5.02.18 class 28: Symmetry Principles for
Advanced Atomic-Molecular-Optical-Physics

William G. Harter - University of Arkansas
Symmetry spin species for Co, CHs, SFe¢, and molecular energy surfaces:

Born-Oppenheimer-Adiabadicity: How BOA works until it doesn’t

Conservation of rovibronic spin species-Two views: Herzberg vs. 2005
Where SFs spin species go to die: ODCs and ODC3 symmetry breaking
Diatomic or linear molecule symmetry O(3)2DDan

State labels by symmetry O(3)2>Dwn

Coriolis and A-doubling levels

Nomograms for dipole-allowed transitions
XYn molecules: S3-S¢ tableau-characters

Tableau dimension formulae for X4 and XY 4 molecules

CH4 and DH4 (J=7) transitions. S1F4 (J=30) spectra

Possible SiF4 High J superhyperfine levels
Calculating SFs characters and correlations of symmetry On to Se SF¢ levels&spectra
Born-Oppenheimer Approximation (BOA) for RES

Born-Oppenheimer Approximation (BOA)-constricted body wave vs. lab-wave

Weak-coupling “hook-up” vs. stronger “BOA-constricted” wavefunctions
Semiclassical Rotor-“Gyro”-Spin coupling

Semiclassical Rotor-“Gyro”-Spin Rotational Energy Surfaces (ZIPPed)*
Rotational energy eigenvalue surfaces (REES) (UnZIPPed)

REES for high-] Coriolis spectra in SFe *ZIPP (Zero-Interaction-Potential- Proximation

REES for high-J Coriolis spectra in v; CF4
REES for high-J and high-v rovibration polyads



AMORP r ef erence links (Updated list given on 214 and 37 pages of each class presentation)

Web Resources - front page Quantum Theory for the Computer Age 2014 AMOP
UAF Physics UTube channel Principles of Symmetry, Dynamics, and Spectroscopy 2017 Group Theory for QM
Classical Mechanics with a Bang! 2018 AMOP

Modern Physics and its Classical Foundations

Representaions Of Multidimensional Symmetries In Networks - harter-imp-1973
Alternative Basis for the Theory of Complex Spectra

Alternative Basis_for _the Theory of Complex Spectra | - harter-pra-1973

Alternative Basis for the Theory of Complex Spectra Il - harter-patterson-pra-1976
Alternative_Basis_for_the Theory of Complex_Spectra_lll_-_patterson-harter-pra-1977

Frame Transformation Relations And Multipole Transitions In Symmetric Polyatomic Molecules - RMP-1978
Asymptotic eigensolutions of fourth and sixth rank octahedral tensor operators - Harter-Patterson-dJMP-1979
Rotational energy surfaces and high- J eigenvalue structure of polyatomic molecules - Harter - Patterson - 1984

Galloping waves and their relativistic properties - ajp-1985-Harter
Rovibrational Spectral Fine Structure Of Icosahedral Molecules - Cpl 1986 (Alt Scan)

Theory of hyperfine and superfine levels in symmetric polyatomic molecules.
l) Trigonal and tetrahedral molecules: Elementary spin-1/2 cases in vibronic ground states - PRA-1979-Harter-Patterson (Alt scan)
ll) Elementary cases in octahedral hexafluoride molecules - Harter-PRA-1981 (Alt scan)

Rotation-vibration spectra of icosahedral molecules.

) lcosahedral symmetry analysis and fine structure - harter-weeks-jcp-1989 (Alt scan)
ll) Icosahedral symmetry, vibrational eigenfrequencies, and normal modes of buckminsterfullerene - weeks-harter-jcp-1989 (Alt scan)
l1) Half-integral angular momentum - harter-reimer-jcp-1991
Rotation-vibration scalar coupling zeta coefficients and spectroscopic band shapes of buckminsterfullerene - Weeks-Harter-CPL-1991 (Alt scan)
Nuclear spin weights and gas phase spectral structure of 12C60 and 13C60 buckminsterfullerene -Harter-Reimer-Cpl-1992 - (Alt1, Alt2 Erratum)
Gas Phase Level Structure of C60 Buckyball and Derivatives Exhibiting Broken Icosahedral Symmetry - reimer-diss-1996
Fullerene symmetry reduction and rotational level fine structure/ the Buckyball isotopomer 12C 13C59 - jcp-Reimer-Harter-1997 (HiRez)
Wave Node Dynamics and Revival Symmetry in Quantum Rotors - harter - jms - 2001
Molecular Symmetry and Dynamics - Ch32-Springer Handbooks of Atomic, Molecular, and Optical Physics - Harter-2006

Resonance and Revivals

Resonance and Revivals in Quantum Rotors - Comparing Half-integer Spin and Integer Spin - Alva-ISMS-0hio2013-R777 (Talk

Molecular Eigensolution Symmetry Analysis and Fine Structure - IIMS-harter-mitchell-2013
Quantum Revivals of Morse Oscillators and Farey-Ford Geometry - Li-Harter-cpl-2013

QTCA Unit 10 Ch 30 - 2013
AMOP Ch 0 Space-Time Symmetry - 2019



https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Representations_of_multidimensional_symmetries_in_networks_-_jmp-Harter-1974.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Alternative_Basis_for_the_Theory_of_Complex_Spectra_I_-_harter-pra-1973.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Alternative_Basis_for_the_Theory_of_Complex_Spectra_II_-_harter-patterson-pra-1976.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Alternative_Basis_for_the_Theory_of_Complex_Spectra_III_-_patterson-harter-pra-1977.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Frame_transformation_relations_and_multipole_transitions_in_symmetric_polyatomic_molecules_-_Harter-Patterson-Paixao-RMP-1978.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Asymptotic%20eigensolutions%20of%20fourth%20and%20sixth%20rank%20octahedral%20tensor%20operators%20-Harter-Patterson-jmp-1979.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Rotational%20energy%20surfaces%20and%20high-%20J%20eigenvalue%20structure%20of%20polyatomic%20molecules%20-%20Harter%20-%20Patterson%20-%201984.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Galloping_waves_and_their_relativistic_properties_-_ajp-1985-harter.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Rovibrational%20Spectral%20Fine%20Structure%20Of%20Icosaiiedral%20Molecules%20-%20harter%20-%20weeks%20-%20cpl%20-%201986.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Rovibrational%20Spectral%20Fine%20Structure%20Of%20Icosaiiedral%20Molecules%20-%20scan%20-%20RovibeIcosCPL132p387-392(1986).pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Theory%20of%20hyperfine%20and%20superfine%20levels%20in%20symmetric%20polyatomic%20molecules.%20Trigonal%20and%20tetrahedral%20molecules%3a%20Elementary%20spin-1%3a2%20cases%20in%20vibronic%20ground%20states%20-%20pra%20-1979-Harter-Patterson.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/PRA%20Superhyp.I%20CF4.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Theory%20of%20hyperfine%20and%20superfine%20levels%20in%20symmetric%20polyatomic%20molecules.%20II.%20Elementary%20cases%20in%20octahedral%20hexafluoride%20molecules%20-%20Harter-PRA-1981.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/PRA%20Superhyp.II%20SF6.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Rotation%e2%80%93vibration_spectra_of_icosahedral_molecules._I._Icosahedral_symmetry_analysis_and_fine_structure_-_harter-weeks-jcp-1989.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Rotation-vibration_spectra_of_icosahedral_molecules._I._Icosahedral_symmetry_analysis_and_fine_structure_-_harter-weeks-jcp-scan-1989.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Rotation%e2%80%93vibration_spectra_of_icosahedral_molecules._II._Icosahedral_symmetry%2c_vibrational_eigenfrequencies%2c_and_normal_modes_of_buckminsterfullerene_-_weeks-harter-jcp-1989.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/JCP_C60_VibeModesHiRes.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Rotation%e2%80%93vibration_spectra_of_icosahedral_molecules._III_-_Half-integral_angular_momentum_-_harter-reimer-jcp-1991.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Rotation-vibration%20scalar%20coupling%20zeta%20coefficients%20and%20spectroscopic%20band%20shapes%20of%20buckminsterfullerene%20-%20weeks-harter-cpl-1991.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/CPLBzetaCoeff%20C60.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/CPLC60SpinWts%20HiRes%2bErrata.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Nuclear%20spin%20weights%20and%20gas%20phase%20spectral%20structure%20of%2012C6oand%2013C60%20buckminsterfullerene%20-%20Reimer%20-%20harter1992.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Nuclear%20spin%20weights%20and%20gas%20phase%20spectral%20structure%20of%2012C6oand%2013C60%20buckminsterfullerene%20-%20Erratum%20-%201-s2.0-000926149285077N-main.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Gas%20Phase%20Level%20Structure%20of%20C60%20Buckyball%20and%20Derivatives%20Exhibiting%20Broken%20Icosahedral%20Symmetry%20-%20reimer-diss-1996.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Fullerene%20symmetry%20reduction%20and%20rotational%20level%20fine%20structure:%20the%20Buckyball%20isotopomer%2012C%2013C59%20-%20jcp%20-%20reimer%20-%20harter%20-%201997.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/C60symmReduct&fine%20structure12C13C59%20ReimerHarter1997hiRes.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Wave%20Node%20Dynamics%20and%20Revival%20Symmetry%20in%20Quantum%20Rotors%20-%20harter%20-%20jms%20-%202001.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Springer_Handbooks_of_Atomic_Molecular_and_Optical_Physics_-_Harter-Ch32_-_2006.pdf
https://modphys.hosted.uark.edu/pdfs/Talk_Pdfs/Resonance%20And%20Revivals%20%20I.%20Quantum%20Rotor%20And%20Infinite-Well%20Dynamics%20-%20Harter-Li-ISMS-Columbus-2012.pdf
https://kb.osu.edu/dspace/handle/1811/52324
https://modphys.hosted.uark.edu/pdfs/Talk_Pdfs/Resonance%20and%20Revivals%20in%20Quantum%20Rotors%20-%20Comparing%20Half-integer%20Spin%20and%20Integer%20Spin%20-%20Alva-ISMS-Ohio2013-R777.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Quantum%20Resonant%20Beats%20and%20Revivals%20in%20the%20Morse%20Oscillators%20and%20Rotors%20-%202013-Li-Diss.pdf
https://modphys.hosted.uark.edu/pdfs/Talk_Pdfs/Resonance%20and%20Revivals%20in%20Quantum%20Rotors%20-%20Comparing%20Half-integer%20Spin%20and%20Integer%20Spin%20-%20Alva-ISMS-Ohio2013-R777.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Molecular_Eigensolution_Symmetry_Analysis_and_Fine_Structure_-_IJMS-harter-mitchell-2013.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Quantum%20Revivals%20of%20Morse%20Oscillators%20and%20Farey-Ford%20Geometry%20-%20Li%20-%20Harter%20-%20cpl%20-%202013%20-%201308.4470.pdf
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_10_Ch.30_2013.pdf
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/AMOP%20Ch%200%20SpaceTimeSymm.pdf
https://modphys.hosted.uark.edu/markup/Harter-SoftWebApps.html
https://modphys.hosted.uark.edu/markup/QTCA_Info_2014.html
https://modphys.hosted.uark.edu/markup/AMOP_Info_2018.html
https://www.youtube.com/channel/UC2KBYYdZOfotnkUOTthDjRA
https://modphys.hosted.uark.edu/markup/GTQM_Info_2017.html
https://modphys.hosted.uark.edu/markup/CMwBang_UnitsDetail_2017.html
https://modphys.hosted.uark.edu/markup/PSDSWeb.html
https://modphys.hosted.uark.edu/markup/QTCA_UnitsDetail.html
https://modphys.hosted.uark.edu/markup/MPCF_Info_2012.html
https://modphys.hosted.uark.edu/markup/AMOP_References.html

