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NNOOTT!!
“...transitions between...species (A1,..E,..T2..)

...are vveerryy ssttrriiccttllyy ffoorrbbiiddddeenn...”

...for diatomic molecules...I p. 150

...for D2 asymmetric tops...II p.468

...for Dn symmetric tops...II p.415

...for O-Td spherical tops...II p.441-453

...during transitions involving...
...rotational states,...III p.246
...vibrational states,... ′′ ′′
... electronic states,... ′′ ′′
... collisional states... ′′ ′′

NNoo WWaayy!! versus WWAAYY!!
Conversion, perversion

or transition?

SSttrriiccttllyy versus

[review of C2H4 study:
Sun, Takagi, Matsushima,
Science 310, 1938(2005)]

Conservation and
preservation?

CONSERVATION OF ROVIBRONIC SPECIES - Two Views:
OOlldd versus NNeeww ((11997788-- pprreesseenntt))
(1939, 1945, and 1966)



NNOOTT!!
“...transitions between...species (A1,..E,..T2..)

...are vveerryy ssttrriiccttllyy ffoorrbbiiddddeenn...”

...for diatomic molecules...I p. 150

...for D2 asymmetric tops...II p.468

...for Dn symmetric tops...II p.415

...for O-Td spherical tops...II p.441-453

...during transitions involving...

CONSERVATION OF ROVIBRONIC SPECIES - Two Views:
OOlldd versus NNeeww ((11997788-- pprreesseenntt))
(1939, 1945, and 1966)

...rotational states,...III p.246

...vibrational states,... ′′ ′′

... electronic states,... ′′ ′′

... collisional states... ′′ ′′

NNoo WWaayy!! versus WWAAYY!!
Conversion, perversion

or transition?

SSttrriiccttllyy versus

[review of C2H4 study:
Sun, Takagi, Matsushima,
Science 310, 1938(2005)]

Widespread and extreme mixing of species
reported in CF4, SiF4 and SF6 :

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

Conservation and
preservation?

perversion

To preserve vs. To pervert

To conserve vs. To convert



HOW CCOONNSSEERRVVEEDD IS ROVIBRONIC-SPIN SYMMETRY?
WWhhaatt pprreesseerrvveess iitt?? versus WWhhaatt mmeesssseess iitt uupp??

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

...because nuclear moments...

...are so very slight...”

perturbation ~ | (A1g
3|spin-rovib.|E2g

5) |2

A1g
3 E2g

5E - E

...too darn big (like10MHz)...

A1g
3

E2g
5

A2u
1

NNoo WWaayy!!



HOW CCOONNSSEERRVVEEDD IS ROVIBRONIC-SPIN SYMMETRY?
WWhhaatt pprreesseerrvveess iitt?? versus WWhhaatt mmiixxeess iitt uupp??

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

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

perturbation ~ | (A1g
3|spin-rovib.|E2g

5) |2

A1g
3 E2g

5E - E

...too darn big (like10MHz)...

A1g
3

E2g
5

A2u
1

NNoo WWaayy!! WWAAYY!!
...because levels of different species
are forced together by angular wave
localization or “level-clustering” or
(rarely) by “accidental” degeneracy.

“Accidental” degeneracy
Lea, Leask & Wolf JPCSol.23,1381(1962)

Level-clustering
Dorney and Watson JMS 42,135(1972)
Harter and Patterson PRL38,224(1977)

JCP 66,4872(1977)
RE Surface precession vs. tunneling
Harter and Patterson JMP 20,1453(1979)

JCP 80,4241(1984)
RE Superhyperfine transitions
Hyperfine effects may rule! A1 T1 E T2 A2 get seriously mixed up.

Harter,Patterson,and daPaixao, Rev.Mod.Phys. 50, 37(1978)
Harter and Patterson, Phys. Rev. A19,2277(1979) (CF4)
Harter, Phys. Rev. A24,192-262(1981) (SF6)

A1
T1E

...exponentially
tiny!

