(-1)  1-(-1) 1-(-1)
2(g)]2 -1 0 A4-(B) |11 11 J1 [ 1) 1(=D (=1
E-(B) |21 -1 0-1 [2:(=1) -1-(=1) 0-(=1)
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DsOD>DC, =D; XC, Irreducible characters

pyxcy | 1 {ee?}t {ini,i}| tR. {er?bR {inhi) R
D, |1 {r,rz} {ijdy, 1} A-(4) |11 11 1-1 1-1 1-1 1-1
e | |1 R, A,-(4) [ 11 1 11 1-1 1-1 141
. X |1 1= B4 |21 -1 0-1 21 -1 0-1
x (g) : : -l (B)|1 -l A-(B) [ 111 11 1-1 1-(-1)  1-(-1) 1-(-1)
2(g)]2 -1 0 A4-(B) |11 11 J1 [ 1) 1(=D (=1
E-(B) |21 -1 0-1 [2:(=1) -1-(=1) 0-(=1)
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DsOD>DC, =D; XC, Irreducible characters

pyxcy | 1 {ee?}t {ini,i}| tR. {er?bR {inhi) R
D, |1 {r,rz} {ijdy, 1} A-(4) |11 11 1-1 1-1 1-1 1-1
e | |1 R, A,-(4) [ 11 1 11 1-1 1-1 141
. X |1 1= B4 |21 -1 0-1 21 -1 0-1
x (g) : : -l (B)|1 -l A-(B) [ 111 11 1-1 1-(-1)  1-(-1) 1-(-1)
2(g)]2 -1 0 A4-(B) |11 11 J1 [ 1) 1(=D (=1
E-(B) |21 -1 0-1 [2:(=1) -1-(=1) 0-(=1)
Z .
OR; h2 heo?) D6
h3(180°) «—

Recall C, xC,=D,={1, R,,R.,R,}
characters
(Lect.12 p.50-60)
Dghas D, ={1,i:,h’,j3} subgroup

R_(180°) D
211 R, R,
R, 1 R, R;
R, R, 1

R, R, 1
C,xCy |11 R 1|1R, R,
C, |1 cZ |1 R, H=4 |11 11| 1 1
— X 42=411 1 IF +=4, | Il -1 -1 -1
=2 —=B|1 -l —=B, [ 1 11 | (=1) =)
—=B, | 1 Il | i(=1) —k=1)
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DsOD>DC, =D; XC, Irreducible characters

D, |1 {r,rz} fi iy}
)(Al(g) 1 1 1 sz 1 RZ
. (A1 1
(g1 1 -1 B)|1 -1
g2 -1 0
Recall C,xCr,=D, :{1, ,Rz,Ry}
AR
characters
(Lect.12 p.50-60)
Dghas D, ={1,i:,h’,j3} subgroup
R_(180°) D
2
1 Ry
Ry 1 R,
R, Ry
Ry R. 1
C, xCy | 11 IR, R,
C, |1 c; |1 R, +=4, | 11 1 1
= X 4=411 1 F +:A2 -1 -1 -1
= —=B|1 -1 —=B | I (=) H(=1)
=B, | I () KD

pyxcy | 1 {ee?}t {ini,i}| tR. {er?bR {inhi) R
A4 |11 11 11 |1 Il 11
A4 |11 11 1|1 Il 11
E-(4) |21 11 01 | 21 -l 0-1
A4-B) [ 11 11 11 1) 1D 1-(=1)
4B |11 11 1 |- 1] 1-(-1)
E-(B) |21 11 01 |2:(=1) -1-(-)  0-(=1)
pyxcs |t el fiviyi b0 Dot {iy.i)
4, 1 1 1 1 1 1

