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Review: Asymmetric rotor levels
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Review: Asymmetric rotor levels of H=4d,’+BJ,’+CJ.# and RES plots
* D>DC> symmetry correlation



Examples of GroupD>Sub-group correlation
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Review: Spherical rotor levels and RES plots
Spectral fine structure of SFs, SiF4, CsHs, ...

R(3)DO0 symmetry correlation
ODCyand ODCs symmetry correlation
Some more examples of J=30 levels (including TlysT4 effects)



Review: Spherical rotor levels
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Review: Spherical rotor levels and spectra
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VISUALIZING THE J=30
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Previous page: OQTforCA Unit 8. Ch. 25 Fig. 25.4.9

Fig. 25.4.9 Infrared spectra showing fine structure clusters. Tetrafluorosilane (SiFy) spectrum from a v3 R(30) transition .

[After C. W. Patterson, R. S. McDowell, N. G. Nereson, B. J. Krohn, J. S. Wells, and F. R. Peterson, J. Mol. Spectrosc. 91, 416 (1982).
[ Cubane (CsHs) spectrum from vi; P(30), P(31), and P(32), transitions, cubane (CsHg) spectrum from v;> R(36), transition.

[After A. S. Pine, A. G. Maki, A. G. Robiette, B. J. Krohn, J. K. G. Watson, and Th Urbanek, J. Am. Chem. Soc., 106, 891 (1984).]
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Fig. 25.4.7 Different choices of rotation axes for octahedral rotor corresponding to local symmetry Cs, Ca, and C4. Tables correlate global octahedral symmetry species with the local ones.

OTforCA Unit 8. Ch. 25 Fig. 25.4.7



Review: Spherical rotor levels and RES plots
Spectral fine structure of SFs, SiF4, CsHs, ...

* R(3)DO0 symmetry correlation
ODCyand ODCs symmetry correlation

Some more examples of J=30 levels (including TlysT4 effects)
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R(S)CO(S):)O}ZDO character analySiS (From Principles of Symmetry Dynamics & Spectroscopy Ch.5 p.384)
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R(3)CO(3)DO}ZDO character analySiS (From Principles of Symmetry Dynamics & SpecthCOpy Ch.5 p.390)
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Review: Spherical rotor levels and RES plots
Spectral fine structure of SFs, SiF4, CsHs, ...

R(3)DO0 symmetry correlation
ODCyand ODCs symmetry correlation
Some more examples of J=30 levels (including TlysT4 effects)



Octahedral OD Cs subgroup correlations

From p.6-7 of Lecture 20
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Octahedral Oy>0DD D Cy subgroup correlations From p.6-7 of Lecture 20
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R(j’)CO(S)DOhDO character Cll’lalySiS (From Principles of Symmetry Dynamics & Spectroscopy Ch.5 p.403)

ROTATIONAL LEVEL SPLITTING IN FINITE SYMMETRY 403

(A1 T1 E)o, (T>2T1)3, (E T2 A2)2, (T2 T1)14...(A2T> T1 A)os (T1 E T2) 15 (T1 E T3)2s ...

Bands or “Clusters”
of levels maintain order
but change spacing as
they adapt to varying
local symmetries by
crossing separatrices

in their phase space
(see p. 73-77)

Figure 5.6.9 Mnemonic wheels for octahedral-O orbital. Splitting of J levels for (a)
even J and (b) odd J.



R(j’)CO(S)DOhDO character Cll’lalySiS (From Principles of Symmetry Dynamics & Spectroscopy Ch.5 p.403)

ROTATIONAL LEVEL SPLITTING IN FINITE SYMMETRY 403

(A1 T1 E)o, (T>2T1)3, (E T2 A2)2, (T2 T1)14...(A2T> T1 A)os (T1 E T2) 15 (T1 E T3)2s ...