(like 10-50Hz) A1

T1

E

oorr ppeerrvveerrtteedd??

^̂



Symmetry-level-cluster effects in SF6 , SiF4 , CH4 , CF4 )
Graphical approach to rotation-vibration-spin Hamiltonian
<H> ~ νvib+BJ(J+1)+<HScalar Coriolis>+<HTensor Centrifugal>+<HNuclear Spin>+<HTensor Coriolis>+...

to help understand complex rotational spectra and dynamics.
OUTLINE

Introductory review

• Rovibronic nomograms and PQR structure ν3 and ν4 SF6

• Rotational Energy Surfaces (RES) and θJ-cones ν4 P(88) SF6

• Spin symmetry correlation tunneling and entanglement SF6

Recent developments

• Analogy between PE surface and RES dynamics
• Rotational Energy Eigenvalue Surfaces (REES) ν3 SF6

ν3/2ν4 See RJ06 & RI09
Mitchell
& Boudon

K

Example(s)
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J=1

J=2

J=3

J=0

N=0
=J

N=1
=J

N=2
=J

N=1
N=2
N=1
N=0

N=1

N=2

N=3

N=2

N=3

N=4

HScalar Coriolis = -Bζ 2JTotal•lvibe

= -Bζ[ J2-(J2-l)2+l2]
= -Bζ[ J2 - N2 +l2]

= -Bζ[ J(J+1)-N(N+1)+l(l+1)]

<H> ~ νvib+BJ(J+1)+<HScalar Coriolis>+<HTensor Centrifugal>+<HTensor Coriolis>+<HNuclear Spin>+...

ζ=0

N+1 for : J=N+1
<H> ~ νvib+BN(N+1)+2B(1-ζ) · 0 for : J=N

N for : J=N-1

ν4 SF6
ζ4=-0.22

ν4 SF6
mostly goes
left handed

Rotation-polarized
|x> + i|y>

mode



J=1

J=2

J=3

J=0

N=0
=J

N=1
=J

N=2
=J

N=1
N=2
N=1
N=0

N=1

N=2

N=3

N=2

N=3

N=4

HScalar Coriolis = -Bζ 2JTotal•lvibe

= -Bζ[ J2-(J2-l)2+l2]
= -Bζ[ J2 - N2 +l2]

= -Bζ[ J(J+1)-N(N+1)+l(l+1)]

<H> ~ νvib+BJ(J+1)+<HScalar Coriolis>+<HTensor Centrifugal>+<HTensor Coriolis>+<HNuclear Spin>+...

ζ=0

N+1 for : J=N+1
<H> ~ νvib+BN(N+1)+2B(1-ζ) · 0 for : J=N

N for : J=N-1

ν4 SF6
ζ4=-0.22

ν3 SF6
ζ3=0.69

ν3 SF6
mostly goes
right handed

ν4 SF6
mostly goes
left handed

~10µm

~16µm



J=1

J=2

J=3

J=0N=1

N=2

N=3

N=0
N=0

=J
N=1

=J
N=2

=J

N=1
N=2
N=1
N=0

N=1

N=2

N=3

N=2

N=3

N=4

HScalar Coriolis = -Bζ 2JTotal•lvibe

= -Bζ[ J2-(J2-l)2+l2]
= -Bζ[ J2 - N2 +l2]

= -Bζ[ J(J+1)-N(N+1)+l(l+1)]

<H> ~ νvib+BJ(J+1)+<HScalar Coriolis>+<HTensor Centrifugal>+<HTensor Coriolis>+<HNuclear Spin>+...

ζ=0ζ=1

N+1 for : J=N+1
<H> ~ νvib+BN(N+1)+2B(1-ζ) · 0 for : J=N

N for : J=N-1

P(1)

Q(1)

R(1)

R(0)

P(2)

Q(2)

R(2)

ν4 SF6
mostly goes
left handed

ν4 SF6
ζ4=-0.22

~16µm



J=1

J=2

J=3

J=0

N=0 N=1 N=2

<H> ~ νvib+BJ(J+1)+<HScalar Coriolis>+<HTensor Centrifugal>+<HTensor Coriolis>+<HNuclear Spin>+...