AMORP r ef erence links (Updated list given on 2 and 3 pages of each class presentation)

(Int.J.Mol.Sci, 14, 714(2013) p.755-774, OTCA Unit 7 Ch. 23-26 ), (PSDS - Ch. 5, 7)
Int.J.Mol.Sci, 14, 714(2013), QTCA Unit 8 Ch. 23-25, QTCA Unit 9 Ch. 26, PSDS Ch. 5, PSDS Ch. 7

Intro spin % coupling Irrep Tensor building Intro 3-particle coupling.
Unit 8 Ch. 24 p3 Unit 8 Ch. 25 p5. Unit 8 Ch. 25 p28.
H atom hyperfine-B-level crossing
Unit 8 Ch. 24 p15 Irrep Tensor Tables Intro 3,4-particle Young Tabl
Hyperf. theory Ch. 24 p48. Unit 8 Ch. 2 pl2 GrpThLect29 p42.
Hyperf. theory Ch. 24 p48. Wigner—Eckart tensor Theorem. Young Tableau Magic Formu
Deeper theory ends p33 Unit 8 Ch. 25 pl7. GrpThLect29 pd6-48.
Intro 2p3p coupling
Unit 8 Ch. 24 pl7. Iensors Applied to d,f-levels.
Intro LS-jj coupling Unit 8 Ch. 25 p21.
Unit 8 Ch. 24 p22.
CG coupling derived (start) Tensors Applied to high J levels.
Unit 8 Ch. 24 p39. Unit 8 Ch. 25 p63.

CG coupling derived (formula)
Unit 8 Ch. 24 p44.

Lande’ g-factor
Unit 8 Ch. 24 p26.



https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._24_2013.pdf#page=15
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._24_2013.pdf#page=15
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._24_2013.pdf#page=3
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._24_2013.pdf#page=15
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._24_2013.pdf#page=48
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._24_2013.pdf#page=48
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._24_2013.pdf#page=17
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._24_2013.pdf#page=17
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._24_2013.pdf#page=22
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._24_2013.pdf#page=22
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._24_2013.pdf#page=39
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._24_2013.pdf#page=39
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._24_2013.pdf#page=44
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._24_2013.pdf#page=44
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._24_2013.pdf#page=53
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._24_2013.pdf#page=53
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._24_2013.pdf#page=26
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._24_2013.pdf#page=26
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._25_2013.pdf#page=5
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._25_2013.pdf#page=5
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._25_2013.pdf#page=12
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._25_2013.pdf#page=12
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._25_2013.pdf#page=21
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._25_2013.pdf#page=21
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._25_2013.pdf#page=17
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._25_2013.pdf#page=17
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._25_2013.pdf#page=63
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._25_2013.pdf#page=63
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._25_2013.pdf#page=28
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._25_2013.pdf#page=28
https://modphys.hosted.uark.edu/pdfs/GTQM_Pdfs/GTQM_Lectures_2017/GrpThLect_29_5.04.17.pdf#page=42
https://modphys.hosted.uark.edu/pdfs/GTQM_Pdfs/GTQM_Lectures_2017/GrpThLect_29_5.04.17.pdf#page=42
https://modphys.hosted.uark.edu/pdfs/GTQM_Pdfs/GTQM_Lectures_2017/GrpThLect_29_5.04.17.pdf#page=48
https://modphys.hosted.uark.edu/pdfs/GTQM_Pdfs/GTQM_Lectures_2017/GrpThLect_29_5.04.17.pdf#page=48
https://modphys.hosted.uark.edu/markup/AMOP_References.html

AMORP r ef erence links (Updated list given on 27 and 3" and 4th pages of each class presentation)

Predrag Cvitanovic’s: Birdtrack Notation, Calculations, and Simplification

Chaos_Classical_and_Quantum_-_2018-Cvitanovic-ChaosBook

roup Theory - PUP_lLucy _Day_- Diagrammatic_notation - Ch4
Simplification_Rules_for Birdtrack Operators_-_Alcock-Zeilinger-Weigert-zeilinger-jmp-2017
Group Theory - Birdtracks_Lies_and_Exceptional_Groups_-_Cvitanovic-2011

)
Birdtracks for N) - 2017-K ler

Frank Rioux’s: UMA method of vibrational induction

uantum_Mechanic roup_Theory_an -_Frank_Rioux_-_D rtment_of Chemistr int_John
mmetry _Analysis_for H20- H20GrpTheory-_Rioux

uantum_Mechanics-Group_Theory_and_C60_ - JChemEd-Rioux-1994

r Theory_ Problems-_Rioux- mmetryProblemsX
mment_on_the_Vibrational Analysis_for n ther_Fulleren Rioux-BRSP

Supplemental AMOP Techniques & Experiment

Man rrelation Tabl re Molien n - Kl Draft 201
High-resolution_spectroscopy alobal_analysis F4_rovibrational _band model atmospheric_absorption-_carlos-Boudon-jqsrt-2017
mmetry an hirality - ntinuous_Measur -_Avnir