Bands or “Clusters”
of levels maintain order
but change spacing as
they adapt to varying
local symmetries by
crossing separatrices

in their phase space
(see p. 73-77)

Figure 5.6.9 Mnemonic wheels for octahedral-O orbital. Splitting of J levels for (a)
Des wheel even J and (b) odd J.
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(see p. 68-72 of Lect. 18
where “band’ and “gap”
spacing varies with energy)




D¢ Band structure D.DC.(h)|0, 1. 2 3
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kl = 005Nin
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Review: Spherical rotor levels and RES plots
Spectral fine structure of SFs, SiF4, CsHs,...

ODCyand ODC3 symmetry correlation
* Some more examples of J=30 levels (including Tl6lvsT4 effects)
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Review. Spherical rotor levels and spectra
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J=30 multiplet variation due to adding T!°! to TI4]
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Details oi P(88) v4 SFs and P(54) vy CF4 spectral structure and implications

Outline of rovibronic Hamiltonian theory

Coriolis scalar interaction
Rovibronic nomograms and POR structure
Rovibronic energy surfaces (RES) and cone geometry
Spin symmetry correlation, tunneling, and entanglement

Hyperfine vs. superfine structure (Case 1. vs Case 2.)

Spin-0 nuclei give Bose Exclusion

The spin-symmetry species mixing problem

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



Symmetry-level-cluster effects in SF, Sit",, CH,, CF,

Graphical approach to rotation-vibration-spin Hamiltonian

<H> ~ VVib+B J( J+] )_|_<HScalar Coriolis>|_|_<HT ensor Centrifugal >\_|_<HNuclear Spin>_|_<HT ensor Coriolis~ +

to help understand complex rotational spectra and dynamics.

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

—» Rotational Energy Surfaces (RES) and Ol‘é-cones v, P(88) SF,
—e Spin symmetry correlation tunneling and entanglement s,

Recent developments

 * Analogy between PE surface and RES dynamics
* Rotational Energy Eigenvalue Surfaces (REES) v, SF,

v3/2v 4



Details of P(88) v4 SFs and P(54) v4 CF4 spectral structure and implications
Outline of rovibronic Hamiltonian theory
* Coriolis scalar interaction
Rovibronic nomograms and POR structure
Rovibronic energy surfaces (RES) and cone geometry
Spin symmetry correlation, tunneling, and entanglement
Hyperfine vs. superfine structure (Case 1. vs Case 2.)
Spin-0 nuclei give Bose Exclusion
The spin-symmetry species mixing problem
Analogy between PE surface dynamics and RES
Rotational Energy Eigenvalue Surfaces (REES)



Graphical approach to rotation-vibration-spin Hamiltonian

]
—_ Scalar Coriolis Tensor Centrifugal Nuclear Spin Tensor Coriolis
<H= "vih+BJfg+ 1)+<H =+<H gidli=+<H Pii=—=+<H >+,

OUTLINE
Introductory review

-0 Rovibronic nomograms and PQOR structure v3 and v, SF,

Example(s)

K

Gyro-rotor & Born-Oppenheimer theory starts on p. 19 of Lecture 28



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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Details of P(88) v4 SFs and P(54) v4 CF4 spectral structure and implications
Outline of rovibronic Hamiltonian theory
Coriolis scalar interaction
*Rovibmnic nomograms and POR structure

Rovibronic energy surfaces (RES) and cone geometry
Spin symmetry correlation, tunneling, and entanglement

Hyperfine vs. superfine structure (Case 1. vs Case 2.)