ν4 SF6

ζ4=-0.22

Summary of
low-J (PQR)
ro-vibe structure
(Using rovib. nomogram)



Graphical approach to rotation-vibration-spin Hamiltonian

<H> ~ νvib+BJ(J+1)+<HScalar Coriolis>+<HTensor Centrifugal>+<HNuclear Spin>+<HTensor Coriolis>+...

OUTLINE
Introductory review

• Rovibronic nomograms and PQR structure ν3 and ν4 SF6

• Rotational Energy Surfaces (RES) and θJ-cones ν4 P(88) SF6

• Spin symmetry correlation tunneling and entanglement SF6

Recent developments

• Analogy between PE surface and RES dynamics
• Rotational Energy Eigenvalue Surfaces (REES) ν3 SF6

K

Example(s)



<H> ~ νvib+BJ(J+1)+<HScalar Coriolis>+<HTensor Centrifugal>+<HTensor Coriolis>+<HNuclear Spin>+...

JJ ==8888

KK44 ==88
==87
==87
eettcc..

eettcc..
==8866
==8877

KK33 ==8888

(next page shows slice)

(JJ,K) cones intersect JJ ==8888
RE surface at angle θ

Oh or Td Spherical Top: (Hecht CH4 Hamiltonian 1960)

H = B Jx
2 + J y

2 + J z
2( ) + t440 J x

4 + J y
4 + Jz

4 −
3
5

J 4





+L

= BJ2 + t440 T0
4 +

5
14

T4
4 + T−4

4













 +L

J=N
=88

vibration
ground-
state
rotation
levels

RE Surface
topo-lines track

precessing
semi-classical

JJ vector

θ =6.08°8888
88

θ =10.5°8888
87

θ =13.6°8888
86

θ = acos[K/√J(J+1)]K

K

K4=88
87

86

J(J +1)



JJ ==8888

KK44==8888
==8877
==8866

eettcc..

precessing
JJ vector

SF6 Spectra of Oh Ro-vibronic Hamiltonian described by RE Tensor Topography

H = B Jx
2 + J y

2 + J z
2( ) + t440 J x

4 + J y
4 + Jz

4 −
3
5

J 4





+L

= BJ2 + t440 T0
4 +

5
14

T4
4 + T−4

4













 +L

and J-cone intersection

K √J(J+1)~J+

Θ = arc cos( )
√J(J+1)

KJ
m

1
2

Rovibronic Energy (RE)
Tensor Surface



T1u T1uT2gEuT2g T1uT1gEu

Borde’, et. al
PRL 45,14 (1980)

Borde’, et. al
PRL 45,14 (1980)



Graphical approach to rotation-vibration-spin Hamiltonian
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OUTLINE
Introductory review

• Rovibronic nomograms and PQR structure ν3 and ν4 SF6

• Rotational Energy Surfaces (RES) and θJ-cones ν4 P(88) SF6

• Spin symmetry correlation tunneling and entanglement SF6
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more
species mixing

less
mixing more

Primary AET species mixing
increases with distance from
“separatrix”

88 87 86 85 84 83 82 81 80 79 78 77 76 75 74 73 72 71

81

88 87 86 85 84 83 82 81 80 79 78 77 76 75 74 73 72

88878685848382 88878685848382

pure A1 T1 E T2 A2 speciesspecies more mixed
mixed

Internal 3-fold axial quanta
label C3-CLUSTERSC3-CLUSTERS

......==KK44

KK33 ==......