4, |11 1 11 1

E o124 0 |2 4 0

T 1 4 - R
B |11 N 1
E |2 - 0 |2 1 0
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DsOD>DC, =D; XC, Irreducible characters

pyxcy | 1 {ee?}t {ini,i}| tR. {er?bR {inhi) R
D, |1 {r,rz} {ijdy, 1} A-(4) |11 11 1-1 1.1 1-1 1-1
I | cZ |1 R A-(A) |11 111 11 1-1 1-1 141
. X A1 1= E4) |21 -1 0-1 21 11 0-1
g1 1 -1 1 -1 - - -
(B) A-(B) | 111 11 1-1 1-(-1)  1-(-1) 1-(-1)
Ey
x (g2 -1 0 A4-(B) |11 11 J1 [ 1) 1(=D (=1
E«(B) |21 -1 0-1 |2:(=) -1-(=1) 0-(=1)
DyxC; [ 1 (b0t finigi} 0 {nwh {ini0)
4, 1 1 1 1 1 1
Recall C, xC, =D, ={1, R,,R.R)} “(r 4o | 1
characters Zg( 6) k£, 2 -1 3 2 -1 0
(Lect.12 p.50-60) : 1 1 o -l
_ 3 B 1 1 1 a0 -1 1
Dg has D, ={1,i3,h’,j3} subgroup -
R.(150°) D E |2 o |2 | 0
211 R, Ry Let X-rotation Let|unit translation
1 IR, R or or
R, Yy Z 180°| X-/lip i3 60° hex-Z rotation h
R; Ry 1 determine dilte’” méne
R 1 A]orB]VSA20rB2 p VS Dp
y Nz (+1) vs (-1)
(+1) vs (-1)
oxcz |1 v, R, So alSOOdOeS.
p 180° h|
c, |1 cZ |1 R, t=A4 | 11 11| 1 1
= X 4=411 1 F +=A2 -1 -1 -1 -1
=> —=B|1 -I =B | 11 L1 | H=1) =1
—=B, | I1 1| (=1 (=1)
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DsDD>,DC, =D3; XC, symmetry and outer product geometry
Irreducible characters

* Irreducible representations
Correlations with Ds characters:
...and Cx(i3) characters......and Cs(1,h' h°,...) characters
Dy symmetry and induced representation band structure

<«
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\O T
S
-
oO -
©
£ =
N z
=
i
1 S
3 =
>
I
3r
=
=
A
NG 0
Q
—
a o
-~
=
\S) ~
S "
3.
N
QL
~
.:m o
3
M -
NG e
h i
o —
@
X .
o
Q =
Il 3
o~
@
D .
o
D —
M
Q
I
o0

o~
O -
)
— O
. - — ° ~
on
- T N
on on
4_2_J_2 I_Q_JTL
1
on
on
— s — —
1
on N
1__2_JT/. — e G e
1
on
Dl e Fer e
— — — -
on ' on
I__Z_Jiz ~la e
1
on
o _J_2 — |l
_Jiz Tl
— — 1 1
_2_%;2
—
1__2@_2 _
- TN
— — 1
— o — o
—e . = ~
S AN
—_ -
-— O —_— O
. - — ) B . ,
ﬁT/. — | @_2 —
TS| TG«
on
_JTA — | ﬁiz — |
1 1
g o
pi Tl S e
Gl 7 Dla 7l
— i — —
on
1__2_Ji2 4_2_&*2
! 1
gl o
_J;Z Tl _J72 7l
— — — — '
N
TS|~ TS|~
« o \|9/ « S o
— — S - — — S
N— ~
Il I I Il I I
P ~ ~_~ ~
G 2 G 20
2% & 22 &

45
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DsDD>DC,=D; XC, Irreducible representations

g= 1 5 l'=h2 l'2=h4 5 il i2 > i3
D (g)= 1, 1 1 , 1 1 .1
ph@4 1, ! ! ! !
e E T S S U T S VE
DEz(g)z(l 0 ], 2 2 , 2 2 ’ 2 2 , 2 2 ’(1 0
R I R O R A
2 2 2 2 2 2 2 2
D' (g)= 1, 1 1 : 1 1 1
D" (g)= 1, 1 1 , 1 1 .
S N RS
DEl(g)=[1 O) 2 2 2 2 2 2 2 2 [1 0
A O O | R T O | IVE T O AN
2 2 2 2 2 2 2 2
Let X-rotation
or
180°| X-flip i3
determines
A] orB] VS A20rB2
(+1)vs (-1)
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DsDD>DC,=D; XC, Irreducible representations