Spin-0 nuclei give Bose Exclusion

The spin-symmetry species mixing problem

Analogy between PE surface dynamics and RES
Rotational Energy Eigenvalue Surfaces (REES)
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Spin symmetry correlation, tunneling, and entanglement
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Spin-0 nuclei give Bose Exclusion

The spin-symmetry species mixing problem

Analogy between PE surface dynamics and RES
Rotational Energy Eigenvalue Surfaces (REES)
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Details of P(88) v4 SFs and P(54) v4 CF4 spectral structure and implications
Outline of rovibronic Hamiltonian theory
Coriolis scalar interaction
Rovibronic nomograms and POR structure
Rovibronic energy surfaces (RES) and cone geometry
*Spin symmetry correlation, tunneling, and entanglement
Hyperfine vs. superfine structure (Case 1. vs Case 2.)
Spin-0 nuclei give Bose Exclusion
The spin-symmetry species mixing problem

Analogy between PE surface dynamics and RES
Rotational Energy Eigenvalue Surfaces (REES)
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IR Spectra of SF6 v4 P(88)
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(a) SF 4 Rotational Structure FT IR ond Laser Diode Specira

K.C. Kim,W. B. Person, D. Seitz, and B.J. Krobhn
J.Mol. Spectrosc. 76, 322(1979).
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With rotation 8 3 3 6 1 10
all six g nuclei are equivalent Species Spin Weights
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e

8_ MMy L 6 I 6 T MA L 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.)

E t l t/ Spin-Permutation to Octahedral Correlations 5, - 0,
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entangled EZ A % L1 1 1
total-spin-I-symmetry O, species ! | ' ML 1=t
" Ty || 1 I E] L. 1

Spin-rotor Sn-tableau super-hyperfine theory: see p. 11 of Lecture 29
(Sn-tableaus on p. 37)
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Details of P(88) v4 SFs and P(88) v4 CF4 spectral structure and implications

Outline of rovibronic Hamiltonian theory

Coriolis scalar interaction
Rovibronic nomograms and POR structure
Rovibronic energy surfaces (RES) and cone geometry
Spin symmetry correlation, tunneling, and entanglement

Hyperfine vs. superfine structure (Case 1. vs Case 2.)

*Spin-O nuclei give Bose Exclusion
The spin-symmetry species mixing problem

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




Details of P(88) v4 SFs and P(88) v4 CF4 spectral structure and implications

Outline of rovibronic Hamiltonian theory

Coriolis scalar interaction
Rovibronic nomograms and POR structure
Rovibronic energy surfaces (RES) and cone geometry
Spin symmetry correlation, tunneling, and entanglement

Hyperfine vs. superfine structure (Case 1. vs Case 2.)

Spin-0 nuclei give Bose Exclusion

The spin-symmetry species mixing problem

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



CONSERVATION OF ROVIBRONIC SPECIES - Two Views:

Old versus New (1978- present)
(JI 93, ﬂﬂﬂiﬁj[’jﬁ) cuemnw—w.umf*nﬂw SCENCE VOL310 23 DECEMBER 2005

Nuclear Spin Conversion
in Molecules

Jon T. Hougen and Takeshi Oka

olecules with identical nuclei hav-  as initially shown by Bonhoeffer and
M Ing nongzero spin can exist indiffer-  Harteck in 1929 (7). Once prepared, a para-

ent states called nuclear spin modi-  H, sample can be preserved for moe*
fications by most researchers and nuclear A i =

...I.‘.".ji'-l.'L.Lii: ! spin isomers by some, Once ared in » } -
T B [review of C,H , study:
“..ransitions between...species (A;. . E..T,..) Sun, Takagi, Matsushima,
- - = . Vol 120 ¥ 3872 Y
...are very strictly forbidden. .. Stnctly( Versus >/Vt9ﬂ Science 310, 1938(2005)/

..Jor diatomic molecules...Ip. 150

Conservation and

..jor D, asymmetric tops.. 1 p.468 preserm:ffm? To conserve vs. To convert
..for D, symmetric tops..1I p.415 To preserve vs. To pervert
---ﬂ’.lf‘l O-T /spherical tops.. 1l p.441-453 No Way!( p— >MF
o EEEESSESESE. )\ c/sion, perversibn
..during transitions involving... B Onversion, perver:
..rotational states,...Ill p.246 EEs& or [ransition:
..vibrational states,... " ' E perversion

Widespread and extreme mixing,of species
reported in CF4, SiFy and SFg :

Ch. Borde, Phys. Rev. A20,254(1978)(expt.)
Harter, Phys. Rev. A24,192 (1951 )(theory)

.. electronic states, ...

