Group Theory in Quantum Mechanics

Based on AMOP Lecture 18-19
Lecture 29 (4.30.15) R o

Rotational eigenstates and spin-permutation symmetry

(Int.J.Mol.Sci, 14, 714(2013) p.755-774 , OTCA Unit 7 Ch. 21-25 )
(PSDS-Ch. 5,7)

Review: SFs levels and nomograms for Coriolis POR structure
Review: SFsspectral clusters of symmetry species O DCsand O DCs symmetry correlation

Conservation (or not!) of rovibronic spin-symmetry-species
Entanglement and related issues

Diatomic or linear molecule symmetry O(3) D DownD Cooy
Labeling by symmetry O(3) DD
Coriolis and '\ (or A)-doubling levels
Dipole-allowed transitions
Sn Young Tableaus and spin-symmetry for X, and XY, molecules
S4 and spin-symmetry for XY4 molecules (Introducing hook-length formulae)
Ss and spin-symmetry for XYs molecules
Entanglement and Disentanglement
Resulting hyperfine spectra
Superhyperfine spectra
Spin-0 nuclei give Bose Exclusion
Cso Buckminster Fullerene (“Buckyball”) structure and spectra
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Review: SFs levels and nomograms for Coriolis POR structure

Graphical approach to rotation-vibration-spin Hamiltonian

1
<H= ~ Vi h+B* J(J+1 )_|_{H.'~L::m’m' Coriolis— < Tensor Centrifugal—  «[yNuclear Spin— 4 < Tensor Coriolis— 4

OUTLINE
Introductory review Example(s)
~¢ Rovibronic nomograms and POR structure v, and v, SF,

K
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Review: SFs levels and nomograms for Coriolis POR structure

<H> ~ VVib+B J( J+] )_|_<HScalar Coriolis>_|_<HTenS0r Centrifugal >+t<HTensor Coriolis~ 1 fNuclear Spin> -

N+1 for : J=N+1
<H>~v_ . +BN(N+1)+2B(1-C)- {0  for:J=N

N  for:J=N-1 J — V=
e
=4 Rotation-polarized
HScalar Coriolis  — _Bz; 0 J1otal, pvibe |X> + 1 |)/ >
= -B{[ J*-(J-0)*+42] mode

= -B{[JP- N? +47]
= -B{[ JJ+1)-N(N+1)+L(L+1)]

Involves:

angular momentum £ of vibration “orbits”

angular momentum N (or R) of rotating nuclei
total momentum J ={+N of whole molecule.

Let: R=N=J—/{, and: N?=J°—2J-0+1?
50: 2J- 0= J?—N2-+/?
(2-0)=J(J+1)—N(N+1)+£(0+1)
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<H> ~ Vvib+B J( J+] )_|_<HScalar Coriolis> 4 <y Tensor Centrifugal~ 1 <fyTensor Coriolis~ 4 <Nuclear Spin~ +

Summary of
low-J (PQR)

ro-vibe structure
(Using rovib. nomogram)

SFé> vy LEVELS

e

— 15

—

ROTATIONAL and SCALAR CORIOLIS ENERGY
(UNITS OF B)

J

C 4a|=—0 22
CORIOLIS CONSTANT z

(a) ROTATIONAL LEVELS (/-1 (b)zﬁROTATIONAL SPECTRUM 3,
;J=3 N=2 1 .
| Do )
| Re) =’
)/ | J=3,N=3 | | =
: I ﬁ +‘
J=3N=4 k| A 3,
| _' } e
i | o ©
_ | 1) &
g | A ¥
| | . O
g e 1 S8
T TR0 R e
N : ENEZLEOE T,
o | RY Q) =
HE———t4 ——
S | -
x ! L
Lir L 0,
| & 1P@- )
IR 7SR A €2
- 1 |
- L
dio) |
| C. ] 1 l | | 1 I
. GROUND(/=0)LEVELS

Ig=c'>v'4 SF, N:OO N=] BJw+) =2

N=3...
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Review: SFs levels and nomograms for Coriolis POR structure

FT IR and Laser Diode Spectra
K.C. Kim,W.B. Person, D.Seitz, and B.J. Krohn
P(60) J.Mol. Spectrosc. 76, 322(1979).

R40) : : .
T P | Primary AET species mixing
I i i 1 L

l
WWWAMWWWW ereases with dista%e from

llllllllllllljl_l A Fa— A €€ e )
0cm'  6lsem  6locw __— v sepayratrix
-<—— 0.125 cm = 3.735 GHz ——

-

(a) SF, % Rotational Structure .

(b) P(88) Fine Structure (Rotational anisotropy effects

N4

[
'; IaY
" H"Jﬁ" I"I.""‘l\'_
NY Y ~
7 e *\m§ ~

gl "
Four fold axis /ﬁ:/,' /—’// more i Imixing NS §\\'\f‘h\!
=== species mixing ,° _,f; o — o i N B S
POR structure due to Coriolis scalar interaction
between vibrational angular momentum £ P(N)=P(88) structure due to tensor centrifugal/Coriolis
and total momentum J =¢+N of rotating nuclei due to vibrational ¢ and total momentum J =¢+N
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Review: SFsspectral clusters of symmetry species O DC4and ODC3 symmetry correlation

Graphical approach to rotation-vibration-spin Hamiltonian

| ‘.
<H> ~ Vv 'h+B* J(J+1 )_|_{H.'§‘m lar Coriolis — 4 < Tensor Centrifugal—  « [ yNuclear Spin— 4 < lensor Coriolis~ 4
vi

OUTLINE
Introductory review Example(s)

e Rovibronic nomograms and POR structure v, and v, SF,

¢ Rotational Energy Surfaces (RES) and Qjé-cones v, P(88) SF,
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Review: SFsspectral clusters of symmetry species O DC4and ODC3 symmetry correlation

<H> ~ Vvib+B J(J+1 )_|_<HScalar Coriolis> <y Tensor Centrifugal~ ] Tensor Coriolis>  <fyNuclear Spin~ 1

0y, or T Spherical Top: (Hecht CH, Hamiltonian 1960) Ky,=88 —88=n;
H = B(J2+J2 +J2) 44O(JA'+J4+J4 —J4 :87 87
= ———86—| -|06Hz
_ 2 4 ° 85—
— BJ + 2440 T —84 "
S S SR s 83 vioration
\‘688 6_'208 B *i-“ —  gp— ground-
K,=88 | "IxBgr= RE, Surfaée 8| — state
859 / = : 9 L topo-lines track —80 rotation
- precessing — 79— - levels
- semi-classical 78
20\ [ N J vecior 76 = J=N
g "":=' : WP 74_j_._—
| (N "| s 7;-.?”
o e ' B S e
(J.K) cones mtersectj —8 > ' - ——i—-—g'é'g?“
RE Surface at angle 07 | ete.- -84 - ~
- =‘6 J
= R - 86
9} acos| K/\/J(J_ I )_]_ 87 a7

" ~K; =88-—n,=88
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Review: SFsspectral clusters of symmetry species O DC4and ODC3 symmetry correlation
SF g Spectra of Oy, Ro-vibronic Hamiltonian described by RE Tensor Topography

and J-cone intersection

3 J K
Y R R T T A @..= arc co:
H = B(J_]r +Jy +J:)+t440 (J_Y +Jy +J. - 5./ )+ Y~ arc Coq(\/JCHI))
A
_ B3> T S T . 14 1
+igao | To+ i, T+ T ||+ AT~
. . SFg nug rovib FT spectra~615cm’ '\'3\ *'A/,Cv\\ ]9 5°
Rovibronic Energy (RE) VDot Losmc 7}7" 1 L 4;2?\ c
Tensor Surface dagics 5% . N
f @ Point 20 '6’35 (00
precessing p Prols
J vector - %

rules still
apply near
separatrices

-~ aN P N \ :L
or saddle pqints | br | ;
\'\\ L~ 4

Friday, May 1, 2015



Review: SFsspectral clusters of symmetry species O DC4and ODC3 symmetry correlation

FT IR ond Laser Diode Spectra
K.C. Kim,W. B. Person, D.Seitz, and B.J. Krohn
J.Mol. Spectrosc. 76, 322(1979).
Primary AET species mixing
g “tucreases with distagce from
-
1 L l A i l A A — LL“ A ﬂ A

BiSem  6locm  / “sepagatrix”’
<+—— 0.125 cm = 3.735 GHz ——>

(a) SF, 7, Rotational Structure

wva"l

Il l i L '] L l L

R40)
; ! . Ri20)
| l I
1111111 | i

“&20cm T

(b) P(88) Fine Structure (Rotational anisotropy effects

N
e S Thee-fold axis
Four fold axis ___=72> _== N IESSS o
///‘{,/-_;/ species mixing 2 | s SN
= , , / /| K3=.81 82 83 84 g5 86 87 88
(c)Supe_r’f_[n’g’ Structure (Rotational axis tunneling) e/ — = AT
— / // / | MHz 3R kHz i
"aa a7 ac 34 82 5 74 73 7271 =K g T Rl 3 (%" e oo
(88 87 86 85 34 83 32 81 80 79 78 77 76 75 74 73 727"y TER S Ld m."“”'m
L e 1500%: , OT2H \7 kHz | 2 M gy PN _— ATTA, 11
: ::-:-.q.n-.'x sud‘qu . 20 mﬂ mnmE - OAGMHJE QIl:l 1, i
- ' |
}—;,6“0 | » m“‘? T e ?‘ . Rl [f'fzz D :||‘| il 11
wnnxm s-nomE aHz By, nmE ! _s.zmz A% i
Nl oL Wi AN
-~ IFRI ,- ——. > A y Three-Fold | | |
T itit I i \  (CASE1 Unmixed\, |: | Custers | | ||
POR structure due to Coriolis scalar interaction
between vibrational angular momentum £ P(N)=P(88) structure due to tensor centrifugal/Coriolis
and total momentum J ={+N of rotating nuclei due to vibrational ¢ and total momentum J =¢+N

Superfine structure modeled by J-tunneling in body frame
(Underlying F-spin-permutation symmetry is involved, too.)