*

Special Topics & Colloquial References
r-process_nucleosynthesis_from_matter ejected_in_binary_neutron_star mergers-PhysRevD-Bovard-2017



https://modphys.hosted.uark.edu/ETC/MISC/Chaos_Classical_and_Quantum_-_2018-Cvitanovic-ChaosBook.pdf
https://modphys.hosted.uark.edu/ETC/MISC/Group_Theory-PUP_Lucy_Day_-_Diagrammatic_notation_-_Ch4.pdf
https://modphys.hosted.uark.edu/ETC/MISC/Simplification_Rules_for_Birdtrack_Operators_-_Alcock-Zeilinger-Weigert-zeilinger-jmp-2017.pdf
https://modphys.hosted.uark.edu/ETC/MISC/Group_Theory-Birdtracks_Lies_and_Exceptional_Groups_-_Cvitanovic-2011.pdf
https://modphys.hosted.uark.edu/ETC/MISC/Simplification_rules_for_birdtrack_operators-_jmp-alcock-zeilinger-2017.pdf
https://modphys.hosted.uark.edu/ETC/MISC/Birdtracks_for_SU-N_-_2017-Keppeler.pdf
https://modphys.hosted.uark.edu/ETC/MISC/Quantum_Mechanics_Group_Theory_and_C60_-_Frank_Rioux_-_Department_of_Chemistry_Saint_Johns_U.pdf
https://modphys.hosted.uark.edu/ETC/MISC/Symmetry_Analysis_for_H20-_H20GrpTheory-_Rioux.pdf
https://modphys.hosted.uark.edu/ETC/MISC/Quantum_Mechanics-Group_Theory_and_C60_-_JChemEd-Rioux-1994.pdf
https://modphys.hosted.uark.edu/ETC/MISC/Group_Theory_Problems-_Rioux-_SymmetryProblemsX.pdf
https://modphys.hosted.uark.edu/ETC/MISC/Comment_on_the_Vibrational_Analysis_for_C60_and_Other_Fullerenes_Rioux-RSP.pdf
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Molien_Sequences-1602.08774v1.pdf
https://modphys.hosted.uark.edu/ETC/MISC/High-resolution_spectroscopy_and_global_analysis_of_CF4_rovibrational_bands_to_model_its_atmospheric_absorption-_carlos-Boudon-jqsrt-2017.pdf
https://modphys.hosted.uark.edu/ETC/MISC/Symmetry_and_Chirality_-_Continuous_Measures_-_Avnir.pdf
https://modphys.hosted.uark.edu/ETC/MISC/r-process_nucleosynthesis_from_matter_ejected_in_binary_neutron_star_mergers-PhysRevD-Bovard-2017.pdf
https://modphys.hosted.uark.edu/markup/AMOP_References.html

AMOP 5.02.18 class 28: Symmetry Principles for
rejerence links 4 dyanced Atomic-Molecular-Optical-Physics

% pages -4 William G. Harter - University of Arkansas
Symmetry spin species for Co, CHs, SFe¢, and molecular energy surfaces:
|Eom-Oppenheimer-Adiabadicity: How BOA works until 1t doesn’t

Conservation of rovibronic spin species-Two views: Herzberg vs. 2005
Where SFs spin species go to die: ODCs and ODC3 symmetry breaking
Diatomic or linear molecule symmetry O(3)2DDan

State labels by symmetry O(3)2>Dwn

Coriolis and A-doubling levels

Nomograms for dipole-allowed transitions
XYn molecules: S3-S¢ tableau-characters

Tableau dimension formulae for X4 and XY 4 molecules

CH4 and DH4 (J=7) transitions. S1F4 (J=30) spectra

Possible SiF4 High J superhyperfine levels
Calculating SFs characters and correlations of symmetry On to Se SF¢ levels&spectra
Born-Oppenheimer Approximation (BOA) for RES

Born-Oppenheimer Approximation (BOA)-constricted body wave vs. lab-wave

Weak-coupling “hook-up” vs. stronger “BOA-constricted” wavefunctions
Semiclassical Rotor-“Gyro”-Spin coupling

Semiclassical Rotor-“Gyro”-Spin Rotational Energy Surfaces (ZIPPed)*
Rotational energy eigenvalue surfaces (REES) (UnZIPPed)

REES for high-] Coriolis spectra in SFe *ZIPP (Zero-Interaction-Potential- Proximation

REES for high-J Coriolis spectra in v; CF4
REES for high-J and high-v rovibration polyads



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

(8 | spin isomers by some. Once prepared in » .
o [review of C,H ; study:

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

“...transitions between...species (A ]ET )

strictly forbidden .. * Strictly < versus
= Conservation and
preservation?

..are Ve

...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..1I p.441-453

No Way!< versus

Conversion, perversion

...during tramsitions involving... PPN
or transition :

...rotational states,...Ill p.246 “

/44

...vibrational states,... ”

/44

... electromic states,... ”

/44 /44

collisiontates .



CONSERVATION OF ROVIBRONIC SPIN-SPECIES - Two Views:

Old versus
(1939, 1945 and 1966)

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

..are Ve

Strictly < versus

strictly forbidden .

...for diatomic molecules...I p. 150
...for D, asymmetric tops...1l p.468

..for D symmetric tops...Il p.415

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

451

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

/44

...vibrational states,... ”

/44

... electromic states,... ”

/44

... collisional states... ”

New (1978- 2005)

www.sciencemag.org SCIENCE VOL310 23 DECEMBER 2005

CHEMISTRY

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 el s

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

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

Conservation and
preservation?

To conserve vs. To convert

To preserve vs. To pervert

Conversion, perversion
or transition?

perversion

Widespread and extreme mixing/\of species
reported in CF4, SiF4 and SFg:

Ch. Borde, Phys. Rev. A20,254(1978)(expt.)
Harter, Phys. Rev. A24,192 (1981)(theory)
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What preserves it? versus What mixes it up?

No Way! WAY!
and...

What is it?

SPIN SYMMETRY correlation has a new name...



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! — ME 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.)




L

HOW CONSERVED IS ROVIBRONIC-SPIN SYMMETRY?

V. What preserves it? versus What messes it up?
_2u
No Way!

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

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

\//

perturééat n~ | (4, 3|Spm rovzb E, 5) 2

5
g

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

VWAV

(




HOW CONSERVED IS ROVIBRONIC-SPIN SYMMETRY?

1
AZu

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

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

...because levels of different species

5
E2

pertu

Ag

are forced together by angular wave

tOO darn small (~kH2)... localization or “level-clustering” or

(rarely) by “accidental” degeneracy.

2
| (A 3| spin- rovzb |E 2g5) | é

\@Uﬁ\ /\\//\/

Eé E E “Accidental ” degeneracy ?
= 3 B Lea, Leask & Wolf JPCSo0l.23,138 (19 62)
= g

—

= Level-clustering

%é .--t00 darn blg (likelOMHzZ)... Dorney and Watson JMS 42,135(1972)
= Harter and Patterson PRL38,224(1977)

= ..exponentiall L

= PO . T JCP 66,4872(1977)
= finy! 1 : i
= 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

C% . .

= Hyperfine effects may rule! A, T, E T, A, get seriously mixed up.
<>

<>

JPCS=Journal Phys. Ch

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

IMS—Journal Molecular Spectroscopy Harter, Phys. Rev. A24,192-262(1981) (SF()

PRL=Phys. Rev. Letters
JCP=Journal of Chemical Physics
JMP=Journal of Mathematical Physics
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Where SFs spin species go to die: ODC4 and O DC3 symmetry breaking

FT IR ond 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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Where SFs spin species go to die: ODC4 and O DC3; symmetry breaking
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Diatomic or linear molecule symmetry O(3) DD

O(3) D, spin-symmetry species

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

Angular atomic  molecular
momentum  label label

/=0 sorS Ccork
l=I porP morll
(=2 dorD dorA

/=3 forF  ¢or®

A, B, or C Correlations
B=xTxty " 710 I A A..
g u g u g u g u

0" |1
0—]

I+ - 1 - 1

F N
241 - - - 1 -
3+ |- - 1 - 1 -1

Types of symmetry labels

A=Activity (of vibrations, electrons)

B=Bare rotor (rotations, nuclear spin)

C=Coupling or Constriction of AQB

1

cﬁ‘/@@fj oo

PSDS Ch.5 pdfp.10.

5

a ROTATION ROTQ‘{)IPN INVERSION ":‘%TEARTSI?O% REFLECTION
R(x00) R(-a180°a) I IR(a00) IRCxlI80°a)

Rev. Mod. Phys. 50,1,1 (1978)pdf p.19.


https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Frame_transformation_relations_and_multipole_transitions_in_symmetric_polyatomic_molecules_-_Harter-Patterson-Paixao-RMP-1978.pdf#page=19
https://modphys.hosted.uark.edu/pdfs/PSDS_Pdfs/PSDS_Ch.5_(4.21.10).pdf#page=10

Diatomic or linear molecule symmetry O(3) DD

o e f
O(3) D, spin-symmetry species ( g g
3D Orthogonal group O(3) < @ &

correlates with D, symmetry aROTATION ROTATION NVERSION [VeRsion  MEFHECTION
Angular atomic  molecular 1 R(«00) R(-al80°a) T I.R(¢00) IRC«x!I80°a)
momentum  label label Ag = z;’ ! | | | ! |
/=0 sorS Corx Aluzztf | | o =1 = |
(=] porP morll Aafz:; I | - ! | -l
=2 dorD 0dorA Ao =Xy | | | | - - -
(=3 forF Oord Ejg=Tg | 2 2cos & 0 2 2cosa 0
T Eag=dg |2 2c0s2a 0 2 2cos2a 0
o-1- - - A €208y | 2 2cos2a 0 -2 -2cos2a 0
-1 S ' .

-1 7 - : .