g= 1 r=h> r’=h* i iy i h®
D(g)= 1, 1 , 1 1 1 1 1], 1 1 1 1 1
D™ (g)= 1, 1 , 1 1 , -1 1 1|, 1 1 1 1 1
I T I S T S W E T A V) e I R O T S W E T A V)
DEz(g)z(loj 2 2 2 2 2 2 2 2 (10)_ O] 2 2 2 2 2 2 2 2 (10)
e T I e O | O I I B L Y e T R S e R T | VR B A
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
DI (g)= 1, 1 , 1 1 1 1 1 1 1 1 | |
D" (g)= 1, 1 , 1 1 1 1 1 | 1 1 1 1
e I W e T A WVE S T I T O S U T A ]
DEl(g)z[l O) 2 2 2 2 2 2 2 2 [1 OJ(— O] 2 2 2 2 2 2 2 2 [—10
L I e T B A A S P O S T YT W | BVCR N A
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
Let X-rotation Let unititranslation
or or
180°| X-1ip i3 60° hex-Z rotation h
determines dzter méne
A] orB] A AZorBZ +1p Vs ‘11
(+1) vs (-1) (FDvs (1)
So also does:
180° h7|
Thursday, April 4, 2013
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DsDD>DC,=D; XC, Irreducible representations

g= 1 r=h? r’=h* i i iy h3 _
D(g)= 1, 1 1 1 1 1 1], 1 1 1 1 1
D™ (g)= 1, 1 1 1 -1 .- 1|, 1 1 1 1 1
I T I S T S W E T A V) e I R O T S W E T A V)
DEZ(g)z(lO] 2 2 2 2 2 2 2 2 (10).10] 2 2 2 2 2 2 2 2 (10)
T T e e O B I T S N A Nl O e O T O I R B A OV B A
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
DI (g)= 1, 1 1 , 1 1 o1 1 -1 1 1 1 1
D" (g)= 1, 1 1 1 , 1 1 1 | 1 1 1 1
e I W e T A WVE S T I T O S U T A ]
DEl(g)z[l O) 2 2 2 2 2 2 2 2 [1 OJ(— 0] 2 2 2 2 2 2 2 2 [—10
L e O s O O T S AN VA N A B s | I S G | IE R O | VR B AU
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
Let X-rotation Let unititranslation .
Y-rotation
or or
180°| X-/lip i3 60° hex-Z rotation h Of
: / 1809 flip j
determines determine JUp )3
A] orB] VS AZorBZ Ap Vs Bp l.Sp;'Od?/é?f
(_|_1) Vs (_1) (—H) Vs ('1) i3h° =h-1;
So also does:
180° h7|
Thursday, April 4, 2013
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DsDD>,DC, =D3; XC, symmetry and outer product geometry
Irreducible characters
Irreducible representations
Correlations with Ds characters:
...and Cx(i3) characters......and Cs(1,h' h°,...) characters
Dy symmetry and induced representation band structure

<
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Correlations with Ds characters: Xg|Ds )=

...and C>(i3) characters:

G |1,
0, |1 1
L1 -1

D, oG, (iy) | 0,
4, ]
4,
E, 1
]
BZ
E 1

z 2 14 ¢ v » 3 5 e o e
Dy XG5 |1 {h h } {‘1>‘2>‘3} h {h’h } {J1’J23J3}
A1 1 1 1 1 1 1
A2 1 1 -1 1 1 -1
E, |2 1 0 2| |1 0
1 1 1 -1 -1 -1
B, |1 1 A |l 1
E |2 - o |2 |1 0
Let X-rotation
or
180°| X-/lip i3
determine
A] orB] VS A2OI‘BZ
(+1) vs (-1)
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Correlations with Ds characters:

g
DyxC; (1 {nnth {ipii} | w0 {nn'l {inili}
...and C>(i3) characters: 4, |1 1 5 1 1 1
A 1 1 -1 1 1 -1
G |1, 2
ERE E, |2 - o |2 1 0
Ol Bl 1 I ISIE 1
B, |1 1 ST S 1
E |2 - o |2 | 0
...and Cs(1,h',h’,...) characters: . .
C6p=0 1 2 3 4 5 ¢ |1 h n n h’n' Let X-rotation Let\unit translation
A G AGAGAnAnd 0O (1 1 1 1 1 1 or or
~~~~~~~ I, o o .
,IODOHBE |1 & 2 a2 180°| X-1lip i3 60° hex-Z rotation h
L OIBOIG - | o o o|  determine determine
3, 00G00HOCG |0 0 1 11 | AiaBrvsAraB2 + lp) v (11)
- - vs (-
DCOLS | e S (DD So also does:
D@L DG )/ |1 et 7 e et e O ano OfS :
“ e 180° h°|

Y-rotation

or
1809 /lip j3
is product
izh3 =h’i;
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Correlations with Ds characters: X g D

...and C>(i3) characters:

G |1,
0, |1 1
L1 -1

...and Cs(1,h',h’,...) characters:

3 4 5

Ce p=0 1 2

. 0202¢

T o e
3@ ,>‘9'<\,>‘g’\ A
S 2OS

= P
%‘r‘”" C{;D ﬂoc }(;;\ /
S - W

D, oG, (iy) | 0,
4, 1
4
E, 1
1
BZ
E, 1

D, xC; | 1 {hz,h4} {ij,iy,i | 0’ {h,h5} {iiadis}
A 5 1 |1 1
A 1 1 -1 1 1 -1
E 2 -1 0 2 -1 0
1 | 1 -1 -1 -1
B 1 1 1 |- 1
E 2 -1 0 —2 1 0
c.|t n n B on?on Let X-rotation Let\unit translation
0 1 1 1 1 1 1 or or
|1 e e o1 e ! 180°| X~flip i3 60° hex-Z rotation h
2, |1 & &t 1 gt g7 determine dﬁerméne
311 -1 1 -1 1 2| AjaBrvsAreB2 +1PVS pl
2,1 e? e -1 & & (+1) vs (-1) (1) ws (-1)
T IR B R R So also does:
- 180° h3]
(Szem/3)
D,oC,(h)| 0, 1, 2. 3, 4. 5
AI
4,
E, 1 1
1
B, 1
E 1 : 1

Y-rotation

or
1809 /lip j3
is product
izh3 =h’i;
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DsDD>,DC, =D3; XC, symmetry and outer product geometry
Irreducible characters
Irreducible representations
Correlations with Ds characters:
...and Cx(i3) characters......and Cs(1,h' h°,...) characters
* Dy symmetry and induced representation band structure

<
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Dgs Band structure
and related
induced
representations

For low energy
deep in potential
local C> symmetry
dominates and the

bands A1E1E>B; and &

For high energy
above fjotential barriers
local C> symmetry is
replaced by global Cs

angular momentum doublets

such as E+m, A1A2, and B B>

BoE>E A2 that

become tight
clusters

D; 2C,(j3) 10, | L
A 1
4, 1
E, 1)1

1

B, 1
E, 1)1

P
D> 5o D

(LD &Ll

=

|y Eay:;
T

]

s X
"..L

D, oC(h) |0, 1, 2, 3, 4. 5
A, 1
4, 1
E, 1 1
1
B, 1
E, 1 1

(L
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D¢ symmetry and induced representation band structure

&

»

2

(2) |

10

L R R R R R R R R T R
-

7

2
-..U -.J
= e e = e — —
=
e
2

iiiii

(0)

r7 g |7

For high energy

above Zpotential barriers
C, symmetry is

loca

replaced by global Cs
angular momentum doublets

such as Exm, A142, and B B>

D, o Cy(h)

For low energy
deep in potential
local C>; symmetry
dominates and the
bands A|E1E2B 1 and
B2E>E 1A then
become tight
clusters
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*[ntmduction to octahedral/tetrahedral symmetryOp,DO~TaDT

<
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Introduction to octahedral/ tetrahedral symmetry O, >0~TyDT