(0)4 (1)4 (2)4 (3)4=(-1)4
A1 1 • • •

A2 • • 1 •

E. 1 • 1 •
T1 1 1 • 1

T2 • 1 1 1

Cubic
Octahedral
symmetry

O

4-fold (100)-clusters C4 symmetry

3 modulo 4
equals

-1 modulo 4
(and

83 mod 4)

83=84-1

(0)3 (1)3 (2)3=(-1)3
A1 1 • •

A2 1 • •

E. • 1 1

T1 1 1 1

T2 1 1 1

3-fold (111)
C3 symmetry

clusters

(2 modulo 3
equals

-1 modulo 3 and
86 mod 3)

86=88-1
4-fold (1oo)
C4 symmetry

clusters



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

boils down to :
OUTSIDE versus INSIDE

OUTSIDE or LAB
Symmetry reduction

results in
Level or Spectral

SPLITTING
External B-field

does Zeeman splitting

INSIDE or BODY
Symmetry reduction

results in
Level or Spectral
UN-SPLITTING
(“clustering”)

Example:
Cubic-Octahedral O

reduced to
Tetragonal C4

C4 0044 1144 2244 3344
A1 1 . . .
A2 . . 1 .
E. 1. . 1 .
T1 1 1 . 1
T2 . 1 1 1

T1
E. A1

T1E.

0044
0044 2244 00441144 3344

T1 T2

3344

Stronger C4

“Spontaneous” Symmetry Breaking“Coerced” Symmetry Breaking

Up

Down

East
West North

South

s

s

|U>|D>|E>|W>|N>|S>
H 0 s s s s
0 H s s s s
s s H 0 s s
s s 0 H s s
s s s s H 0
s s s s 0 H

H+0+4sH+0H+0 -2s

lower |s|
(higher
kinetic
barriers)

Internal J gets “stuck” on RES axes
Must “tunnel” axis-to-axis at rate s

tunneling matrix eigenvalues

higher |B|



. . . 1 1 1 .

1 1 1 . . . 1

1 . . 1 . . .

. . . . . . 1

I=0

I=1

I=2

I=3

Spin-Permutation to Octahedral Correlations S6 ⊃ Oh

8 3 3 6 1 1 10

C4 0044 1144 2244 3344
A1 1 . . .
A2 . . 1 .
E. 1 . 1 .

T1 1 1 . 1
T2 . 1 1 1

A1T1E. T1 T2
Greatly simplified
sketches of ultra
high resolution IR
SF6 spectroscopy of
Christian Borde´,
C. Saloman, and
Oliver Pfister
who did SiF4, too.

T2gT1g T1uEu A2uA1g A1u

If rotation is not too stuck on C4 axis
all six nuclei are equivalent

With rotation stuck on C4 axis
polar nuclei are “lleefftt oouutt iinn tthhee ccoolldd“

If ppoollaarr nnuucclleeii have a greater B-field If eeqquuaattoorriiaall nnuucclleeii hhaavvee aa ggrreeaatteerr BB--ffiieelldd

““BBrrrrrr--rrrr iitt’’ss
ccoolldd!!””

““WWee ‘‘rree
HHOOTT!!””

How F-nuclei become
distinguished

(but not distinguishable)
in SF6.

Species Spin Weights

6 6268

DISentanglement!



more
species mixing

Primary AET species mixing
increases with distance from
“separatrix”

88 87 86 85 84 83 82 81 80 79 78 77 76 75 74 73 72 71

81

88 87 86 85 84 83 82 81 80 79 78 77 76 75 74 73 72

88878685848382 88878685848382

CASE 24 Extreme mixing
in tight C4-CLUSTERS

CASE 23

Major mixing
in lowest two

less
mixing more

......==KK44

KK33 ==......

C4-CLUSTERS

C3-CLUSTERSC3-CLUSTERS



Without nuclear spin: Forget all this stuff!

Goodbye clusters! (Goodbye Columbus)



Graphical approach to rotation-vibration-spin Hamiltonian

<H> ~ νvib+BJ(J+1)+<HScalar Coriolis>+<HTensor Centrifugal>+<HNuclear Spin>+<HTensor Coriolis>+...