2+ |1 - - S A |

-1 - N

3+ - 1 S A |

-7 - : N A

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)pdf p.19.



https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Frame_transformation_relations_and_multipole_transitions_in_symmetric_polyatomic_molecules_-_Harter-Patterson-Paixao-RMP-1978.pdf#page=19

Diatomic or linear molecule symmetry O(3) DD
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O(3) D, spin-symmetry species ( g g
3D Orthogonal group O(3) < @ &

correlates with D, symmetry aROTATION ROTATION NVERSION [VeRsion  MEFHECTION
Angular atomic  molecular 1 R(«00) R(-al80°a) T I.R(¢00) IRC«x!I80°a)
momentum  label label Ag = z;’ ! | | | ! |
/=0 sorS Corx Aluzztf | | o =1 = |
(=] porP morll Aafz:; I | - ! | -l
=2 dorD 0dorA Ao =Xy | | | | - - -
(=3 forF Oord Ejg=Tg | 2 2cos & 0 2 2cosa 0
T Eag=dg |2 2c0s2a 0 2 2cos2a 0
o-1- - - A €208y | 2 2cos2a 0 -2 -2cos2a 0
-1 S ' .

-1 7 - : .

2+ |1 - - S A |

-1 - N

3+ - 1 S A |

-7 - : N A

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)pdf p.19.
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Diatomic or linear molecule symmetry O(3) DD

O(3) D, spin-symmetry species

Types of symmetry labels
A=Activity (of vibrations, electrons)

3D Orthogonal group O(3)
correlates with D, symmetry
Angular atomic  molecular
momentum  label label Ag =L ;'
/=0 sorS CorX Aly=X4
(=1 porP wmorll ArgiEy
(=2 dorD dorA Ap,=X;
/=3 forF  ¢or® E\g=Tg
A, B, or C Correlations £ =t
B= X FrT XN, M oA AL ] u e
ot 17 2¢=4g
0o- |- - . ] E2u=48y
I+ - 1 -] :
20 E FIG. 15.
3+ - 1 - 1

B=Bare rotor (rotations, nuclear spin)

C=Coupling or Constriction of AQB

3 g&/@

3 AXIS

)4

3

Characters of D,=0,;

-

symmetry of X, rotor.

Rev. Mod. Phys. 50,1,1 (1978)pdf p.19.

a ROTATION ROT;‘{)I?N INVERSION '%%LART;?O% REFLECTION
1 R(«00) R(-al80°a) T IR(ax00) IRCaxli80°a)
l I ! | ! l
| | 1 -l - |
I (. - | I -l
| I | - - -l
2 2cos o 0o 2 2cosa 0
2 2cosa o -2 -2cosa 0
2 2cos22a 0 2 2cos2a 0
2 2cos2a 0 -2 -2cos2a 0
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Diatomic or linear molecule symmetry ‘/) &/@
e €

O(3) D, spin-symmetry species

3D Orthogonal group O(3)

Angular atomic  molecular
momentum  label label

/=0 sorS Ccork
l=I porP morll
(=2 dorD dorA

/=3 forF  ¢or®

A, B, or C Correlations
B=xTxty " 710 I A A..
g u g u g u g u

correlates with D, symmetry

0" |1
0—]

I+ - 1 - 1

F N
241 - - - 1 -
3+ |- - 1 - 1 -1

Types of symmetry labels

R

« R30¢:T'ISON ROTQB ION INVERSION l':‘%TEARTs'?O*:‘ REFLECTION
1 R(«00) R(-a180°a) I IR(¢00) IRC«xlI80°a)
Ag=Eg || | ! n r |
Ag=Iyd || | i -l -l t
ApeEy | | | -l | | -
Ap =Xy | | | | -t -l -
Eig=Tg | 2 2cos o 0o 2 2cosa 0o
Eiy=my | 2 2cosa o -2 ~2cosa 0
E2g=8g | 2 2cos2a 0 2 2cos2« 0
Ez2,48, | 2 2cos2a 0 -2 -2cos2a 0

TABLE VIII. Ost (04; =D,;) correlation of representations.

A=Activity (of vibrations, electrons) =3* R |
B=Bare rotor (rotations, nuclear spin)_. = cee 1

C=Coupling or Constriction of AQB

& B=3t =% z; z, 0, I, A, A, & ¢, T,..
NP=0* 1

=0 - 1 :

____1* “ e 1 .« e 1

-1~ 1 o s 1

— o 1 oo .o 1 - 1

=2" 1 -+ 1 1

. v l 1 . v 1
S BT | 1
=4* 1 R ! 1

Rev. Mod. Phys. 50,1,1 (1978)pdf p.19.
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Diatomic or linear molecule:State labels by symmetry O(3) DDy,
A=3 symmetry A=0 A=I1 symmetry A==+1

S (noe or v activity) | (unit quantum of

g e or v activity
L “riding” on rotor)
’ ' -

FIG. 18. Z and Il BOA states for symmetric top molecule.
The electronic or vibronic ‘“load” is indicated by an ellipsoid

! ' e surrounding a “bare” dumb-bell rotor. Arrows indicate the
e T'_ - direction of rotation of moving wave states and relative amounts
— i w=— J = 2 L — of momentum # or K. |Only for the (»=0,II) states|will it be
’ necessary to make up standing waves to form the “A-doublet” |
. . states which are shown in Fig. 19,
—— — . ..
b ¢ : Rev. Mod. Phys. 50,1,1 (1978)pdfp.21.

Types of symmetry labels

| "Bare" L _ A=Activity (of vibrations, electrons)

nj=0 l 2 3 Rotor nl= 1 |0/ 2 | 3 2 4 B=Bare rotor (rotations, nuclear spin)

" oaded" 4 - C=Coupling or Constriction of AXB
oade

KO 2 3 TRotor K=O | 2 3



https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Frame_transformation_relations_and_multipole_transitions_in_symmetric_polyatomic_molecules_-_Harter-Patterson-Paixao-RMP-1978.pdf#page=21

Diatomic or linear molecule:Labeling by symmetry O(3) D Dwi D Coy
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3D Orthogonal group O(3) | 12C has nuclear spin-0
correlates with D__, symmetry
o 12Cy Levels
Angular atomic  molecular
momentum  label label o o
/=0 sorS CorX
excluded
(=] porP morll : ’
(=2 dorD dorA
/=3 forF Oord
A, B, or C Correlations
ey - ot
B=| X "X "X )y Im_ 1. A A ..
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1. ) ) ) ) (excluded by
I+ 1 1 no Xgcorrelation)
1= | 1
_I_

2H 1 |- - -7 - 1 0
3|7 -1 -1 B _Zg
37 | 1 1

1] )

orbit , spin-0

Ortho-
Species
(only)
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O(3) D, spin-symmetry species Simple diatomic examples: Hypothetical C» Levels (Bare rotor)

3D Orthogonal group O(3) 12C has nuclear spin-0 13C has nuclear spin-%>
correlates with D__, symmetry
o 12C13C Levels

Angular atomic  molecular
momentum  label label o o
/=0 sorS CorX 7 3—
/=1 porP morll ) )
(=2 dorD dorA
/=3 forF Oord

A, B, or C Correlations 1
B=|XTEXTET 2T I I A A .. °—¢2+

g “ul|"g u g u"g "u
0" |1
0~ 1 "
1+ 1 1 L AT
1= 1 | 1
. O+
2+ |1 - |- S A A !
2- 1 1 1 B=%
3+ -1 S B [T]
Kl IR A D A ( IR )
orbit Spin-10 Spil’l-%

2
Pairs of Fermi (spin-3) nuclei
required by Pauli principle
to be totally antisymmetric:
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Diatomic or linear molecule: Coriolis and N-doubling levels
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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.

Rev. Mod. Phys. 50,1,1 (1978)pdf p.19.
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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 II 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.