Octahedral-cubic O t
clanedid s CUOICIS Y IIIIC LY, Order °O=6 hexahedron squares - 4 pts =24

/A\ =8 octahedron triangles - 3 pts =24
4-7 =12 lines - 2 pts =24 positions
W
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Introduction to octahedral/ tetrahedral symmetry O, >0~TyDT
Octahedral-cubic O symmetry

Order °O=6 hexahedron squares - 4 pts =24
/Ax =8 octahedron triangles - 3 pts =24
4_7 =12 lines - 2 pts =24 positions
W

Octahedral group O operations

R2
(a) The identity | 2 y
° X H
i Rf (d)The S0° rotations ) 14
=2 Ra Is
(c)Tr?e I180° rotations Rg (e) The 180° rotations
on 4-fold axes _3 on 2-fold axes

R
R

Thursday, April 4, 2013 58



Introduction to octahedral/ tetrahedral symmetry O, >0~TyDT

Octahedral-cubic O symmetry

%

Octahedral group O operations

R2
(a) The identity | 2 y
° X H

i Rf (d)The 90° rotations ) 14

=2 Ra Is

(c)Tr?e I80° rotations Rg (e) The 180° rotations
on 4-fold axes Ra on 2-fold axes
R

Order °O=6 hexahedron squares - 4 pts =24
=8 octahedron triangles - 3 pts =24
=12 lines - 2 pts =24 positions
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Introduction to octahedral/ tetrahedral symmetry O, >0~TyDT
Octahedral-cubic O symmetry

Order °O=6 hexahedron squares - 4 pts =24
/Ax =8 octahedron triangles - 3 pts =24
4_7 =12 lines - 2 pts =24 positions
W

Octahedral group O operations
RE
(a) The identity | 2 -
(-] X H
(b) The 120° rotations Rf (3iThs S0% rovtidine ) i
Re Ro Ig
(c)Tr?e I80° rotations Rg (e) The 180° rotations
on 4-fold axes .3 on 2-fold axes

R
R

3
> Rz

letrahedral symmetry becomes Icosahedral
T symmetry Th symmetry 'h symmetry

#—' L #:—\ f‘
4
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Introduction to octahedral tetrahedral symmetryO,DO~TaDT
Octahedral groups Oy D>0~TsDOT

33 3
RiR2R3R{ Ry R3

NW RN N N
o A
~N
) 0 o

-

»

/

T SYMMETRY

O SYMMETRY

3 3
IRq IRy IRg m,amz IRg

N

£TNW NN N

T SYMMETRY

T4 SYMMETRY

ANATOMY
of Oh

SYMMETRY

Figure 4.1.5 The full octahedral group (O,) and four non-Abelian subgroups 7, T},
T,, and O. The Abelian D, subgroup of T is indicated also.
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Introduction to octahedral tetrahedral symmetryO,DO~TaDT
Octahedral groups Oy D>0~TsDOT

33 3
RiR2R3R{ Ry R3

N

-

7T NW NN -

=

T SYMMETRY

O SYMMETRY

3 3
IRq IRy IRg |n,3m2 IRg

N

BTNW NN N

S

T SYMMETRY

T4 SYMMETRY

ANATOMY
of Oh

SYMMETRY

Figure 4.1.5 The full octahedral group (O,) and four non-Abelian subgroups 7, T},
T,, and O. The Abelian D, subgroup of T is indicated also.
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Introduction to octahedral tetrahedral symmetryO,DO~TaDT
Octahedral groups Oy D>0~TsDOT

333
Ry Ry Ry Ry Ry Ry

—

Rk =R13c = RZI

~N
O

N
- e - S

BTNW NN N-

RS
I
-~
=~ N

T SYMMETRY

O SYMMETRY

3

IR IRy |R3|R13|Rgm3 O'k = Ilk
lig

lip
lig
lig
i
lig

N

BTNW NN N

T SYMMETRY

ANATOMY
of Oh

SYMMETRY

Figure 4.1.5 The full octahedral group (O,) and four non-Abelian subgroups 7, T},
T,, and O. The Abelian D, subgroup of T is indicated also.