OUTLINE
Introductory review

• Rovibronic nomograms and PQR structure ν3 and ν4 SF6

• Rotational Energy Surfaces (RES) and θJ-cones ν4 P(88) SF6

• Spin symmetry correlation tunneling and entanglement SF6

Recent developments

• Analogy between PE surface and RES dynamics
• Rotational Energy Eigenvalue Surfaces (REES) ν3 SF6

K

Example(s)



Potenial Energy Surface (PES) Dynamics
Inter-PES electronic transitions

Vibrational Franck-Condon effects
•Frequency mismatch of PES

•Shape or position mismatch of PES

Rotation Energy Surface (RES) Dynamics
Inter-PES electronic transitions

Rotational “Franck-Condon” effects
•Frequency mismatch of RES

•Shape or position mismatch of RES

Analogy
between

Vibronic and Rovibronic

Duschinsky
rotation or
translation



Non-Born-Oppenheimer Surfaces
Strong vibration-electronic mixing

Jahn-Teller-Renner effects
•Multiple and variable conformer minima

Rotation Energy Eigen-Surfaces (REES)
Inter-PES electronic transitions

Rotational JTR effects
•Multiple and variable J-axes

Analogy
between

Vibronic and Rovibronic

Outer
RE
eigen-
surface

Inner
RE
eigen-
surface

Avoided
crossings
Avoided
crossings

Example for 2-state
vibronic-rotor coupling



Recall scalar Coriolis
PQR plots vs. Bζ
Here is a J=60 piece of it:

N=59=J-1

J=60
N=60=J

N=61=J+1

Now consider this plot
with tensor Coriolis, too.
(Just 4th-rank [2x2]4 tensor here.
See next talk RJ06 and a 4PM talk
by Mitchell et. al. and Boudon et. al. who will
pull much higher rank!)

RI09

WGH,
Patterson,
Galbraith
JCP 69, 4906
(1978)

Bζ=0 +0.5−0.5



How to display such monstrous avoided cluster crossings:
REES: Rotational Energy Eigenvalue Surfaces

Vibration (or vibronic) momentum l retains
its quantum representaion(s).

For l=1 that is the usual 3-by-3 matrices.

Rotational momentum J is treated semi-classically. |J|=√J(J+1)
Usually J is written in Euler coordinates: Jx=|J|cosγ sinβ, etc.

Plot resulting H-matrix eigenvalues vs. classical variables.
( l=1) 3-by-3 H-matrix e-values are polar plotted vs. azimuth γ and polar β.



<H>=(ν3+B|J|2) +2Bζ|J|

+2t224|J|2

1 0 0
0 1 0
0 0 1

cosβ e-iγ sinβ 0
eiγsinβ 0 e-iγsinβ
0 eiγsinβ -cosβ

1
√21

√2
1

√21
√2

3cos2β-1 -√8e-iγ sinβcosβ sin2β(6cos2γ+i4sin2γ)
-√8eiγ sinβcosβ 0 -6cos2β+2 √8e-iγ sinβcosβ

sin2β(6cos2γ-i4sin2γ) √8eiγ sinβcosβ 3cos2β-1

|Π+> |Σ+> |Π->

<H>=(ν3+B|J|2) +2Bζ|J|

+2t224|J|2

1 0 0
0 1 0
0 0 1

HPP HPQ HPR
HPQ HQQ HQR
HRP HQR HRR

|P>|Q>|R>
+1 0 0
0 0 0
0 0 -1

HPP=(35cos4β-30cos2β+5sin2βsin4γ+5)/4=HRR

HPQ=5sinβ(7cos2β-3cosβ-sin2β(cosβcos4γ+isin4γ))/√8=HQR
HPQ=5(-7cos4β+8cos2β+(1-cos4β)cos4γ+2icosβsin2βsin4γ-1)/4

*
* *

Body-ΣΠ±-Basis

Lab-PQR-Basis
(Either basis should give same REES)

Bζ=0.0 Bζ=1.5Bζ=0.8



Bζ=0.0

Bζ=1.5
Bζ=0.8

C3 level
clusters
C3 level
clusters

C2 level
clusters

C4 level
clusters
C4 level
clusters

C1 level
clusters
(not seen
here. )

C2 level
clusters

A
1

T
1

T
2E

A
2

T
1

E
T

2

T
2

T
1

01





REES for ν3 with no scalar Coriolis (Bζ3 = 0)
Lowest ν3
REES

Middle ν3
REES

Highestν3
REES



Summary
• Spin symmetry, orientation, rotation, and permuation
are underlying properties that molecules have before
any excitation begins. Ignore them and you may miss
some cool stuff!