Rev. Mod. Phys. 50,1,1 (1978)pdfp.23-24.
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Diatomic or linear molecule: Nomograms for dipole-allowed transitions
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FIG. 30. Demonstrating the use of a rovibronic nomogram for
the model Z— Z transitions by dipole excitation in a symmetric
top molecule.
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X, and XY, molecules: S3-Ss tableau-characters

B P R |= DU P

FIG. 25. Orbital tableau labeling of a homonuclear diatomic [LIT]
FIG. 26. Orbital and spin tableaus used to label homonuclear B
n-atomic molecules (n=2.3.4....). -
(a) BOSE NUCLEI 1:0,,2,..  (b)FERMI NUCLEI 1-3.3.3,.. .
ORBITAL  SPIN ORBITAL SPIN S T
e m~~/
(o o (. H 4 d
o) n=2 -
2xD S~C H (1] . N
Ej E — Methane-like: XY 4 -
(117 [T L] | ||
. ] ‘ - TABLE XIII. T4 characters and symmetry.
H:] n=3 '
— p— - L] e 1 R(E) rooo  m(Goo) w(FFF) T Foion
NC ~ D LL} ﬂ 1717 A 1 1 1 1 1 1H{1H1H1}
- — A, 1 1 1 -1 -1 1 {11} {4}
N i B @ Py 5 "o " : : {g} ﬁ{l} {g}{ﬁ
B T R B xlyLe - -
Crirtl LLLL] F dE 8 o O 21 A i Bl
E:D EDZ] ]
’ _—
n=4 — TABLE XIV. Ot T4 correlation.
T_A p—
- A E F F A, A E F, F
a B . Ay 2 1 2 2 1 2 1
: _ J’=0. 1 “ . “ e 0- l . .o PN “ e
— Er:]:]_—_‘] 1’ R .. PR 1 “« e 1- ) .. “ . 1 PR
: LSRRI see 1 e 1 2‘ «se - 1 “e 1
- 3* - | B 1 1 3" ] e 1 1
L] * e - se e
(1)(234) ) DL - S-S~
(2)(143) (1432) (14)(3)(2) & 1 1 1 1 2 & 1 1 1 1 9
(3)(124) (13)(24) (1243) (23)(1)4) T e 1 1 2 2 T 1 1 2 2

(4)(132) (1324) (23)(1)4)
(D@GYH)  1)243) 828431; (1234)  (12)(3)(4)
(2)(134) (1423) (24)(1)(3)
(3)(142) (1342)  (13)(2)(4)
(4)(123) Rev. Mod. Phys. 50,1,1 (1978)pdf p.39.


https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Frame_transformation_relations_and_multipole_transitions_in_symmetric_polyatomic_molecules_-_Harter-Patterson-Paixao-RMP-1978.pdf#page=39

AMOP 5.02.18 class 28: Symmetry Principles for
rejerence links 4 dyanced Atomic-Molecular-Optical-Physics

% pages -4 William G. Harter - University of Arkansas
Symmetry spin species for Co, CHs, SFe¢, and molecular energy surfaces:
Born-Oppenheimer-Adiabadicity: How BOA works until it doesn’t

Conservation of rovibronic spin species-Two views: Herzberg vs. 2005
Where SFs spin species go to die: ODCs and ODC3 symmetry breaking
Diatomic or linear molecule symmetry O(3)2DDan

State labels by symmetry O(3)2>Dwn

Coriolis and A-doubling levels

Nomograms for dipole-allowed transitions

XYngmolecules: S3-S¢ tableau-characters
$Tableau dimension formulae for X4 and XY 4 molecules
CH4 and DH4 (J=7) transitions. S1F4 (J=30) spectra

Possible SiF4+ High J superhyperfine levels
Calculating SFs characters and correlations of symmetry On to Se SF¢ levels&spectra
Born-Oppenheimer Approximation (BOA) for RES

Born-Oppenheimer Approximation (BOA)-constricted body wave vs. lab-wave

Weak-coupling “hook-up” vs. stronger “BOA-constricted” wavefunctions
Semiclassical Rotor-“Gyro”-Spin coupling

Semiclassical Rotor-“Gyro”-Spin Rotational Energy Surfaces (ZIPPed)*
Rotational energy eigenvalue surfaces (REES) (UnZIPPed)

REES for high-] Coriolis spectra in SFe *ZIPP (Zero-Interaction-Potential- Proximation

REES for high-J Coriolis spectra in v; CF4
REES for high-J and high-v rovibration polyads



S» Young Tableaus and spin-symmetry for X4 and XY molecules
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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.
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S4 and spin-symmetry for XY4s molecules

(Reviewing tableau formulae)
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FIG. 36. Comparison of conventional CH, labeling with present
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.
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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.
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Def. 1:
APPENDIX C. S, CHARACTER FORMULA

a a—-m a a

We give a formula (Coleman, 1966) for S, characters b b b—m b
x'51%,+?’. Here the S, IR is labeled by a tableau symbol
[k, *** p,) wherein u, means that row j has u, boxes. o |€l1=1 ¢ |l € |47 eun;
The S, classes are labeled by the notation 1%2°37++ .y . . . .
wherein a, 8, 7,... are the number of permutation 1-
cycles, 2-cycles, 3-cycles,... respectively. For ex- * * ' ’
ample, the permutation (1)(3)(2, 5)(4, 7, 6, 8) would be in . o . .
the class 1°2'3°4'5°6°7°8° of S,. The character thenis

givenby thefollowing formula and definitions. Note thatth 2Péf- 2

formula starts with a column of numbers that are the p-1
hooklengths of the first column of the tableau. Then the
definitions are used to whittle it down to a sum of se- ’
quentially numbered columns which each contribute unit .
according to Def. 2. =1;
By +p =1 2
' 1
' 0
Xyahsgr ) = 070507 . ; Def. 3:
Mpoo+2 a
“”-l +1 b
Hp ¢ . .
=0 if any two numbers in the column are equal,
. or if any number is less than zero;
Rev. Mod. Phys., Vol. 50, No. 1, Part |, January 1978
For example, here is the character of the [56, 13] IR of .
class 2,11,56 of S_,:
Def. 4:
57 1
xgﬁi:s’s«;:azanass =8,8,, a b
5 1 |1 c c
=8, | = =1. = - interchanging any two numbers gives a
|2 0 . * | change of sign.




Calculating SFs correlations of symmetry Oj to Ss

TABLE XV. Characters of permutation group (S;) and octahedral (O,) subgroup.

—
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FIG. 27. Spin tableau-(B) correlation for octahedral XY; mole
cule (see Appendix D).
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Calculating SFs correlations of symmetry Oj to Ss
THEORY OF HYPERFINE AND SUPERFINE LEVELS.... II....

TABLE I. Permutational - octahedral correlation table S;+ O,. Only the last four rows are
relevant for spln-'% nuclei.

Fermi Bose
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Calculating SFs correlations of symmetry Oj to Ss
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FIG. 25. Orbital tableau labeling of a homonuclear diatomic
FIG. 26. Orbital and spin tableaus used to label homonuclear
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Spin-Permutation to Octahedral Correlations
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(Pfister did SiF 4, too.)

See SF¢ spectra with
A> 15 E level cluster
that follows



SFs cluster 041 Oy Internal J gets “stuck” on RES axes
Must “tunnel” axis-to-axis at rate s

U>|D>|E>|W>|N>|S>
HO s s s s

Review O(04)DC4 cluster:

Tunneling s=-S
is negative here

04 cluster splitting

I
[E—
ﬁ —
(\O]

=(H -2s)

[
p—
S‘ —_
N

v v ow v O
Mhhhmo
“w v O v «

s
s
s
s
0| -1 -1
H

v v O v v
S w v« v o«

=(H +0)

-
-

v v v oy O
N
“u L O w o«

SN o B e BN
ST w «u v« v
DO v v v o

=(H+4s)

-

v oL u v O
N =
v L O v Y
— e e e

T O v v v v
— = e = =
&

T« B e R
= R




: Spin-Permutation to Octahedral Correlations §, 5 ()
/ Spin 6 = Vh
SFs DISentanglement! . -, . , = S @Eu Tyo 1y Toy A, Ay Ao,
N e

How F-nuclei become ' =

.. . A .1 Forbidden
distinguished weight 3 I R

o E 1 1 : =1 SFe¢
(but not. distinguishable) T ] ] weight 5 E] P species:

in SF6 T 7\ ; [=2 Eq,Tou, A2g

. weight 7 e : : 1
AMTAAAR 1=3 E
Without rotation being stuck on C axis 8 3 3 6 | 1 10
all six @ nuclei are equivalent Species Spin Weights
. /
E; Tr A Iy I
8_ MMM 6 m 2 I 6 6 Greatly simplified

on|Stuck on C 4 axis \

qre “left out in the cold

- I'A' 1AL miptcsingec ||
lg t3+ T T Quﬁltets T \L I

[ [l [T [y (L] TR [N [T [ DR
" t 5

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 \ &hlﬁ 12
If equatorial nuclei i greater.B-field than polar-nuclei...