.. collisional states...

L T S



HOW CONSERVED IS ROVIBRONIC-SPIN SYMMETRY?

g1 What preserves it? versus What messes it up?
21 No Way!

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

S too darn small (~kHz)...

pertm:bﬂﬁqn ~ | (4, 3|Spm-mwb |E ’) |?

= \,
— N E E
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= N
= \...too darn big (likelOMHz)...
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or perverted?

HOW CONSERVED, IS ROVIBRONIC-SPIN SYMMETRY?

! What preserves it? versus What mixes it up?
No Way! HWAY!

“ . because nuclear moments...
..are sovery slight...

2

..because levels of different species
are forced together by angular wave
100 d*”” "md” (~kHz)... localization or “level-clustering” or

—5_%’ = \ ’ (rarely) by “accidental” degeneracy.
perru@ﬂﬁgﬂ ~| (4, ; |spin- rﬂwb IE,, °) |?

“Accidental’ degeneracy
E +-E - ceidental” degene
N\

E Lea, Leask & Wolf JPCSol.23,138F1962)
lg + 2o

\_, ..too darn big (likel0MHz)...

!'|I|I'|
SV

fi fi
]
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YR
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f
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Level-clustering
Dorney and Watson JMS 42,135(1972)

AL
lul IdlLl V Lll

= /
= / exponentially E  Harter and Patterson PRL38,224(1977)
= / . { T, JCP 66,4872(1977)
= f-f ” H:: 5077, A RE Surface precession vs. tunneling
= / (Hie 4 Harter and Patterson JMP 20,1453(1979)
= |/ 1 ,. - JCP 80,4241(1984)
= / RE Superhyvperfine transitions

3 = f,r-"f Hyperfine effects may rule! A T, ET,A, get seriously mixed up.

A —_

Harter, Patterson,and daPaixao, Rev.Mod Phys. 30, 37(1978)
Harter and Patterson, Phys. Rev. A19,2277(1979)  (CF,)
Harter, Phys. Rev. A24,192-262(1951) (SF¢)
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Details of P(88) v4 SFs and P(88) v4 CF4 spectral structure and implications

Outline of rovibronic Hamiltonian theory

Coriolis scalar interaction
Rovibronic nomograms and POR structure
Rovibronic energy surfaces (RES) and cone geometry
Spin symmetry correlation, tunneling, and entanglement

Hyperfine vs. superfine structure (Case 1. vs Case 2.)

Spin-0 nuclei give Bose Exclusion

The spin-symmetry species mixing problem

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



Graphical approach to rotation-vibration-spin Hamiltonian

| 1 | o

<H> ~ vvih+B‘I(J+ ] )—F{'.HS':H lar Coriolis — < Tensor Centrifugal—  « [ qNuclear Spin— 4 < lensor Coriolis— +

OUTLINE

Infroductory review

Example(s)

e Rovibronic nomograms and POR structure v, and v, SF,
e Rotational Energy Surfaces (RES) and QK]-C(meS v, P(88) SF,
— e+ Spin symmetry correlation tunneling and entanglement sk,

Recent developments

* Analogy between PE surface and RES dynamics

* Rotational Energy Eigenvalue Surfaces (REES) v, SE,




Potenial Energy Surface (PES) Dynamics
Inter-PES electronic transitions
Vibrational Franck-Condon effects
*Frequency mismatch of PES

Rotation Energy Surface (RES) Dynamics|
[nter-PES electronic transitions
Rotational “Franck-Condon’ effects
*Frequency mismatch of RES