Friday, May 1, 2015 9



Review: SFsspectral clusters of symmetry species O DC4and ODC3 symmetry correlation

(a) SF; %, Rotational Structure q

R40
WMWW“WWMWWWMW

620cm"_ 6l5u'r|" ' GlOcm"

FT IR oand Laser Diode Spectra

K.C. Kim,W. B. Person, D. Seitz, and B.J. Krohn

J.Mol. Spectrosc. 76, 322(1979).
Primary AET species mixing

“tucreases with a’zstaLe from

ﬂ""—‘i— v ‘separatrix”

-4——0I25an = 3.735 GHz ——~

(b) P(88) Fine Structure (Rotational anisotropy effects P (88) ;

Na

\\Three -fold axis

ey
=== _= \\

Four fold == ==
= e
(c) Superfine_ Structure (Rotational axis tunneling) } St l
//r;//f/ 4-fold (100)-clusters C  symmetry . e
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Lo e 1500% . 072m 7 kHz L 2 M =
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i ] e o |

le

S

: 1 — 2TH: [EGA 62 kiz P
70 Hz [N @ s-ﬁ‘m % __l__.l 7 kHz [T W] L e2mHz [T
R fj- LE ALK -
"N

' - specles more_mixed - ¥ ['4
-« v pure A, T ET,A, species (0)3 (13 (2)3=(-1);
(O> ( :( 1)4 Al 1 . . (2 modulo 3
1 equals
, Al 1 * * 3 modulo 4 A~ 1 . . -1 modulo 3 and
Cubic Al e . | . equals 4-f01d (]00) 3-f0[d (]]]) 2 | 86 mod 3)
ey L e Cysymmetry - Cysymmetry E =L g
d O W E I ) I ) 83 mod 4) clusters clusters Tl 1 | 1
ypt o1 83=84-1 1 11
Tole 1 1 1
2
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Review: SFsspectral clusters of symmetry species O DC4and ODC3 symmetry correlation

FT IR and Laser Diode Spectra
K.C. Kim,W. B. Person, D.Seitz, and B.J. Krohn
J.Mol. Spectrosc. 76, 322(1979).

(a) SF, 7, Rotational Structure .

R40) PB0) . : .
N e | . Primary AET species mixing
WWMMWM“WN‘J _--"  Hacreases with distagce from
i l | I [ T — l B l i - ‘ IR T — l [ T — 1 A { A € ° )
620cm ' 6lScm 6l0cni - e v sepayatrix

<—— Q125 cm = 3.735 GHz ——>

(b) P(88) Fine Structure (Rotational anisotropy effects
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il e , , /| K3=...81 82 83 84 85 86 87 88
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* Conservation (or not!) of rovibronic spin-symmetry-species
Entanglement and related issues

Friday, May 1, 2015
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CONSERVATION OF ROVIBRONIC SPIN-SPECIES - Two Views:
old versus New (1978- 2005)

( 1 9 3 9 ] 94 5 and ] 966) | www.sciencemagorg SCIENCE VOL310 23 DECEMBER 2005
e el CHEMISTRY = I

Nuclear Spin Conversion
in Molecules

JonT.Hougen and Takeshi Oka

olecules with identical nuclei hav-  as initially shown by Bonhoeffer and
M ing nonzero spin can exist in differ-  Harteck in 1929 (3). Once prepared, a para-

ent states called nuclear spin modi-  H, sample can be preserved for mor**
fications by most researchers and nuclear r T eleee

His : spinrisomcrs by some. Once prepared in » .
o [review of C,H ; study:

Sun, Takagi, Matsushima,
Science 310, 1938(2005)]

“...transitions between...species (A ]ET )
..are very strictly forbidden .. Sh‘ictly<versus
Conservation and
preservation?

...for diatomic molecules...I p. ]0
...for D, asymmetric tops...1l p.468
...for D, symmetric tops...I1l p.415

..for O-T, spherical tops.. 1l p.441-453 < No Wayl( versus

Conversion, perversion

...during tramsitions involvine... | PP
or transition :

...rotational states,...Ill p.246 'Q

..vibratiohal states,. X
... electromic states,.. ¥ 7
77

... collisional states... i’
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CONSERVATION OF ROVIBRONIC SPIN-SPECIES - Two Views:

old versus New (1978- 2005)
| ( 193 9, ‘ wa’w L ey sdencemagorg SCENCE VOL310_23 DECEMBER 2005

Nuclear Spin Conversion
in Molecules

JonT.Hougen and Takeshi Oka

ing nonzero spin can exist in differ-  Harteck in 1929 (3). Once prepared, a para-

Molcculcs with identical nuclei hav-  as initially shown by Bonhoeffer and
ent states called nuclear spin modi-  H, sample can be preserved for mor**
—deemn Jom n mlans o

fications by most researchers and nuclear r
5 spin isomers by some. Once prepared in » .
o [review of C,H ; study:

Sun, Takagi, Matsushima,
Science 310, 1938(2005)]

“...transitions between...species (4,,..E,.T,..)

strictly forbidden .

..are Ve

Strictly < versus

...for diatomic molecules...I p. ]50

Conservation and
...for D, asymmetric tops...1l p.468

preservati()n? To conserve vs. To convert

...for D, symmetric tops...I1l p.415

..for O-T , spherical tops..1I p.441-453 No Way!< versus
451 - =

To preserve vs. To pervert

...during tramsitions involving...
...rotational states,...Ill p.246

Conversion, perversion
or transition?

..Vibratid@al states,. ¥
... electrollic states,.. & perversion
7’

Widespread and extreme mixing/\of species
reported in CF4, SiFy4 and SFg:

Ch. Borde, Phys. Rev. A20,254(1978)(expt.)
Harter, Phys. Rev. A24,192 (1981)(theory)

... collisional states... ”
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HOW CONSERVED IS ROVIBRONIC-SPIN SYMMETRY?

What preserves it? versus What mixes it up?

No Way! WAY!
and...

What is it?

SPIN SYMMETRY correlation has a new name...

Friday, May 1, 2015



Conservation (or not!) of rovibronic spin-symmetry-species
Entanglement and related issues

Friday, May 1, 2015
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HOW CONSERVED IS ROVIBRONIC-SPIN SYMMETRY?

What preserves it? versus What mixes it up?

No Way! WAY!
and...

What is it?

SPIN SYMMETRY correlation has a new name...

L 7

it’s now called ENTANGLEMENT! — TE E
Herzberg's terms: Better terms:
“..Overall ...symmetry...” ..Under-all ... or internal symmetry...spin frame..... “Bare” rotor

(From an overall “Coupled” state we SUBTRACT vibronic “Activity” to get underlying “Bare” rotor.)

Friday, May 1, 2015 17



HOW CONSERVED IS ROVIBRONIC-SPIN SYMMETRY?

A, What preserves it? versus What messes it up?
! No Way!

...because nuclear moments...
...are so very slight...”

E 5 too darn small (~kHz)...

>

perturiéat n~ | (4, 3|szn rovzb E, 5) 2

E 5
2g

...too darn blg (likelOMHz)...

VWWMAAMAAAAAAMRAVMAA

G
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HOW CONSERVED IS ROVIBRONIC-SPIN SYMMETRY?