— 1T
o AT TS (TRE (MMMR] QMR weight S
riplet-singlets

L m MW Cight 3+1




AMOP 5.02.18 class 28: Symmetry Principles for
rejerence links 4 dyanced Atomic-Molecular-Optical-Physics

% pages -4 William G. Harter - University of Arkansas
Symmetry spin species for Co, CHs, SFe¢, and molecular energy surfaces:
Born-Oppenheimer-Adiabadicity: How BOA works until it doesn’t

Conservation of rovibronic spin species-Two views: Herzberg vs. 2005
Where SFs spin species go to die: ODCs and ODC3 symmetry breaking
Diatomic or linear molecule symmetry O(3)2DDan

State labels by symmetry O(3)2>Dwn

Coriolis and A-doubling levels
Nomograms for dipole-allowed transitions
XYn molecules: S3-S¢ tableau-characters
Tableau dimension formulae for X4 and XY4 molecules

CH4 and DH4 (J=7) transitions. S1F4 (J=30) spectra

Possible SiF4+ High J superhyperfine levels
Calculating SFs characters and correlations of symmetry On to Se »SF6 levels&spectra
Born-Oppenheimer Approximation (BOA) for RES
Born-Oppenheimer Approximation (BOA)-constricted body wave vs. lab-wave
Weak-coupling “hook-up” vs. stronger “BOA-constricted” wavefunctions
Semiclassical Rotor-“Gyro”-Spin coupling
Semiclassical Rotor-“Gyro”-Spin Rotational Energy Surfaces (ZIPPed)*
Rotational energy eigenvalue surfaces (REES) (UnZIPPed)
REES for high-] Coriolis spectra in SFe *ZIPP (Zero-Interaction-Potential- " Proximation

REES for high-J Coriolis spectra in v; CF4
REES for high-J and high-v rovibration polyads



SFs superhyperfine level correlation
20 O0n=ADT>®E cluster /% Eve

) ‘\ E
P, = “_ weight 8=5+3

One

g1 /'
down . /

(g2

Eﬂﬂzf

weight 6=5+1

[ 1 ey 7 1

L
¥
"

Harter, Phys. Rev. A 24, 192-263 (1981)_pdf p.38. A


https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Theory%20of%20hyperfine%20and%20superfine%20levels%20in%20symmetric%20polyatomic%20molecules.%20II.%20Elementary%20cases%20in%20octahedral%20hexafluoride%20molecules%20-%20Harter-PRA-1981.pdf#page=38

SFs superhyperfine level correlation
2.8 0p=ADT>®E cluster S BB
A2 hyperfine spectra Eﬁﬂn %"f; v E

\ = //7 ,f““‘?r‘”—- s Weight 8=5+3
A ‘ v 5 !
A\ s el 7 - !
. 2/ 4 (J-{) v
\ /s ‘v / =N
One E’m ’ ”“ ‘! > / /,,’,/ //// ////,/’ ......... T}_.T)-' /’
2 s a :/ 7 o !
down | ”/ ¢ 4 T.a')!
A ’ 0 - . 4 J
T LN b ‘ o " l’/ Z 2 //;’ ,’/ 2y
wo ’* ‘ N, /;/" //” /,/, FA ..._.....-E]—-
\\\\ A \ /’/' P 2 v 7 W T B
down EB“H" WS NS TS S 29°29
Sy /}:'\\ /’/ ,/,/ ’/ (J+|) \
"‘ BN -,"_,,_.\\7\/ ’.l/'/ ’7, ............. —_— "‘
W i e WANS B 1—2 .
i + M : O N : weight 6=5+1

t—n
W

T

\ Q \ ~ kf
A Part of Q(28), ny=27 Cluster at 28.464 691 25 THz s~0~ VUV R R Y o o=
‘\ \\ Q\\\ §\ \\ \ 5 \
\\ v Y ‘\ ‘\ ,Blu
AN -
\ \‘ \ \ |.\
\ \\‘\{\\\‘ % \ __.(')_+.2.) \

VoY il '
' \\ \\‘ \\\ U= ,-
AzuiSe= oo + fo NN W) !
L L I - \ \\ L\-_.-......._.._..-._. ';
-33. 0 33 \\ \ | ) ’l,
Relative Frequency (kHz) Y Ve —
\\ (J'Z) "

Harter, Phys. Rev. A 24, 192-263 (1981)_pdfp.13. ‘(—J:g)-‘—'


https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Theory%20of%20hyperfine%20and%20superfine%20levels%20in%20symmetric%20polyatomic%20molecules.%20II.%20Elementary%20cases%20in%20octahedral%20hexafluoride%20molecules%20-%20Harter-PRA-1981.pdf#page=13

1/242 1/2y2 1/2y2 1/2 1/2 1/2 1/2¢2 1/2v6 1/2¥30 1/2V3 1/2Vy3 1/2y3 1/2V6 1/2y2Z 1/2V5%

1/2V2

1/2V8 1/2V6 1/2y6 1/2/3

-
- ]
- )
- ABA ]
- +
- ]
- HH OO N OO0 NN OOOOH OO
Q< i | 1
'
a 33 OO NN NOOHMOONNMHO O —
S I v ( I
'
L
S OO A O A At At OO A A OO O
- Q< I I [ i I I
H '
- '
- > &> O o OO N OO T O D - O e
q | [ . [ | |
'
1
I . OFMHHOOO N MHHHMHOOO MM~
~ g MR P
'
.m S 23 2233222332.2332223322
'
X <R g [ P [
S .
'
22 HH OO AN N OO HMOONMNM DO ™ —~
m < < (I ' (|
'
2 .
~ -~ PR - ~MoOomMoooOoMoOOoOoO OO O -~
b ¥ Q< | I ' I I
2 [ '
m & - &N 000001..1000.00011_.00000
) S - << ;
Y ~ - > 2 HOOOHOOOOOOOOOOHOD O~
o) o - - ) | X |
a w ) ocormooocoococorrMoooocoocooco~o
x m ~ R ! ' |
S & . '
QL .mu.m,. 0044000110.0110004....00
l 1
b '
a - corMmrMmoco~m~olormmooormoo
-~ xq I I ' I I
1 '
Q '
-~ 3 aca corMHMoOOCOmN~NOoloOMMNOoOOCOoOMHMMOO
) Qg I [ I
1 G L
N\ '
-~ aaN COMMOOO M MOIDHMOOOHMOO
S \ < < < 1 1 , | 1
~ 1
A . % '
- e v 1100111001-1001110011
\}) Lg < | | _. [ |
~ '
-
ﬁ H.'A & ¥ comMmmMoNNmmoom M NOHOO
Ny e Q< 1 ) [ [ i
- 1
I\ )
p & N OHH N molor Moo ~oOo N
~1/| q LI f [ | I
-~ !
r '
~ L N HH OO M AN N H OO MmN
a ~ R | .. I 1 (|
.C D - e e -
™~ ) - B o o W o e
p e - P >
> 0D e P e e P P P e P
T - [ i o i S .
= [ o [P ———— S A A e e

Harter, Phys. Rev. A 24, 192-263 (1981) pdf p.26.



https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Theory%20of%20hyperfine%20and%20superfine%20levels%20in%20symmetric%20polyatomic%20molecules.%20II.%20Elementary%20cases%20in%20octahedral%20hexafluoride%20molecules%20-%20Harter-PRA-1981.pdf#page=26

SFs superhyperfine level correlation
1 On=TDT> cluster
T1®T> hyperfine spectra

. 6
Spectra by Bordé et al.
;29-'5MH1\_L>_

-35.742 MHz

-36.006 MHz

Q(53), n=45 Cluster T,+T

R

WPH
=R |
~2k

@ Jt:

500kHz

e e g :x;lgé Pld
! R 4V a5 : -
\ AV R P
- . p
' : HEE R : : : L~ !
: - N R : l
. — H H H |
Y 1
‘ | ‘ ..' T2
. <« Jround *;
J-2Y ‘ I levels
R I
. : i

FIG. 17. Superhyperfine level correlations for the E-type tetragonal clusters (£ 1,4 O=T+T5).

Harter, Phys. Rev. A 24, 192-263 (1981) pdf p.46. Harter, Phys. Rev. A 24, 192-263 (1981) pdf p.48.


https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Theory%20of%20hyperfine%20and%20superfine%20levels%20in%20symmetric%20polyatomic%20molecules.%20II.%20Elementary%20cases%20in%20octahedral%20hexafluoride%20molecules%20-%20Harter-PRA-1981.pdf#page=46
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Theory%20of%20hyperfine%20and%20superfine%20levels%20in%20symmetric%20polyatomic%20molecules.%20II.%20Elementary%20cases%20in%20octahedral%20hexafluoride%20molecules%20-%20Harter-PRA-1981.pdf#page=48

p 6
NSV, hyperﬁne spectra Q(53),n=45 Cluster T,+T Spectra by Bordé et al.

and nomograms

'500kHz!

!
|
t
i
!

|
|
|

-35,742 MHz
 H e
y ',};, ‘f.:j,' -36.006 MH2

FIG. 18. Transition nomogram for transitions between I I AL " I - girOund
a strong case-2 and a case-1 E-type (Ty,T,) cluster. l i 5 l i evels

The relative transition rates are taken from Table VII(c)
FIG. 19. Transition nomogram for transitions between a weak case-2 and a case-1 E-type (Ty,T,) cluster. Fran

and indicated on the figure.