/ Analogy \
between
Nibmnic and Rm-'ihmnis;:/

/

_/

Duschinsky
rotation or
transilation




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 Rm-*ihmnif.:/ Example for 2-state

AN

Avoided
CrosSIngs

vibronic-rotor coupling

. Outer

eigen-
surface

Inner
RE
eigen-
surface




EXACT DIAGONALIZATION J=60

Recall scalar Coriolis

WGH,

POR plots vs. BS o
Here 1s a J=60 piece of it: JCP 69, 4906
N=59=]-1

ENERGY

N=61=J+1
-0.5 B{=0 +0.5

Now consider this plot
with tensor Coriolis, 10Oy

(J ust 4M-rank [2}{2]4 tensor here.

See next talk RJ06 and a 4rm talk RI09
by Mitchell e . and Boudon er. . Who will

ENERGY

pull much higher rank!)

~0.20 =016 -0.12 -008-004 0 004 008 012 0I& 0.20



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

Vibration (or vibronic) momentum £ retains

1ts quantum representaion(s).
For (=1 that is the usual 3-by-3 matrices.

Rotational momentum J 1s treated semi-classically. [Jj=\Ju+1)

Usually J is written in Euler coordinates: J =|J|cosy sinp, etc.

Plot resulting H-matrix eigenvalues vs. classical variables.
( (=1) 3-by-3 H-matrix e-values are polar plotted vs. azimuth y and polar S.
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New geometric approach to rotational eigenstates and spectra
Introduction to Rotational Energy Surfaces (RES) and multipole tensor expansion
Rank-2 tensors from D’-matrix
Building Hamiltonian H= AJ *+ BJ *+CJ_* out of scalar and tensor operators
Comparing quantum and semi-classical calculations

Symmetric rotor levels and RES plots

Asymmetric rotor levels and RES plots

Spherical rotor levels and RES plots
SF's spectral fine structure
CFy4 spectral fine structure



(a) CF4 Vibrational Structure

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)

(b) v4 Rotational \

(c) P(54) Fine (Centrifugal)
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v4=631.2 cm™!

~ . ¥3:1283.0cm"! “

S~
,gsg\

~

2N
o4

——
~4

Structure \

5

YGOOcm" 610 N\ 620 630

640 660

Structure

FASTER

NG L

‘ N
g N
X% \ o 2.

% SRS W ) FOLD@

' 3 &3 = TUMB

' ’l e

: \'\‘A \

\ < = —

2 b et -FOL
ROTATION N “~ ROTATION
'-H
\ 54 : 54
53,, 50 ck 51152 : ( )
45 | |53
\ - 5 | % 46{;4 P 54
=
//
//
ST
A At
S N
LA LA LA e
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a) CF, vibrational structure

Example of frequency
hierarchy | .= 908.5 e
1 6 »,=4350cm™ :
V= 631.2cm”
fOI‘ \n SpeCtra vy=1283.0cm™
Of CF 4 };s(”C)
(Freon-14)
W.G Harter b) v: rotational structure
Fig.32.7
Springer Handbook of
Atomic, Molecular, &
Optical Physics
Gordon Drake Editor
(2005)
¢) P(54) fine (centrifugal)
structure
Faster
4-fold
rotation
d) Supezﬁnc("’lhmblmg") 6033 6034 603.5"603. 6cm \ A
e g f6 Mz 20 “”4 99“"‘ 1097 MHz ""‘”43;’;;"‘;‘
G2 1B 1F 5| e
s S S 2,‘1‘ LB PR s |
35mHz 97mHz 94Hz 110Hz F2 (A3 L}_: Fav/ R Es R g —
EF;A; F»Fl AR E F> F,
e) Hyperﬁnc (nuclear spnn) structure
]l ”ﬁ'i ................ WM
...| 100 kHz Case (2) Case(1) ‘*'Lglflﬁ'lz
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As of April 3, 2014