V. What preserves it? versus What mixes it up?
2u
No Way! WAY!
= ATHE nuc.lear MMOMENS... ...because levels of different species
...are so very slight...
are forced together by angular wave
E.S tOO darn small (~kHz)... localization or “level-clustering” or
’g = (rarely) by “accidental” degeneracy.
b 512
pertu é% ation ~ | (A 3| spin- rovzb 1£,,°) é
= E E “Accidental” degeneracy ?
= 3 B Lea, Leask & Wolf JPCSo0l.23,138 119 62)
= g
—
= Level-clustering
%é ..t00 darn blg (like10OMHz)... Dorney and Watson JMS 42,135(1972)
= E  Harter and Patterson PRL38,224(1977)
= exponentially v T JCP 66,4872(1977)
= tiny! q 1 . :
= Lo 10501 AI RE Surface precession vs. tunneling
= (like z) Harter and Patterson JMP 20,1453(1979)
= N JCP 80,4241(1984)
= RE Superhyperfine transitions
A ;% Hyperfine effects may rule! A, T, E T, A, get seriously mixed up.
g =

JPCS=Journal Phys. Chem. Solids
JMS=Journal Molecular Spectroscopy Harter, Phy s. Rev. A24’]92_262(1 981) (SF6)

PRL=Phys. Rev. Letters
JCP=Journal of Chemical Physics
JMP=Journal of Mathematical Physics

Harter, Patterson,and daPaixao, Rev.Mod.Phys. 50, 37(1978)
Harter and Patterson, Phys. Rev. A19,2277(1979) (CF,)

Friday, May 1, 2015
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*Diatomic or linear molecule symmetry O(3) D DwiD Cooy
Labeling by symmetry O(3) DD
Coriolis and N-doubling levels
Dipole-allowed transitions

Friday, May 1, 2015
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Diatomic or linear molecule symmetry O(3) DD

O(3)=D,, spin-symmetry species

Angular

momentum

B= x *
g

E+
u

3D Orthogonal group O(3)
correlates with D, symmetry

atomic  molecular
label label
sorsS Cork
porP morll
dorD JdorA
forF  ¢ord®

A, B, or C Correlations

o X II I A A ..
g u g u g u

0t |1
0_
1+

]_

2+ |1
-
3+
3—

Types of symmetry labels

A=Activity (of vibrations, electrons)

Azu’ I:l

B=Bare rotor (rotations, nuclear spin)

C=Coupling or Constriction of AQB

1

<

éﬁ.

3 AXIS

a ROTATION

R(«0Q0)

ROTATION
180°

R(-a180°a)

2 3
’. C o
B
> /s
Q

INVERSION

L

Rev. Mod. Phys. 50,1,1 (1978)

ROTATION

INVERSION
I.R(xQ0)

REFLECTION

LRCa 180° “,)

Friday, May 1, 2015
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Diatomic or linear molecule symmetry O(3)2DDuwi ¢
O(3)=D,, spin-symmetry species G O (; @;
3D Orthogonal group O(3) aROTATION ROTATION INVERSION  ROTATION  REFLECTION
correlates with D, symmetry 1 R(¢00)  R(-al80°a) I IR(¢00) IRCx!80°a)
Angular atomic  molecular Ag=Ed |1 I ! I ! !
9 %g
momentum  label label A = - - - I
w1y | | | i
(=0 sorsS Cork i ‘ 4
(=1 porP morll A2gZq | | ! | . I
(=2 dorD &orA Ap =Xy | | | | -| o -l
/=3 forF  Oord E,°=1r.9 2 2 CcOos « 0 2 2cos 0
A, B, or C Correlations Euy=my | 2 2cosa 0 . e “2cosa 0
B= zg+ " T,O%, M, M AL A Ezg=lg | 2 2cos2a 0o 2 2cos2a 0
ot |1 Eau=4y | 2 2cos2a 0 -2 -2cos2a 0
0— . . . ] . . . . . . . : : : :
]+ : : ] : ] : * : . . . . . .
el FIG. 15. Characters of D.,=0,; symmetry of X, rotor.
3401 1

Types of symmetry labels

A=Activity (of vibrations, electrons)
B=Bare rotor (rotations, nuclear spin)
C=Coupling or Constriction of AQB

Rev. Mod. Phys. 50,1,1 (1978)
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Diatomic or linear molecule symmetry O(3) D Do g

N
O(3)=D,, spin-symmetry species G O
3D Orthogonal group O(3) aROTATION ROTATION INVERSION  ROTATION  REFLECTION
correlates with D, symmetry 1 R(¢00) R(-al80°a) T IR(¢00) IRCxI80°a)
Angular atomic  molecular Ag =L : ! I ! I ! !
momentum  label label A=yt - - - I
WXy l | ' l
(=0 sorsS Cork ) ‘
(=1 porP morll A2gZq | | L ! ' I !
(=2 dorD oorA Ao cZy | | | I -l -1 -l
(=3 forF  Oord Ejg=Tg | 2 2cos a 0o 2 2cosa 0
A, B, or C Correlations Eiy=my | 2 2cosa 0 . e ~2cosx 0
B= zg+ " D L L Ezg=lg | 2 2cos2c 0o 2 2cos2a 0
ot (1| - - - Eau=4y | 2 2cos2a 0 -2 -2cos2a 0
0— A . ] . . . . . - o : ) ) .
I+ - |- |7 . ] . . . . . . . . . .
=7 |- - - 1| - TABLE VIII. O3t (0Oy; =D,y correlation of representations.
2+ 7 |- |- - 1 - 1 - ~ ) ‘ >
: + + - -
P P T o\ B=Zp I, Zp I, Wy O, &, &, & &, T,...
3+ |- |- 1 - 1 - S ‘
3= |- |7 . . . ] . ] N” = 0_ 1
—_— . e .. 1 R . v « o . s
=1* s e e e 1 .o 1 s e e e e e e
-1 e oo 1 o . 1 .
— 2* 1 .« o 1 1
Tvpes Oufsymmel‘]/y Zabels — 9" cee see secs 1 ¢ o 1 .- 1 -
A=Activity (of vibrations, electrons) =3* tee eee ] ees ] ses ] eee 1 e
B=Bare rotor (rotations, nuclear spin)_ o= . cee e eed e e
= : 5, 7 =3 1 1 1 1
C=Coupling or Constriction of AQB _ 4 1 5 1 1 .

Rev. Mod. Phys. 50,1,1 (1978)
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Diatomic or linear molecule symmetry O(3) 2D Dwp D Cooy

* Labeling by symmetry O(3) DD
Coriolis and N-doubling levels
Dipole-allowed transitions

Friday, May 1, 2015

24



(unit quantum of

A=11 symmetry A=+1 e or v activity
“riding” on rotor)

Diatomic or linear molecule:Labeling by symmetry O(3) 2D

A=> symmetry A=0
S (no e or v activity)
b

FIG. 18. Z and Il BOA states for symmetric top molecule.
. — c— The electronic or vibronic “load” is indicated by an ellipsoid
! * e surrounding a “bare” dumb-bell rotor. Arrows indicate the
R - direction of rotation of moving wave states and relative amounts
L__ ----- prise wm J = 2 i — of momentum » or K. |Only for the (»=0,II) states|will it be
e . necessary to make up standing waves to form the “A-doublet” I
— el - states which are shown in Fig. 19,
——— Rev. Mod. Phys. 50,1,1 (1978)
— J=1 -
— Iypes of symmetry labels
L "Bare" A=Activity (of vibrations, electrons)
are — : .
nj=0 l 2 3 Rotor nl= 1 |0/ 2 | 3 2 4 B=Bare rotor (rotations, nuclear spin)
J J e J L J ; At
\ \ I C=Coupling or Constriction of AQB
'Loaded" . ! | |

25
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Diatomic or linear molecule:Labeling by symmetry O(3)DDowi D Coov

O(3)=D,, spin-symmetry species  Simple diatomic examples: Hypothetical C) Levels (Bare rotor)

3D Orthogonal group O(3)
correlates with D, symmetry

12 13
Angular atomic  molecular C2 Levels ]2C13CL€V81S C2 Levels
momentum  label label &o
(=0 sorS GCorX M MT
/=] porP mor Il (excluded) J L 3_ - 3_
(=2 dorD dorA
(=3 forF  ¢ord®
A, B, or C Correlations 1
B= $txts~ Il II A A.. — 27t 2t — 27
g | “u |“g u g u g “u J
0" |1
I+ - |- |7 . ] : . . (;)icluaie?’ lzy ) R ] ]— — |-
]_ : ] : : : ] g correLation
+ : "ot — 0F
3+ -1 1 Bzg 7] BZg B=2
ki VS T B (mE B ) i
[I] ) it spin-0 spin-»
orbit . spin-0 orbit , spin 10 spin- 1 - an
2 (LRI ) L2 [T )
OI”th.0- | orbit , Spl.l’l-% orbit , Spin-%
Species  Pairs of Fermi (spin-3) nuclei Para- Ortho-
(only) required by Pauli principle Species Species
to be totally antisymmetric: Either Even-Odd or Odd-Even
12C has zero nuclear spin 13C has nuclear spin-1
||
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‘Diatomic or linear molecule:Labeling by symmetry O(3)DDwh D Cooy

12Cy 3, * Excited Levels

O(3)=D, spin-symmetry species ongitudinal

Angular

momentum

B= x *
g

E+
u

atomic

label

sorS
porP
dor D
forF

3D Orthogonal group O(3)
correlates with D,

molecular

label
Corx

mTorll
d0orA
¢ or ©

A, B, or C Correlations
> X II I A A ..
g u g u g u

symmetry

0" |1
0_
1+

]_

2+ |1
-
3+
3—

|

Dipole (17)
Excitation
“Activity " Label

A=3,+

“Coupled”
or
“Constricted”