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THE I80°CLASS

i) Tpiziyigig

THE 120° CLASS
fnrarsy Tg

2

(a)

e .2 2
fl '2 '3 '4

R3

TABLE F.2.1 0O-Group Table i
1 r ry ra ra . rs
r rlz —r42 ——r22 —r§ -1 —R%
r, | —r} r3 —-r} -r} R -1
ry | —r? —r? r3 . —~r3 R%? -R?
ra | —r2 —-r} —r} r? R? R3
r¢ | -1 Ric. (RY i R} ey rs
r3 | —R} -1 R} —Rj Py iy
r$ | -R3 —-R} -1 R? ry ry
r?| -R3 R} -R} -1 rs r
R}| —r, rs —-rp r r3  —r?
R} | —r, r I ol £ g =ri
KRG | w<ra. mry r ra ri r3
R, ii —R3 -—i R, R} ~—ij
Ry| i3 R; -Rj} iy Ri s
Ry| s is Ry R} R} -—R,
R}| =R, —ij R% 3| i —Rg
R}| —R;  ij iy B3, i R,
R}| R, R{ ig L Rt R |
iy R} —i, i3 R 8u. oo
iy ig R3 Ry =iy ool R}
i3 KMo Ry i - wRp N3
iy | —is ic —-R} —-R, -—i, i
is i, —R, iy —-R3 i, —R,
e R} 4« Ry i, —R; —i,

R}
—r;

Ty

T

—r,

r3

_,-12
_r‘f

r3

R3

2 -1
} -R}
i il
R3

i4

-Ry, s
: SR,
_i3

3
R, -—i
-R; R}
3 __R3
—R%
_Rl
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THE 180°CLASS

) 5 i3y g g
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=]

Example: G=0 Centrum: x(0)=%,, (1*)° =10+10+20+30+30=5

A .
f | I Cubic-Octahedral Rank: D(Q)ZZ (f[:t); =11+11+21+3131=]p
2= Group O (@)
7= 3 Order:  %0)=Zy, (£7)! =17+124+224+37437=24
=3 ”‘
O group , T Ry
— TYz ~ 11—
Xﬁg g 'Fl—-i Py R:{:yz oo
s-orbital r* >C‘£ — .ﬁq 1 1 1 1 1
d-orbiials Ao 1 1 1 —1 —1
(x?+y7-222 x2S B 9 —1 2 0 0
p-orbitalsix, v, 20T 3 0 —1 1 —1
X2,yz, Xy 1> 3 0 I | 1

d-orbitals

.
o::q,“_]u (1) (2), (3)4=(-1), 2(0)3 (1)3 (2)3=(-1)3 e
AT o At
Ale o 1 e Ayl o e
El1 - 1 E e 1 1
T, |1 1 « 1 T, (1 1 1
Tole 1 1 T, 1 1 1
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(a) SF, ¥, Rotational Structure FT IR and Laser Diode Spectra
K.C. Kim,W. B. Person, D. Seitz, and B.J. Krohn

J.Mol. Spectrosc. T6, 322(1979).

Ri20) I Primary AET species mixing
| | e T Tad T e L 7] f e fp
il . koo e it ,:fagr;t.’;.xr.;.x Tujih distagce from
620cm'  6lsem 6l _— % sepegalrix .
(b) ABB) Fine Struct 1 1S ) . P(BB)
- SF6 v, PES)~16m ] LA TS <]
A" --'-wm*-‘wv'-wkuw AT o *‘::'.:,f - ul
Four foid axis ,.--",,':'.’--_:--M more. £ 4 fmixing “‘-"4'.3“ .ﬁ: ~~ x‘%ﬁ\:\.ﬁ
____...__:-__,_..-"‘"__':_...-':'j_...--"“" species mixing ,ff f;"r / . - Rt :"' i ot '
e .I'KE— a1 52 83 84 g5 86 87 &8
{c}Supurflnn Structure [Rotahmul axis funneling) i - : '

— /s

83 87 86 85 51 83 82 81 80 79 78 ?? 76 75 74 73 /2 71..FL

rol : > a— 1500%Hz OT2H: 7 KHz '_H_ 12 Mz

L B A " 210" Hz zl 03skHz LT -

:_.....:mﬂu | 90 Hz 2TH [EFA L1 62 kHz %‘ﬂ i

70 Hz m E a0 ] R E 4H: | & || T kHz [T T L1 B.2MHz | T2

Eﬂ i [AF [ L ARE/LLL W
_- BFR R ==

e

Observed repeating sequence(s)...A T E T?IT1 ET,A, T,T,

--+.

|

: . , AI | . M . Al l " .

Local correlations explain clustering... aly . .
.. but what about spacing and ordering?... Asls = 1 » dt

EjJl I - E |- | |

...and physical conseguences? T, (1 1 - 1 T (1 11

4] = | | | '['3 | | |
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Deriving D3 ~ C3y products - By group definition |g)=g|1) of position ket |g)
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