Harter PRA 24 ( 1981 ) p di D. 47 transformation and diagonalization yield the level correlations shown in the lower right-hand inset. Spectra produce
’ ’ by Bordé et al.%® are compared with the resulting spectral nomogram and intensities. The theoretical ground level
were obtained using constants $=0,3, 7=6.2, anda = - 0.2 in Table XI(c) with all other constants set equal to zero,


https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Theory%20of%20hyperfine%20and%20superfine%20levels%20in%20symmetric%20polyatomic%20molecules.%20II.%20Elementary%20cases%20in%20octahedral%20hexafluoride%20molecules%20-%20Harter-PRA-1981.pdf#page=47

SFs superhyperfine level correlation
1310 =TIDE®T> cluster

CASE 2.
S+0

CASE |.
Harter, PRA 24,(1981) pdf p.60. S =13

FIG. 22. Superhyperfine level correlations for the E-type trigonal clusters (+ 134 O=Ty+E+T,).


https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Theory%20of%20hyperfine%20and%20superfine%20levels%20in%20symmetric%20polyatomic%20molecules.%20II.%20Elementary%20cases%20in%20octahedral%20hexafluoride%20molecules%20-%20Harter-PRA-1981.pdf#page=60

Nomogram of SFe¢v4 P(88) fine, superfine, and hyperfine structure

: ~{1.0GHz
|
l =
|
|
spectra of TI®E®T cluster
‘ e -
E - | J=N=8¢
E I Eg I . T lLIT lg Bords", e al
! PRI 43,14 {19580
i J
|
]: NO Eu fto T]u
| crossover crossover
0
5 resonanfi:—e
N 0 al 0o

. o ® n P o0 <

(00) q- 00] O N~

P 0 D

\ | | | | | . l |
% S S | 9 | S J

Harter. PRA 24,(1981) pdf p.11.

J=87,N=88



https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Theory%20of%20hyperfine%20and%20superfine%20levels%20in%20symmetric%20polyatomic%20molecules.%20II.%20Elementary%20cases%20in%20octahedral%20hexafluoride%20molecules%20-%20Harter-PRA-1981.pdf#page=11

AMOP 5.02.18 class 28: Symmetry Principles for
rejerence links 4 dyanced Atomic-Molecular-Optical-Physics

% pages -4 William G. Harter - University of Arkansas
Symmetry spin species for Co, CHs, SFe¢, and molecular energy surfaces:
Born-Oppenheimer-Adiabadicity: How BOA works until it doesn’t

Conservation of rovibronic spin species-Two views: Herzberg vs. 2005
Where SFs spin species go to die: ODCs and ODC3 symmetry breaking
Diatomic or linear molecule symmetry O(3)2DDan

State labels by symmetry O(3)2>Dwn

Coriolis and A-doubling levels

Nomograms for dipole-allowed transitions
XYn molecules: S3-S¢ tableau-characters

Tableau dimension formulae for X4 and XY 4 molecules

CH4 and DH4 (J=7) transitions. S1F4 (J=30) spectra

Possible SiF4 High J superhyperfine levels
Calculating SFs characters and correlations of symmetry On to Se SF¢ levels&spectra
Born-Oppenheimer Approximation (BOA) for RES

Born-Oppenheimer Approximation (BOA)-constricted body wave vs. lab-wave

Weak-coupling “hook-up” vs. stronger “BOA-constricted” wavefunctions
Semiclassical Rotor-“Gyro”-Spin coupling

Semiclassical Rotor-“Gyro”-Spin Rotational Energy Surfaces (ZIPPed)*
Rotational energy eigenvalue surfaces (REES) (UnZIPPed)

REES for high-] Coriolis spectra in SFe *ZIPP (Zero-Interaction-Potential- Proximation

REES for high-J Coriolis spectra in v; CF4
REES for high-J and high-v rovibration polyads



Born-Oppenheimer Approximation (BOA) for RES
Generalized BOA dependency
Rotational-Energy-Surfaces (RES)

0 T
= ——<= J=4
= _ 2
= | = %— —
——
~— _’_X _
BOA-“Entangled” or correlated produets--——- -~
FAST “SLOW” g ORIERY

(I)J[U(e)](xelea'----wa'-"@mmm) — We(x(Q(@),._)---)°nu(e)(Q(@)--°)°pJ[U(e)](®)

BOA issues discussed in: BOA issues discussed in:
Rev. Mod. Phys. 50,1,37(1978)p.19 Int. J. Mol. Sci. 14,714(2013)p.4



https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Molecular_Eigensolution_Symmetry_Analysis_and_Fine_Structure_-_IJMS-harter-mitchell-2013.pdf#page=4
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Frame_transformation_relations_and_multipole_transitions_in_symmetric_polyatomic_molecules_-_Harter-Patterson-Paixao-RMP-1978.pdf#page=19

Born-Oppenheimer Approximation (BOA) for RES
Generalized BOA dependency
Rotational-Energy-Surfaces (RES)

FAST

“SLOW”

SR_ONRR

(I)J[U(a)](xelea QWb G)mmte) We(x(Q(@) ) )nu(e)(Q(@) )p {[U(S) (6)

BOA issues discussed in:
Rev. Mod. Phys. 50,1,37(1978)p.19

vibe 1)(8) -quanta
depend on

Slectron €-quanta

vibe O(0)-coords
depend on

rotation ®-coords

rotation J[v(€)]-quante

depend on
vibe v-quanta

\ and

electron e-quanta

/

BOA issues discussed in:
Int. J. Mol. Sci. 14,714(2013)p.4



https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Molecular_Eigensolution_Symmetry_Analysis_and_Fine_Structure_-_IJMS-harter-mitchell-2013.pdf#page=4
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Frame_transformation_relations_and_multipole_transitions_in_symmetric_polyatomic_molecules_-_Harter-Patterson-Paixao-RMP-1978.pdf#page=19

Born-Oppenheimer Approximation (BOA) for RES
Generalized BOA dependency
Rotational-Energy-Surfaces (RES)

A7 “SLOW” K ORTRR?

() J[U(g)](xele“ QVib. | @rotate) = \Vg(x(Q(@) ) )ﬂ?@)(Q(@) )P JoE) (@)

electron x (g ©) -coords rotation J[v(€)]-quante

vibe v(€)-quanta

depend on depend on \ depend on
vibration O-coords vibe v-quanta
and clectron E-quanta \ and
rotation © coords vibe O(©)-coords  ¢lectron e-quanta
depend on A
rotation ®-coords
BOA issues discussed in: BOA issues discussed in:

Rev. Mod. Phys. 50,1,37(1978)p.19 Int. J. Mol. Sci. 14,714(2013)p.4



https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Molecular_Eigensolution_Symmetry_Analysis_and_Fine_Structure_-_IJMS-harter-mitchell-2013.pdf#page=4
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Frame_transformation_relations_and_multipole_transitions_in_symmetric_polyatomic_molecules_-_Harter-Patterson-Paixao-RMP-1978.pdf#page=19

AMOP 5.02.18 class 28: Symmetry Principles for
rejerence links 4 dyanced Atomic-Molecular-Optical-Physics

% pages -4 William G. Harter - University of Arkansas
Symmetry spin species for Co, CHs, SFe¢, and molecular energy surfaces:
Born-Oppenheimer-Adiabadicity: How BOA works until it doesn’t

Conservation of rovibronic spin species-Two views: Herzberg vs. 2005
Where SFs spin species go to die: ODCs and ODC3 symmetry breaking
Diatomic or linear molecule symmetry O(3)2DDan

State labels by symmetry O(3)2>Dwn

Coriolis and A-doubling levels

Nomograms for dipole-allowed transitions
XYn molecules: S3-S¢ tableau-characters

Tableau dimension formulae for X4 and XY 4 molecules

CH4 and DH4 (J=7) transitions. S1F4 (J=30) spectra

Possible SiF4 High J superhyperfine levels
Calculating SFs characters and correlations of symmetry On to Se SF¢ levels&spectra
Born:Oppenheimer Approximation (BOA) for RES
Born-Oppenheimer Approximation (BOA)-constricted body wave vs. lab-wave
Weak-coupling “hook-up” vs. stronger “BOA-constricted” wavefunctions
Semiclassical Rotor-“Gyro”-Spin coupling

Semiclassical Rotor-“Gyro”-Spin Rotational Energy Surfaces (ZIPPed)*
Rotational energy eigenvalue surfaces (REES) (UnZIPPed)

REES for high-] Coriolis spectra in SFe *ZIPP (Zero-Interaction-Potential- Proximation

REES for high-J Coriolis spectra in v; CF4
REES for high-J and high-v rovibration polyads




Born-Oppenheimer Approximation (BOA)-constricted body wave vs. lab-wave
BOA

J[U ©)] (wammc @rotate) We(x(@)) pJ[e](G))
Detailed model = VelX o)) Py k(@B
of BOA rotor Using rotational symmetry analysis
J*
entanglement — \pu(x) "Dy Ken +a(oc,[3,y)\/[J]

bOd based vibronic factor

BOA issues discussed in: BOA issues discussed in:
Rev. Mod. Phys. 50,1,37(1978)p.19 Int. J. Mol. Sci. 14,714(2013)p.4



https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Molecular_Eigensolution_Symmetry_Analysis_and_Fine_Structure_-_IJMS-harter-mitchell-2013.pdf#page=4
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Frame_transformation_relations_and_multipole_transitions_in_symmetric_polyatomic_molecules_-_Harter-Patterson-Paixao-RMP-1978.pdf#page=19