Rotor
Label C

o<

(excluded)

]_

(excluded)

C=A®B=%, QL *=3 +

g

12C» Ground Levels

3y +
AZg

(No excitation
activity
so A=B=C)

0-0

(excluded)

- D+

(excluded)

—_— Ot

“Bare” Rotor B:2g+

Label

(112 [11)

orbit , spin-0

Ortho Species

(only)

Para-Species

12C13C 3 Excited Levels 13C 2 X, T Excited Levels
3
2 A=Z, 7
T
| 2F — O+
T — - —_—
. 1
10+ — o+
C=3 C=x,* C=Zs*
12C13C Ground Levels ~ 13C» Ground Levels
T 3— — 3
!
T _
e I
T T +
! 0 0
B=2m B=%,% B=x,*
(D LW,
orbit , spin- OSpll’l—E 1 .
( 1) )
orbit, spin orblt Spm 5

Ortho-Species
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Diatomic or linear molecule symmetry O(3) 2D Dwp D Cooy
Labeling by symmetry O(3) DD
*Coriolis and N-doubling levels

Dipole-allowed transitions
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Top View Down

A=T1,,

Transverse Dipole (17) J
“Activity” Label
A=IL,(-) (L toJ)

el

%«:

The %,,11,, waves

are slipping!

Coriolis and N-doubling levels

i for 1+

A=3,*

But, not a big deal

ag

A, B, or C Correlations

T

B= ztzflx~ "I II ..
g |Tul"g u g u
0t |1
0_
A:Zg‘"
1+ 1
1~ [ 1
2+ |1 1
2~ 1
3+ ] !
( LT
3~ / orbit , spin-z
Para-Species

- D+

_— 0—|—
B=X,t

Top View Down
J axis

OJ
Transverse Dipole (17)
“Activity” Label

‘ A=y (+) (|| to J)

13C, %, 11,(%)
Excited Levels

Top View Down
J axis

J

o | o

Longitudinal Dipole (1)

“Activity”” Label
A=Z, T (L toJ)

-0

13¢5 Zg"‘ Ground Levels

(L2l [ )

orbit , spin-=

2

Ortho-Species
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H=H,+(J?+L%-2JzLxz - 2J7Ly - 2J‘Z‘L;)/213(y
=% jo*) I

€x+4 =2vV2 0 (J =1)-case
(=|-2V2 €,+2 0 | /2Ix5
0 0 €, +2
(a) WEAKLY COUPLED STATES (b)BOA CONSTRICTED STATES
-electro X,rot .
prolection + Refolor _2= 2 \-(orM)-doubling
3+ / .

I"®3~ . + .
o; ,\'—'5 A=TT,

I~ not aﬁJected

FIG. 19. Correlation diagram for /=1 electronic states in the
presence of an X, rotor. (a) Weakly-coupled states. (N?, B,
and J¥ are good labels.) (b) BOA-constricted states. (4, B,

C, and J¥ are good labels.) States with the same B=2} and
JP=1" are connected by dotted lines. The B=Z} and JP=1"
state (solid line) turns out to be the same for either side as

long as /=1 is unspoiled. Note that A =II -doublets are repre-
sented by standing waves in the body system. The lower doublet
is alternatively + and — parity.

Diatomic or linear molecule: Coriolis and \-doubling levels
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I=*) [Ir*) [I1=)

JT+1)+2  =2(J(T +1))1/2 0

H) = | =2(J(J+1))*2 e +J(T+1) 0
0 0 €, +J(J +1)
H=H,+(J?+L%-2JzLxz - 2J§Ly - 2J‘Z‘L;)/2I;(§

[z ot o)
ex+4 -2V2 0 (J =1)-case
(=|-2V2 €,+2 0 | /2Ix5

0 0 €, +2

(a) WEAKLY COUPLED STATES (b) BOA CONSTRICTED STATES

I~ not aﬁJected

FIG. 19. Correlation diagram for /=1 electronic states in the
presence of an X, rotor. (a) Weakly-coupled states. (N?, B,
and J% are good labels.) (b) BOA-constricted states. (A, B,

C, and J¥ are good labels.) States with the same B=2; and
JP=1" are connected by dotted lines. The B=Z} and JP=1"
state (solid line) turns out to be the same for either side as

long as /=1 is unspoiled. Note that A =II -doublets are repre-
sented by standing waves in the body system. The lower doublet
is alternatively + and — parity.

2-

2+
l...

-electron + X,rotor . +
P 2 2= 2L N-(orA —doublmgo
3+
- M .
T®3_ A=TT,

J (on 2-axis)

Diatomic or linear molecule: Coriolis and \-doubling levels

BOA LIMIT
WEAK-COUPLING
LIMIT

‘ ,r : O P >\_
Zu | JP' 8
\NP=7- |
\ .
\ ,-6+
\
o* |
/ 5~
[ / |
S L 4+ '- 4+
3- 3~
2 + .. 2 +
- - l—
| —_—— T I i ‘— "‘O*

FIG. 20. (z=0) J-level plots (J=0-8) for ({=1: =,M) as func-
tions of electronic energy difference (¢;). The right-hand side
of the figure shows the separate I1 and £ manifolds that will
arise in the BOA limit as €,—~«. (In this figure we set ex=0,
and let the rotational constant B,=1/Iz be unity.) Splitting or
“A doubling” is seen in the [I manifolds increasing with J. Cor-
responding downshifts from the pure rotational spectrum
(~B,J(J+ 1) are seen in the £ manifold. For small values of
€, (€,<5) there is a near degeneracy between J=N=1 levels,
particularly for larger values of rotor momentum N. At e, =0
and ¢,=4 the degeneracy is exact, while between these points
the J=N —1 level lies slightly below the J=N+ 1 level. Pairs
of J= (N+1) weak-coupling levels are analogous to the I1 pairs
seen in the BOA limits, only the former are defined with re-
spect to a laboratory axis. The weakly coupled J=N state can
be thought of as a lab analog of a = state.
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Diatomic or linear molecule symmetry O(3) 2D Dwp D Cooy
Labeling by symmetry O(3) DD
Coriolis and N-doubling levels
*Dipole—allowed transitions
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Diatomic or linear molecule: Dipole-allowed transitions

FINAL STATE LEVELS (J")

.

5l

o

o |3 |a E ol I 2 I3 |4

LEVELS RELATING e
(J) & )

FIG. 30. Demonstrating the use of a rovibronic nomogram for
the model Z— X transitions by dipole excitation in a symmetric
top molecule.

Rev. Mod. Phys. 50,1,1 (1978)

ndheg

When excited states
have lower B=1/21

 (Greater inertia )

Friday, May 1, 2015

33



Diatomic or linear molecule: Dipole-allowed transitions

Transitions forbidden between states
of different Bare Rotor quantum labels
(Spin-symmetry species conserved)

Central Q-branch missing from Y.<, spectra of Dwn molecules

FIG. 31. Electric dipole transitions in linear symmetric ©,;)
molecules X,, XYX,... (@) Z;—~ Z;. (b) Z;—~1II,, Transitions
are only allowed between levels lying in the same B corridor.
Note that the (Z;— II,) @ branch is not A doubled since the upper
I doublet is always involved in a J— J transition.

Q(missing)

a’lo+ ' o+ ' 4+

Rev. Mod. Phys. 50,1,1 (1978)
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: : : : > R(2) R(1) R(0 P(1
Diatomic or linear molecule: Dipole-allowed transitions R )QSQ&) (VP2 Pr)

Transitions forbidden between states
of different Bare Rotor quantum labels
(Spin-symmetry species conserved)

FIG. 31. Electric dipole transitions in linear symmetric ©,;)
molecules X,, XYX,... (@) Z;—~ Z;. (b) Z;—~I,. Transitions
are only allowed between levels lying in the same B corridor.
Note thatthe (Z;— Il,) @ branch is not A doubled since the upper
Il doublet is always involved in a J— J transition.