• Graphical techniques help to expose symmetry
properties. We discussed

rovibronic nomograms
rotational energy surfaces (RES)
rotation energy eigenvalue surfaces (REES)
effects that entangle and disentangle spin states

•REES effects have useful analogy with vibronic effects.

•Spin symmetry species are are quite mutable.
Perhaps, they may be
optically controlled.



more
species mixing

Primary AET species mixing
increases with distance from
“separatrix”

88 87 86 85 84 83 82 81 80 79 78 77 76 75 74 73 72 71

81

88 87 86 85 84 83 82 81 80 79 78 77 76 75 74 73 72

88878685848382 88878685848382

CASE 1 Unmixed
primary A1 T1 E T2 A2 species
(Whole 6-box tableaus)

CASE 24

Broken 4 + 2 tableau state description
CASE 23

Broken 3 + 3 Tableaus

less
mixing more

......==KK44

KK33==......

Spin-rovib ENTANGLEMENT symmetry
might be controllable!



A1
T1

10-6cm-1
K(111)=30

(0)3

3 MHz

T2

A2

T1
10-5cm-1

K(111)=29

(1)3

T2

E

T1
10-5cm-1 K(100)=25

(1)4

T2

5·10-6cm-1 K(100)=26

(2)4

T2
A2

E
T1

5·10-7cm-1 K(100)=27

(3)4

T2

9·10-8cm-1
K(100)=28

(0)4
T1

A1

E

T1
4·10-8cm-1 K(100)=29

(1)4

T2

2·10-10cm-1 T2
A2

E K(100)=30

(2)4

(0)4 (1)4 (2)4 (3)4
A1 1 • • •

A2 • • 1 •

E2 1 • 1 •

T1 1 1 • 1

T2 • 1 1 1

4-fold (100)-clusters
C4 symmetry

Cubic
Octahedral
symmetry

O

(0)2 (1)2
A1 1 •

A2 • 1

E2 1 1

T1 1 2

T2 2 1

2-fold (110)-clusters
C2 symmetry

(0)3 (1)3 (2)3
A1 1 • •

A2 1 • •

E2 • 1 1

T1 1 1 1

T2 1 1 1

3-fold (111)-clusters
C3 symmetry

(0)1

A1 1

A2 1

E2 2

T1 3

T2 3

C1

Eigenvalues of H=BJ2+cosφT[4]+sinφT[6] vs. mix angle φ: 0<φ<π

A1T1E T2

(not
present)

no-symmetry
clusters



A1
T1

10-6cm-1
K(111)=30

(0)3

3 MHz

T2

A2

T1
10-5cm-1

K(111)=29

(1)3

T2

E

T1
10-5cm-1 K(100)=25

(1)4

T2

5·10-6cm-1 K(100)=26

(2)4

T2
A2

E
T1

5·10-7cm-1 K(100)=27

(3)4

T2

9·10-8cm-1
K(100)=28

(0)4
T1

A1

E

T1
4·10-8cm-1 K(100)=29

(1)4

T2

2·10-10cm-1 T2
A2

E K(100)=30

(2)4

4-fold (100)-clusters
C4 symmetry

2-fold (110)-clusters
C2 symmetry

3-fold (111)-clusters
C3 symmetry

Eigenvalues of H=BJ2+cosφT[4]+sinφT[6] vs. mix angle φ: 0<φ<π

A1T1E T2

φ=0.423
(24.2°)

φ=0
φ=π/2 φ=2.065

(118.3°) φ=π
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