Bold links have default redirect pages. Ifalics are not yet meant for production.Red: the final stages of testing.
List of production Harter-Soft Web Apps & Textbooks (For public)
Classical Mechanics with a Bang! - URL is "http://www.uark.edu/ua/modphys/markup/CMwBangWeb.html"

Quantum Theory for the Computer Age - URL is "http://www.uark.edu/ua/modphys/markup/QTCAWeb.html"
Learnlt Web Applications - URL is "http://www.uark.edu/ua/modphys/markup/LearnltWeb.html"

Individual web-apps for current classes:

Bohrlt - Production: URL is "http://www.uark .edu/ua/modphys/markup/BohrltWeb.htm]"
Bouncelt - Production; URL is "http://www.uark .edu/ua/modphys/markup/BounceltWeb.html"
BoxlIt - Production; URL is "http://www.uark .edu/ua/modphys/markup/BoxItWeb.html"
Coullt - Production: URL is "http://www.uark .edu/ua/modphys/markup/CoulltWeb.html"
Cycloidulum - Production; URL is "http://www.uark.edu/ua/modphys/markup/CycloidulumWeb.htm]"
Jerklt - Production; URL is "http://www.uark .edu/ua/modphys/markup/JerkItWeb.html"
MolVibes - Production; URL is "http://www.uark .edu/ua/modphys/markup/MolVibesWeb.html"
) Pendulum - Production; URL is "http://www.uark .edu/ua/modphys/markup/PendulumWeb.htm]"

Quantlt - Production; URL is "http://www.uark .edu/ua/modphys/markup/QuantItWeb.htm]"

The old relativity website (2005):
Relativity - Pirelli Entrant - Production; URL is "http://www.uark.edu/ua/pirelli" or "http://www.uark.edu/ua/pirelli/html/default.html"

Newer relativity web-apps currently being developed (2013-)
Relativlt Production; URL is "http://www.uark .edu/ua/modphys/markup/RelativitWeb.html"
RelaWavity Production; URL is "http://www.uark .edu/ua/modphys/markup/RelaWavityWeb.htm]"

Additional classical wep-apps:
Trebuchet Production; URL is "http://www.uark.edu/ua/modphys/markup/TrebuchetWeb.html"
Wavelt Production; URL is "http://www.uark .edu/ua/modphys/markup/WaveltWeb.html"

Link to master list of all Harter-Soft Web Apps & Textbooks (Prod, Testing, & Developement)

http://www.uark.edu/ua/modphys/testing/markup/Harter-SoftWebApps.html



http://www.uark.edu/ua/modphys/testing/markup/Harter-SoftWebApps.html
http://www.uark.edu/ua/modphys/markup/CMwBangWeb.html
http://www.uark.edu/ua/modphys/markup/QTCAWeb.html
http://www.uark.edu/ua/modphys/markup/LearnItWeb.html
http://www.uark.edu/ua/modphys/markup/BohrItWeb.html
http://www.uark.edu/ua/modphys/markup/BounceItWeb.html
http://www.uark.edu/ua/modphys/markup/BoxItWeb.html
http://www.uark.edu/ua/modphys/markup/CoulItWeb.html
http://www.uark.edu/ua/modphys/markup/CycloidulumWeb.html
http://www.uark.edu/ua/modphys/markup/JerkItWeb.html
http://www.uark.edu/ua/modphys/markup/MolVibesWeb.html
http://www.uark.edu/ua/modphys/markup/PendulumWeb.html
http://www.uark.edu/ua/modphys/markup/QuantItWeb.html
http://www.uark.edu/ua/pirelli/html/default.html
http://www.uark.edu/ua/modphys/markup/RelativItWeb.html
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html
http://www.uark.edu/ua/modphys/markup/TrebuchetWeb.html
http://www.uark.edu/ua/modphys/markup/WaveItWeb.html
http://www.uark.edu/ua/modphys/testing/markup/Harter-SoftWebApps.html