(2 P(3)L P(4)

"

Rev. Mod. Phys. 50,1,1 (1978)
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S» Young Tableaus and spin-symmetry for X, and XY, molecules
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S» Young Tableaus and spin-symmetry for X, and XY, molecules Permutation Point group
group S, is equivalent to

(a) . (b) .
[c0) = [B=3 g> ‘B> - |8 =32 S>
FIG. 25. Orbital tableau labeling of a homonuclear diatomic (D?2) (12) C>b1 o
FIG. 26. Orbital and spin tableaus used to label homonuclear A 12
n-atomic molecules m=2.3.4....). 1 I Ai 1 1
BOSE N 1=0,1,2, ... ) 135 1
(a) UCLE] (b)JFERMI NUCLE] 1 5505 A > 1 q 4 |1 1
ORBITAL  SPIN ORBITAL SPIN
oo o H

@@s~c, ©B B T H m

Rev. Mod. Phys. 50,1,1 (1978)

Friday, May 1, 2015 37



S» Young Tableaus and spin-symmetry for X, and XY, molecules Permutation Point group

) . (b) ) group S, is equivalent to
o) = [B8=3) 0 -l8-30 S,
FIG. 25. Orbital tableau labeling of a homonuclear diatomic (1)(2) (12) C 5 1 o
FIG. 26. Orbital and spin tableaus used to label homonuclear A 12
n-atomic molecules (n=2.3.4....). 1 1 Al 1 1
. i 135 !
ORBITAL  SPIN ORBITAL

0 R I L] S3 (H(2)(3) (123)  (12) (13) r' 0.0;

QQS~C H B n=2 B A TT2T3 (132) 2y C31 1r o;

SPIN

=

13
1 1 1 A1 11
T10 OO (113 @ A2; o P
Q%Q&"‘D st S & S & N S 2 _
] B o 2 -1 0 E |2 -1 0

~C ~D

Rev. Mod. Phys. 50,1,1 (1978)

Friday, May 1, 2015 38



S» Young Tableaus and spin-symmetry for X, and XY, molecules Permutation Point group

) (b ) group S, is equivalent to G
[==)RYEE WY H) - ls-30 S2
FIG. 25. Orbital tableau labeling of a homonuclear diatomic (D?2) (12) C>b1 o
FIG. 26. Orbital and spin tableaus used to label homonuclear A 12
n-atomic molecules (n=2.3.4....). 1 1 Ar |1 1
- - 135 1
(a) BOSE NUCLE! 1=0,1,2, (b)FERMI NUCLEI 125,53, A, . | q Ll 4
ORBITAL  SPIN ORBITAL  SPIN
B . m
I R I I . L] E] S3 (D2)(3) (123)  (12) (13) Co 1 I1_‘21 0.0
) n= o)
gg S NC U E E] (T A] T (132) (23) 3v 3
_ 1 1 1 A |1 1 1
(T OO (I @ A,
B - 2 (11 1 -1 A 1 1 -1
ok ] ] r 2 -1 0 E |12 -1 0
~C~D = N E’ [T
(. - 3 113
2
Sy Tetrahedral: () =Ta
y M@  (12)(34) (12)3)4) 205 Toope I180°
T3 . (123)(4) (1234) |1 R90
d I 4 pxyz xyz G,
ALl g |t v v 1o
Al 1 1 1 1
I 2 | SO | 1 1
11213 ' '
H 7. 53] Al 1 1 1 -
1|2 . 4 L3 |12 -1 2 0 0 El2 -1 2 0 0
3
J R . Z. 3 0 -1 1 1 7,13 0 -1 -1 1
2l 12| T
QT ey i C I S S h]3 R
3 Rev. Mod. Phys. 50,1,1 (1978)

Friday, May 1, 2015 39



S» Young Tableaus and spin-symmetry for X, and XY, molecules

Ja=),

- |B=Z+o>

18)

- B =30)

FIG. 25. Orbital tableau labeling of a homonuclear diatomic

FIG. 26. Orbital and spin tableaus used to label homonuclear

n-atomic molecules n=2.3.4...

(o) BOSE NUCLEI 1=0,1,2, ..

SQs~C

oo B,

ORBITAL

C1]
[

]

1 1T
L1 i

S ~C ~D -
.
LT

S>C ~D —
4 4v 4 “_;_
£l

S~T C

4 d

N
(b)FERMI NUCLE! 1=

SPIN ORBITAL
an R =]
g4 " H
(T (1T
J n=3 E’:l
E'.' . -
- Q
10 T
asa T
ti_ n=4 t
3 T
1] 1]
- -
u E
- H

Permutation

Point group

group S, is equivalent to

5

S
(H(2) (12) C;1 o
A2 1y 4 [
135 1
2’2’2 A2 2 1 '1 A2 1 -1
SPIN
B S3
(H(2)(3) (123)  (12) (13) Cqo 1 Il_'21 O'ng
T 40T (132) (23) 3v 3
1 1 1 | A 11 | 1
8 4.
- 2111 1 -1 A |1 1 -1
- E [
u 311113
=
- 2 S4
] (H2)3)4)  (12)(34) (12)(3)(4
1 A, I 3. (123)(4) (1234)
» AN & S B
i 2] |12 S B
1213
: r O] G
1 2. 4 R 2 0 0
T =
[ [ (2[4 11 1
=2
e S
=l

3
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Rev. Mod. Phys. 50,1,1 (1978)
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S» Young Tableaus and spin-symmetry for X, and XY, molecules
) . (b) .
) -le-sy 1B <83

FIG. 25. Orbital tableau labeling of a homonuclear diatomic [ITT]

FIG. 26. Orbital and spin tableaus used to label homonuclear
n-atomic molecules (n=2.3.4....).

(o) BOSE NUCLE! 1=0,1,2,..  (b)FERMI NUCLE! 1=
ORBITAL ~ SPIN ORBITAL  SPIN

o o [T

=
n=2
00 S NC E} B B — Methane-like: XY 4

Y L

i
i,

!
2,

—
T [T (I [ AR
- TABLE XIII. T4 characters and symmetry.
E:’ ] n=3 1' ] 29 x T Boson Fermion
| | ] T, 1 R(‘a—) R(700) m(-z-oo) m( r2: )
. - -
il

]
~ ~ [ A 1 1 1 1 1 4 1H1H1H1)
C D !:__' b ﬂ DD A; 1 1 1 -1 -1 {lﬂl}{l}{l} {4}
) E 2 -1 2 0 0 2H2} 2Hz2}
] (LyL,L)F, 3 0 -1 1 -1 {2H1H1} {3}11{{
- (xyz)F, 3 ) -1 -1 1 {3H1} {2H1H1H1}
]
|
-
TABLE XIV. O3t T4 correlation.
A A E F{ F, A, Ay E F, F;
JP=0* 1 .- . .« o 1 es ses sas eas
1. N ... . . 1 “- .o 1- ... - .. 1 . .
20 - see 1 s u e 1 2‘ «se s 1 se s 1
30 v 1 cas 1 1 3‘ e s 1 ses 1 1
4 1 - 1 1 1 4£ 1 - 1 1 1
50 se s se s 1 2 1 5' s se 1 2 1
6 1 1 1 1 2 6 1 1 1 1 2
T e 1 1 2 2 7T - 1 1 2 2

Rev. Mod. Phys. 50,1,1 (1978)
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S» Young Tableaus and spin-symmetry for X, and XY, molecules
(a) . (b) .
o) -le-xy 1B <le -z

FIG. 25. Orbital tableau labeling of a homonuclear diatomic
FIG. 26. Orbital and spin tableaus used to label homonuclear

n-atomic molecules (n=2.3.4....).
(a) BOSE NUCLEI 1=0,1,2,.  (b)FERMI NUCLEI 1:5.3,3,..
ORBITAL  SPIN ORBITAL SPIN
o O3 (0. H
n=2
S ~C . 1] o
00 2 2 Ej E B — Hexa-flouride-like: XY
Hanullinas o O
a 1] ] n=3 1 ]
J ] _— _—
- -
S~C ~D - E ﬂ (1T
3 3 3 u -
- S o - ]
N O O O O ¢ CLLLY |- FIG. 27. Spin tableau-(B) correlation for octahedral XY; mole-
: E cule (see Appendix D).
j—}j B—D EFD N ] FERMIONS BOSONS
S >C ND — n= 4 B Alg AzgEg Tig Tog A2y Ay Ey Tau Ty
4 A 4 17 C il] T . E Ramans ]
: Ll ~ N geaas R T .
H 1] ] aj? Tase T (
: ) : o ssm asas) A . U
_ P CI1 13 - @ pess) | . | .o
‘—f :rl ’—_{J ' | | . ' | l
|: - mas - @ I . I |
T ' 1 (| [ |
EBEFD - ? I . | | |
gasss . (I I
O '

Rev. Mod. Phys

.50,1,1(1978)
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Sn Young Tableaus and spin-symmetry for X, and XY, molecules

Examples.:
Sn Young Tableau irrep dimension formula A [3.00] 321
0 =0(S,)= g
SESE 3 )
= A 1 (2|3 ‘
Dimension o =1 )= 321 ] — |1
Z[“S](S )= of S, Tableau nl=n-(n—-1)-(n-2)---321 3_1 3 A=,
" oS| o6| o4| 02| o! -2 E 3
mrssrs hook- : 2
n length o] o of 321 E
e R O e L
proaduct o) :
=2
FIG. 28. Robinson formula for statistical weights. The ‘“hook-
length” of a box in the tableau is the number of boxes in a “hook”’
which includes that box and all boxes in the line to the right and
in the column below it. .
m | mt | m+2 | me3 | mra | Examples.
- m-1 m m+l1 ’ | @
: : -
dimension 1 (2100 S 5U()= =
Dimension product ? 1
-3
Al Y= of S,#U, Tableau — - =8
" o3| o0| of| o’ ol
hook- 31415
L |, |1, G 29915 15y = =
length I SEIE
®
product ", ~10
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S4 and spin-symmetry for XY4 molecules (Introducing hook-length formulae)

TETRAFLUOROSILANE:  SiF+ Vs  R(30)  _ Conventional Present Complete E Labeling
T4
Labeling
% —
— 6, F1 7" 7
| / . -
‘ - = Rad
E 1 / - _ .
A /
1 2E E Fae 3F, 3E E 3F N =7 )
SAS 3R, T2 2 sA, 2E — Iz s
FIG. 28. Robinson formula for statistical weights. The “hook- ' _ .
length” of a box in the tableau is the number of boxes in a “hook” Fg 7 7
which includes that box and all boxes in the line to the right and VT o
in the column below it. ! F1 7" 7
m lm+l m+2 m4~3lm+4 . — |
Dimension of m=ilm [m+l| « o B— A1 AZ E FI F2
product of im-z m=l| « integers (L1 E EB - - H
[ps] -3l . -
Q ' = 3456 % ;, %g( 3‘ :35'4‘5
= = 90, 0| &= - Dl s
CD,| w5217 1/2 Ol 37 ¢/ | mERT TP
RERS - o | - | |
m=2[ + | - >~ 2. /4 2% 2-3°% 23
product of +—4 hooklengths CH | 3=0 |2345 5 IR _ | | 3 | ! /a0
Hy > 4 0/ 2 [&3%=1°° | ¥R | ®WRI1 7|0/ 7
v -1/ 21 l |
FIG. 36. Comparison of conventional CH, labeling with present ~ Statistical Weight Calculations
labeling. The latter shows clearly the ‘“hidden’” structure of
inversion doublets which has a structure very much like that
of NH;. For CH,, however, only the E levels are actually
double according to the statistical weight calculations. Rev. Mod. Phys. 50,1,1 (1978)
44
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S4 and spin-symmetry for XY4 molecules (Introducing hook-length formulae)

Transitions forbidden between states
of different Bare Rotor quantum labels

(Spin-symmetry species conserved here)

i
-l
/ B ‘(
* ';/ |‘\I’
L |
! )
‘1 X M{I\l'l P(7)
‘1 -@_I'{ o "v{"
| | 7—®—'{\Iu
‘ i
! i
! i
| i
\ (
\ ‘
| |
ol :
| ‘\ - I
| '
=) 1 '
] '
| 4 -
6 L
@?k |
6;:\\ weight 2
« .
< |
weight 5 *

Friday, May 1, 2015

Conventional Present Complete T, Labeling
T4 |
Labeling
F, |
/ R
B Falia
/
+ 7+ /I F2 “—-Z—- 7
N =7/ ) )
S A, 7 7
\\‘ F2 7" | 7+
\\\ 1 7+ | 7._
B A‘] A2 E FI F2
E | - )
. s /4 3% 3% 345
456 2 /3 _ 23 ® . 2 _
5 PCD4 w210 '/2 Ol 37 "° |/§ 3 | FET C18
o | - | ‘
cHl % /30 lasas | B2 | 2% |10
4 ?/|2 5321 0 ﬁ" W% o/g'l;o
- x |

Statistical Weight Calculations

Rev. Mod. Phys. 50,1,1 (1978)
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0, 40
CLUSTER

Standard

Symmetry Labels

E:!:

Tableaus of Totot Anqular
Orbit Spin Momentum
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Example of frequency
hierarchy

for 16pm spectra
of CF4

(Freon-14)
W.G.Harter

Ch.31

Atomic, Molecular, &

Optical Physics Handbook
Am. Int. of Physics

Gordon Drake Editor

(1996)

(a) CF4 Vibrational Structure

v, =908.5 cm™
v2=4350 em™!
v4=631.2 cm™! ‘
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S~ s

El
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e
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(c) P(54) Fine (Centrifugal)
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* Ss and spin-symmetry for XYs molecules
Entanglement and Disentanglement
Resulting hyperfine spectra
Superhyperfine spectra
Spin-0 nuclei give Bose Exclusion
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Ss and XYs molecules

Duality: The “Flip Side” of Symmetry Analysis.
OUTSIDE or LAB | LAB versus BODY  |STATE versus PARTICLE, ~ INSIDE or BODY

Symmetry reduction
results in
Level or Spectral
SPLITTING
External B-field
does Zeeman splitting

i

Review ODC4 correlations:

boils down to : Symmetry reduction
OUTSIDE versus INSIDE | resulls in
Example: Level or Spectral
Cubie-ctahedral O UN-SPLITTING
reduced (o T . '
Tetragonal C, (“clustering”)
Cy 0 y Iy 2. 3 4' Internal J gets “stuck” on RES axes
y 7 _ Must “tunnel” axis-to-axis at rate s
: B U
A5 ] |U>D>|E>W>[N>|S>
HO s s s =&
E. l / : Wes orth 0OH s s s s
Tf ] ] _ ] S0 East |s s H 0 s =«
7 7 ; ; s o5 00 H 5 &
2 ,. sos s s H 0
Down s o8 o8 o5 0 H
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Ss and XYs molecules

OUTSIDE or LAB | LAB versus BODY,

Duality: The “Flip Side” of Symmetry Analysis.
STATE versus PARTICLE,

Symmetry reduction
results in

boils down to :
OUTSIDE versus INSIDE |

INSIDE or BODY

Symmetry reduction
results in

Friday, May 1, 2015

Level or Spectral Example: Level or Spectral
SPLITTING C”bfﬂ'gﬂfﬂzg‘i’”" O UN-SPLITTING
ed t — .
External B-field T;a:,;;ga (“clustering”)
does Zeeman splitting Cy log 14 2. 3 4' Internal J gets “stuck” on RES axes
7 _ Must “tunnel” axis-to-axis at rate s
o p
. I |U=|D=|E=W=|N=|8>
~ HO s s s &
l : / Wes orth OH s s s s
] ] ] So East |s s H 0 s s
7 ; ; v o5 0 H s &
,. s o5 s s H 0
Down vy s s s 0 H
Review ODC4 correlations:
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S and XYs molecules Duality: The “Flip Side” of Symmetry Analysis.

OUTSIDE or LAB | LAB versus BODY| |STATE versus PARTICLE, ~ INSIDE or BODY

Symmelry reduction boils down to : Symmetry reduction
results in \OUTSIDE versus INSIDE results in
Level or Spectral Example: Level or Spectral
SPLITTING E’-‘f"?fﬂ'gﬂfﬂzﬂi’m’ 0 UN-SPLITTING
External B-field T; 3;3;5?74 (“clustering”)
does Zeeman splitting Cy 0g 14 24 3 4' Internal J gets “stuck™ on RES axes
Must “tunnel” axis-to-axis at rate s
’ ) U
\ I . 1~ [U>|D>|E>|W>|N>|S>
Hifl s s s =&
\ 1 : Wes orth 0H s s s &
}\_ ] <o East |s s H 0 s s
7 \ ; : s o5 0 H 5 &
,. s o5 s s H 0
Down v s s 0H

Review ODC4 correlations:
Tunneling (s) between axes

splits the 04 cluster as
shown on following pages

o0

Y

| :

_E;

—
+28
Tlu

04 cluster Splitting (derived on following page)
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Ss and XYs molecules Internal J gets “stuck” on RES axes
Must “tunnel” axis-to-axis at rate s

U>D>[E>|W>|N>(S>

Wes
Sou

Review O(04)DC4 cluster:

Tunneling s=-S
is negative here

04 cluster splitting

H O s s s s | +2 +2 S

O H s s s s | +2 +2

s s H 0 s s | —-1]1 —1
——=(H-2

s s 0 H s s |-1|J12 ( ‘) -1

s s s s H 0|-1 —1

s s s s 0 H| -1 -1

H 0 s s s s | +1 +1

O H s s s s |-1 -1

s s H 0 s s | o0]1 0

——==(H+0

s s 0 H s =5 0 \/5 ( ) 0

s s s s H 0 0 0

s s s s 0 HI|O 0

H 0 s s s s |1 1

O H s s s s |1 1

s s H 0 s s |11 1] 1
—==(H +4s —=

s s 0 H s s |1 \/6 ( ) 1 \/6

s s s s H 01 1

s s s s 0 H|1 1
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Ss and XYs molecules

OUTSIDE or LAB | LAB versus BODY,

Duality: The “Flip Side” of Symmetry Analysis.
STATE versus PARTICLE, INSIDE or BODY

Symmelry reduction boils down to : Symmetry reduction
results in \OUTSIDE versus INSIDE results in
Level or Spectral Example: Level or Spectral
SPLITTING C”bfﬂ'gﬂfﬂzﬂi’ﬂf % UN-SPLITTING
rediced to T . "
External B-field Tetragonal C, (“clustering”)
does Zeeman splitting Cy 04 14 24 3 4' Internal J gets “stuck™ on RES axes
7 _ Must “tunnel” axis-to-axis at rate s
o B
/ |U=|D=|E=W=|N>|S=>
HiO s s s =&
I 1 : Wes orth OH s s s &
] ] ] So East |s s H 0 s s
7 ; ; s 0 H s %
T Down s s s s H O
e L : |
— -
E T y iy 2
A
)\ | ,
H+0-25\ " H40 JH0+4s
tunneling matrix eigenvalues !
Stronger C 4 ‘"]l\ A fﬁ.{‘: “x‘ /
Iﬂi f" m“ f} ) i : 1111 hfghfﬂ" |H| lower |‘f-'| 111 ! :,r-f ",L"" M‘:’i
'%j" ‘1\ & 14 ﬂ@' \:34 @41 y 34-.
T Coerced” " Symmetry Breaking Spontaneous ” Symmetry Breaking
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Ss and spin-symmetry for XYs molecules
Entanglement and Disentanglement
Resulting hyperfine spectra

Superhyperfine spectra
Spin-0 nuclei give Bose Exclusion
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/ Spin-Permutation to Octahedral Correlations S, - 0O )
Entanglement. c, ol 14 24 57 E,Ty,Ty, Ty, Ay, Ay, Ao,
How F-nuclei become j] ! . IRT ﬁ - b |
entang led EZ ? Lo | Forbidden
. ok L = SFs
total-spin-I-symmetry Oh species T, ] . ] Eﬂ i | i species:
in SFg. ry | U g\ g A1 | B T
LA T=3 E o
With rotation 8 3 3 6 1 1 10
all six @ nuclei are equivalent Species Spin Weights
E; Tr Ag Iy I
S8_ M M 6 JLZ e MAM 6 Greatly simplified

sketches of ultra
high resolution IR
SF g spectroscopy of

Christian Borde’,

C. Saloman, and
Oliver Pfister

(Pfister did SiF 4, too.)
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D [ S t l t / Spin-Permutation to Octahedral Correlations S, - 0,
en ang ement. Cy 0g 14 24 34 wei ht 1 @Eu T]gT]u TZQ’ A]g A]u AZU
, A I . : : i\
How F-nuclei become ! ==y . .1 1T |
.. : A) 1 _ Forbidden
distinguished o ; weight 3 N S T | SF
but not distinguishable) ! | =1 ’
(bu noo g T; ] I weicht 5 E] | species:
in SF6 T2 ] 1 7 [=2 Eg ) T2u ) A2g
. weight 7 C 1
MTAAAL 1=3 E
Without rotation being stuck on C axis 8 3 3 6 | 1 10
all six @ nuclei are equivalent Species Spin Weights

O

“TLLLL Teiptevsingec LA
lght 3+1 T T Quﬁiets T \L n
l

LI:LMLMIML&IJJJJLLULMLM;JJJ MMMMM
t5

/

;ML MAM 6 Greatly simplified

sketches of ultra
high resolution IR
SF g spectroscopy of

Christian Borde’,

C. Saloman, and
Oliver Pfister

(Pfister did SiF 4, too.)

3 \ III
4 \ QhIQ 12
If equatorial nuclei i greater.B-field than polar-nuclei...

0 bl
o (A AT GTAE CHRM QRAET weights
riplet-singlets
L m MW Cight 3+1
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Ss and spin-symmetry for XYs molecules
Entanglement and Disentanglement
Resulting hyperfine spectra

Superhyperfine spectra
Spin-0 nuclei give Bose Exclusion
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Ss and XYs molecules

—1.0GHz

J=N=8¢
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tm
Hom
tm

" in
&
O QV]
" g @ 8 @ ]
m q- O .?' .....
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\ | . | ! | l |
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<
N
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Harter, Phys. Rev. A 24, 192-263 (1981)
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Example of subtle parity effect in SFs superfine-hyperfine transitions

P(88)

R N N N O W MV N
|
|
| |
| 1
{ ! ! —1.0GHz
| | |
| | |
| | I
| | |
| I |
I | |
1 | |
U ‘
I | : Forbidden
i l : SFe
| E i species: J=N=8¢
| ! 1 Eg ) T2u N Azg
! : }
1 | 1 3
| | | Borde®, e al .
f I ! PRI 45.14 (1950 e -
I 1 ] Hence I
} ) | 1o
| I | missing Eu-Tw T
: : f crossover crossover fam
| 1 ! resonance! resonance! TR
—-1.0
w0
— N~
- © © NS o ~
" r~ @ N 00 -
00 o 00} @ Te) o
0 I o O N~ o
P P b 3
\ | . | ! [ ! | l |
Q @) A !
2 N = 8.8 Q N
=
N
00
1
L
Harter, Phys. Rev. A 24, 192-263 (1981)
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Ss and spin-symmetry for XYs molecules
Entanglement and Disentanglement
Resulting hyperfine spectra

Superhyperfine spectra
Spin-0 nuclei give Bose Exclusion
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FT IR ond Laser Diode Spectra
K.C. Kim,W.B. Person, D.Seitz, and B.J. Krohn
J.Mol. Spectrosc. 76, 322(1979).

Primary AET species mixing
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Harter, Phys. Rev. A 24, 192-263 (1981)
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Harter, Phys. Rev. A 24, 192-263 (1981)

weight 8=5+3

weight 6=5+1
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Cluster
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Ss and spin-symmetry for XYs molecules
Entanglement and Disentanglement
Resulting hyperfine spectra

Superhyperfine spectra
Spin-0 nuclei give Bose Exclusion
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Spin-0 nuclei give Bose Exclusion
(a) SF, 7, Rotational Structure

32
QF\ SFy
34,
Q" Sk

For a zero-spin X"°O_molecule,

P40) P(60)

P20) ‘ PB0)

-

hundreds of lines would vanish!
Just eight A, singlets remain.
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i 1 ‘ 1 1
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o
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FT IR and Laser Diode Spectra
K.C. Kim,W. B. Person, D.Seitz, and B.J. Krohn
J.Mol. Spectrosc. 76, 322 (1979).
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(b) P(88) Fine Structure (Rotational anisotropy effec’rs)l r | P 8

//A//-;;i /1/ /L/ 1///1 ,/1 r\\ L |\\ ‘t\ll
‘A.\ ' //_/;;.,{//"j// /// 7 | \ \\\' —
”4‘.“-1. Four fold axis //;,f // - _ / | \ N T
y //’/////7/;// -7 - 7 /““/7—/’/ X \\\ ™~ -
. == - - S nELL Bl
(c) Swr;&i’r@gture (Rotational- axis tunneling) -~ A/t \ ! {
1 r’:/.//f/ 7 o /! / // }/// | | }
n=88,, 87, 86 85 84 83 82 8l 80 79 78 77 76 75 {74 |73 |2 i | |
f X ' —E Rt > ! ey \ | |
1 I -s-nﬁuk‘ N72 U 17 kH> 12 M J
t | } | | | I l
| | \ | | |
| ™ T
|| A
| | l | Bt R
_ L | lll Three-Fold | | I |
;. '.‘ o ™ i AN ll 'I ! f\\‘ Clusters [ ‘
(d) Hyperfine Structure (Nuclear spin-rofation effec{ts) \l '\\\fx ‘\l [ 1y _ CASE | CASE 2 | ] \

Goodbye:clusters! (Goodtye Columbus)

Without nuclear spin: Forget all thas stuft!

Friday, May 1, 2015

66



Spin-0 nuclei give Bose Exclusion

Some examples of Bose Exclusion

spherical Top Molecules with Spin-0 Nuclei

Example of extreme symmetry exclusion
... (and partial recovery)
Y dymmetry reduced to Cy; by a single neutron

(in 13C

Only I hyperfine state: 1=0
»pherical Top Molecules with Spin-1/2 Nuclet

13C 1312 29

60 —
2 levels ——— 202 levels
J=50 allowed J=50 —— allowed

: by Pauli ——— |
CE , Schl . SFﬁ . Exclusion ——
29=16 hyperfine 6 : : -

29=64 h . 9
states: I=0-2 s .)}P:egzne 260=7 15:7018 Question: Where did those 200 levels go
' hyperfine Better Question: Where did those 1.15 octillion levels go?

states: [=0-30

Some examples of Fermi (non) Exclusion
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Volume 144, number 4

CHEMICAL PHYSICS LETTERS

Fig. 1. Stereoscopic view of Buckyball. “Double bonds™ lic along the darker lines and *“'single bonds™ lie along the lighter lines. Carbon

atoms are located at the vertices.

are more like a single bond and those along an edge
bordered by two hexagons are more like a double
bond. This isillustrated in the stereoscopic drawing
in fig. 1.

The position of each carbon atom is determined
by 60 symmetrically placed orthogonal coordinate
triads whose origins are located at the vertices of the

\ I\ I /
~L
=

Erah| aaitier 18

a ~,
=y
—\/
A
e %
{ \
b
b \
h
g 2
] S
p /"‘\\:‘\ n F; P
N S Y, _\'l ’ -
// LS (\’,‘_xﬁ.'.}"rf"
- s 7 ) h ‘s
N ,._ls" n 2 |
_— »
N
/ %y
—A\——0 n
Y
P 2.
KR

Fig. 2. (a) Stereoscopic view of the 60 orthogonal coordinate triads used in the initial formulation of the force matrix. The unit cell is

Buckyball structure. These are shown in stereo in fig.
2a. This 180-dimensional coordinate system is used
to form a harmonic approximation to the classical
equations of motion,

Xi=—f,X .

The elements f;; are components of a force matrix

highlighted. (b) Stereoscopic view of the unit cell required for the calculation of the force matrix. Single bond parameters are pand .

Double bond parameters are A and ».
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4 March 1988

.= == number4

Tahle 2
s ommein-labeled  eigenfrequencies  of  Buckyball  for
~=r="h6x10"dvn/cm. 7 =5=0.7% 10" dyn/cm

CHEMICAL PHYSICS LETTERS

Even panty Odd parity
[ group frequency I, group frequency
label (em™) label {em~'}
A 1830 A, 1243
510
T 1662 Tw 1868
1043 1462
513 613
478
’ 1900 T, 1954
951 1543
724 1122
615 526
358
2006 G, 2004
1813 1845
1327 1086
657 876
593 663
433 360
2068 H, 2086
1910 1797
1575 1464
1292 849
828 569
526 470
413 405
274

- -z:2 772 The eight fivefold degenerate H, modes
.. —=z.z2z with the Rz guadrupole representation and
2=z =-suay Raman active. In addition the two A
~—:Zzs Tz also be Raman active. Hence there are
Z10%&. o7 ten possibly Raman active modes and four
oosaibly dipole active modes. A spectrum of the Ra-
man and dipole eigenvalues is given in fig. 3 and the
tour dipole active modes are shown in the three-di-
mensional stereograms of fig. 4.

3. Special cases

Bv a judicious choice of spring constants it is pos-
sible 10 check the validity of the general computa-
tional procedure Here we discuss four different

4 March 1988
2.0 —
" -
L ) _
A T al
13 -
v & M b
™ My
110 s
-
= Hy
0.5 |- o
™
- ~ Fry Bl
g
| Ho
0.0 -

Fig. 3. Spectrum of the possibly dipole and Raman active modes
of Buckyball. The spring constants are p=h=7.6% |0° dyr/em
and 7 =y=0.7x 10" dyn/em. The scale is in units of 1185 em ',
Lines a~d correlate with eigenmodes in fig. 4.

choices of spring constants. Comparison of the re-
sults obtained using icosahedral projection is made
with those obtained by independently derived ana-
Iytic formulas.

Thesc four choices are;

(1) p=a=n=0, h=1. Here we have isolated 30
carbon atom pairs each alligned with one of the 30
wcosahedral edges. The atoms in each pair are cou-
pled to one another by a hexagonal bond and form
a C, symmetric system. The only non-zero normal
mode is the symmetric stretch. The analytic solution
of the eigcnfrﬂu_ex_ucy for this system is found quite
easily to be ./ 2h/m. Using our programed projection
method with A=m=1 we obtain \/5 in perfect
agreement. For the same set of spring constants in
ref. [7] they report a symmetric stretch eigeniTe-
quency of 1, clearly in disagreement with analytic re-
sults. In addition to calculating the eigenfrequency
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[Possible CgsoRovibrational Structure ]

(R—Branch J {P-Branch J
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Fine structure
12 TSt comparing
13Cs0 (290 Hyperfine levels)
with
12Ce0 (190 Hyperfine level)

AT1HT3
12 Relative 12

Cluster
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\]

(Fine Structure

4s

Local Symmetry Clusters

T Possible Hyperfine splittings.

Superfine 5 |(May exceed superfine splittings)
Structure
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Heights i 13

1

........................ Vil .|IH hh..

Icosahedral Symmetry Species

W.G.Harter, D.E.Weeks,
Ceo Chem. Phys. Letters 194,3(1992)
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Brightness

15
Wavelength (microns]

Buckyballs In A Young Planetary Nebula Spitzer Space Telescope ¢ IRS

NASA / JPL-Caltech / J. Cami (Univ. of Western Ontario/SETI Institute) ssc2010-06a
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Three rectangles

(Ratio:
. underlie Ceso
Buckminsterfullerene
p “Buckyball”
| \ 60 C atoms:
L\ one C at each
vertex
of a T

Soccerball [5?’

%&

E ‘\4
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3-:60=180 coordinates of Ceo

“Buckyball” vibrational coordinates

Volume 144. number 4 CHEMICAL PHYSICS LETTERS 4 March 1988

VIBRATIONAL FREQUENCIES AND NORMAL MODES OF BUCKMINSTERFULLERENE
David E. WEEKS and William G. HARTER
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Volume |44, number 4 CHEMICAL PHYSICS LETTERS 4 March 1988
Table 3 20 —
Symmetry-labeled  eigenfrequencies of  Buckyball  for i
p=h=T7.6x10°dyn/cm, n =n=0.7 x 10° dyn/cm
i HY  m——
Even parity Odd panity -
B My
I, group frequency I, group frequency = g — "
label (em label (em~1) 1.5
A, 1830 A, 1243 i .
510 v f
— —— Tru D)
T, 1662 T, 1868 ]
1045 1462 ! ,‘,
513 6138 | .0 —
478
Ty, 1900 T 1954
951 1543 i
724 1122 - He
615 526 a
358 A e ¢)
L —
G, 2006 G. 2004 o = o
1813 1845 Ha
1327 1086 -
657 876 . "o
593 663
433 360 |
o 0.0 L=
H, 2068 H, 2086
1910 1797 Fig. 3. Spectrum of the possibly dipole and Raman active modes
1575 1464 of Buckyball. The spring constants are p=h=7.6 X 10° dyn/cm
1292 849 and m=n=0.7x 10° dyn/cm. The scale is in units of 1185 cm~".
828 569 Lines a-d correlate with eigenmodes in fig. 4.
526 470
413 405
274
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THE UNIVERSITY OF ARIZONA
TUCSON, ARIZONA 85721 USA

COLLEGE OF ARTS AND SCIENCES

FACULTY OF SCIENCE
DEPARTMENT OF PHYSICS
BUILDING #81

(602) 621-6820

May 23, 1990

Dr. William G. Harter

Dept. of Physics

The University of Arkansas
Fayetteville, Arkansas 72701

Dear Bill,

Here is a copy of the first paper on Cg4p swhich has just
been accepted for publication in Chem. Phys. Letters.

We have had much fun with your program. It is delightful.

Things are moving very fast in the Buckyball arena. We now
think we can concentrate the material and produce it in sufficient
quantity for many experiments.

Thanks again for +the discussions we have had and for your

program.
Sincerely,
Donald R. Huffman
Professor of physics
DRH
Incl.,
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a tunable laser and discov-
ered that molecular rotation
resembles just what its name
implies the rotation of 2
planet on its axis. As n’.ole

cules spin around their cen

ter of gravity, they wobble in a conical pattern or’ “pre
cess” as they rotate around a multitude of axes. r\ls ‘
molecules execute a gorcra']" slower“tunneling” or

tumbling motion that would be fc 'Ib dden in a world

Ph\alust W tllmm Harter has come up utth innovative teaching solutions to help reduce
the ‘physics anxiety’ of students faced with galloping light waves, quantum mec hanics,

and the paradoxes of the physical universe. (Photo by Marc Francoeur)

Former Georgia Tech physics professor Dr. William
Harter proposed a molecular rotational dynamics theory
he used to make the first predictions on the rotational-
vibrational spectra of the soccer ball-shaped molecule
Buckminsterfullerene (C60), nicknamed “buckyball.”

spectra of the soccer ball-
shaped molecule
Buckminsterfullerene (C60),
nicknamed “buckyball.”

This structure had been
proposed in 1985 by a group
of Rice University researchers,

spectra peak of atomic mass 720. Subsequently,
researchers from the University of Arizona and the
Max Planck Institute used Harter and Weeks' findings
and their Macintosh software program to further ana-
lyze C60.

In 1989, those researchers realized from Harter

s, who had seen a mass-

and Weeks'vibrational spectral predictions that they

had been making C60 since the early 1970s. Other
experts were skeptical, but IBM labs at San Jose, Calif.

verified the University of Arizona’s results in 1990. Just

two years later, Scierice named Coe0“Molecule of the

! Year,” and the Rice Uni \e‘mh—led research team

received a Nobel Prize in chemistry in 1996 for its
work with the molecule.

Har:er is now a professor of physics at the
University of Arkansas, where he studies optimal
control theory for quantum systems. In 1995, he was
elected a fellow of the American Physical Society.
Weeks is a professor at the U.S. Air Force Postgraciiz:=
School near Wright Patterson AFB in Dayton, 0

B For more information, contact Dr. William Haris- =:
wharter@comp.uark.edu.
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Two (or Three) forms of Carbon on one license plate!
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