Born-Oppenheimer Approximation (BOA)-constricted body wave vs. lab-wave
BOA

J[U ©)] (xvzbmmc @rotate) \lfe(x(@)) p_][g](@)
Detailed model = (- x(body)) P v k(@B
of BOA rotor Using rotational symmetry analysis
J*
entanglement = \pu(x) "Dyt ken (@B I]
bOd based vibronic factor
body-wave from lab-wave lab -wave from body-wave
v / 1
Wﬁ(x) — Wu(x) D m H(OC»B,Y) % Wu(x) Wu(x)D (‘X B,Y)
A sum ,f sum T
n=—J..+J “__J and
BOA issues discussed in: BOA issues discussed in:

Rev. Mod. Phys. 50,1,37(1978)p.19 Int. J. Mol. Sci. 14,714(2013)p.4



https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Molecular_Eigensolution_Symmetry_Analysis_and_Fine_Structure_-_IJMS-harter-mitchell-2013.pdf#page=4
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Frame_transformation_relations_and_multipole_transitions_in_symmetric_polyatomic_molecules_-_Harter-Patterson-Paixao-RMP-1978.pdf#page=19

Born-Oppenheimer Approximation (BOA)-constricted body wave vs. lab-wave
BOA

J[U ©)] (xvzbmmc @rotate) \lje(x(@)) pj[g](@))
Detailed model = (- x(body)) P v k(@B
of BOA rotor Using rotational symmetry analysis
J*
entanglement = \pu(x) "Dy g=n 0BV
bOd based vibronic factor
body-wave from lab-wave lab -wave from body-wave
¢ v ¢ ¢ rame
Wﬁ(x) — Wu(x) D !1,“(0‘»[3,7) W Wu(x) Wu(x) D (OC B,Y)
i =t
\

“Hook-up” unentangled lab-based products: ‘Vu(x) DIn (@B YVR]

(with Clebsch Gordan Cf RJ‘\Z) LAB, ot

_ U R
BOD q)J(fR) =C mM \Vu(x) (OC»B,’Y)\/[R]

f sum ﬁ with
u=-J..+J m =M—u

/}' . BOA issues discussed in: BOA issues discussed in:
Rev. Mod. Phys. 50,1,37(1978)p.19 Int. J. Mol. Sci. 14,714(2013)p.4



https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Molecular_Eigensolution_Symmetry_Analysis_and_Fine_Structure_-_IJMS-harter-mitchell-2013.pdf#page=4
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Frame_transformation_relations_and_multipole_transitions_in_symmetric_polyatomic_molecules_-_Harter-Patterson-Paixao-RMP-1978.pdf#page=19

AMOP 5.02.18 class 28: Symmetry Principles for
rejerence links 4 dyanced Atomic-Molecular-Optical-Physics

% pages -4 William G. Harter - University of Arkansas
Symmetry spin species for Co, CHs, SFe¢, and molecular energy surfaces:
Born-Oppenheimer-Adiabadicity: How BOA works until it doesn’t

Conservation of rovibronic spin species-Two views: Herzberg vs. 2005
Where SFs spin species go to die: ODCs and ODC3 symmetry breaking
Diatomic or linear molecule symmetry O(3)2DDan

State labels by symmetry O(3)2>Dwn

Coriolis and A-doubling levels

Nomograms for dipole-allowed transitions
XYn molecules: S3-S¢ tableau-characters

Tableau dimension formulae for X4 and XY 4 molecules

CH4 and DH4 (J=7) transitions. S1F4 (J=30) spectra

Possible SiF4 High J superhyperfine levels
Calculating SFs characters and correlations of symmetry On to Se SF¢ levels&spectra
Born-Oppenheimer Approximation (BOA) for RES

Born-Oppenheimer Approximation (BOA)-constricted body wave vs. lab-wave

»Weak-coupling “hook-up” vs. stronger “BOA-constricted” wavefunctions

Semiclassical Rotor-“Gyro”-Spin coupling

Semiclassical Rotor-“Gyro”-Spin Rotational Energy Surfaces (ZIPPed)*
Rotational energy eigenvalue surfaces (REES) (UnZIPPed)

REES for high-] Coriolis spectra in SFe *ZIPP (Zero-Interaction-Potential- Proximation

REES for high-J Coriolis spectra in v; CF4
REES for high-J and high-v rovibration polyads



Weak-coupling “hook-up” vs. stronger “BOA-constricted” wavefunctions
Compare wave Products: S0 , %
Lab “hook-up” versus “BOA-constricted bod” @ Tm Wﬁ(x ) -D MK(a,B,y)\/[J]
LAB hook—up_ é R J € R*
¢J(€R) _Cu mM WM(X) .Dm,n(aBY)\/[R]
A sum ﬁ with ﬁ
w=—J...+J m=M-

BOA issues discussed in: BOA issues discussed in:
Rev. Mod. Phys. 50,1,37(1978)p.19 Int. J. Mol. Sci. 14,714(2013)p.4



https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Molecular_Eigensolution_Symmetry_Analysis_and_Fine_Structure_-_IJMS-harter-mitchell-2013.pdf#page=4
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Frame_transformation_relations_and_multipole_transitions_in_symmetric_polyatomic_molecules_-_Harter-Patterson-Paixao-RMP-1978.pdf#page=19

Weak-coupling “hook-up” vs. stronger “BOA-constricted” wavefunctions
Compare wave Products: S0 , %
Lab “hook-up” versus “BOA-constricted bod” @ Tm Wﬁ(x ) -D MK(a,B,y)\/[J]
LAB hook—up_ ( R J € R*
¢J(€R) _Cu mM WM(X) .Dm,n(aBY)\/[R]
A sum ﬁ with ﬁ
w=—J...+J m=M-

Wﬁx —
LABhook—up f R J g , f * R *
D jiry =Cumm WE(X)D%,EL(a,B,v)°Dm,n<an>V[R}
Hib}m +J
sum with

w=—J..+J m=M-l

BOA issues discussed in: BOA issues discussed in:
Rev. Mod. Phys. 50,1,37(1978)p.19 Int. J. Mol. Sci. 14,714(2013)p.4



https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Molecular_Eigensolution_Symmetry_Analysis_and_Fine_Structure_-_IJMS-harter-mitchell-2013.pdf#page=4
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Frame_transformation_relations_and_multipole_transitions_in_symmetric_polyatomic_molecules_-_Harter-Patterson-Paixao-RMP-1978.pdf#page=19

Weak-coupling “hook-up” vs. stronger “BOA-constricted” wavefunctzons
Compare wave Products:
(I)BOA

Lab “hook-up” versus “BOA-constricted bod” T WH( ) -D K(Oc B YV

LAB, ok g R*
(I)J(m) —C \pu(x) D¢ (ocBy)\/
f sum ﬁ with

u=—J..+J m=M-U
M~ ___

LBy CRJ 00F AR
D, . _Cu .y \Vu(x)Du (B DIn n(ocBy)\/[R nK\pu(x) -D MK(OLBV)\/[R
b osum M1 f_ sum 4 yith: K= [L+n
n=—J..+J w=-—J...+J
sum with

u=—J..+J m=M-l

BOA issues discussed in: BOA issues discussed in:
Rev. Mod. Phys. 50,1,37(1978)p.19 Int. J. Mol. Sci. 14,714(2013)p.4



https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Molecular_Eigensolution_Symmetry_Analysis_and_Fine_Structure_-_IJMS-harter-mitchell-2013.pdf#page=4
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Frame_transformation_relations_and_multipole_transitions_in_symmetric_polyatomic_molecules_-_Harter-Patterson-Paixao-RMP-1978.pdf#page=19

Weak-coupling “hook-up” vs. stronger “BOA-constricted” wavefunctions
Compare wave Products:

Lab “hook-up” versus “BOA-constricted bod” () BOA

v J*
Joy \lfu( X)-D (BN
LABhook—up_ /' RJ r—% R
(DJ(KR) _Cu mM Wu(x) D m,n(OCBY)\/[R]
o osum M with 4
w=—J...+J m=M-

LAB, ok ¢ RJ v * R* {RJ /1 J*

D, =C M \Vﬁ(x)Du,n(o" B,y)- D m n(ocBy)\/[R]ZCﬂ anIL(x) D, i AaByNIR]
A sum WA | Y osum b yith: K=[i+n
u=—J..+J u=—J..+J

sum with

=—J... =M-
u=—J..+J  m=M—y LABy iy 0 R IR (I)BOA

Dy = onkK T e

4 sum A
This has form: / u=—J...+J
\

Coimir Dy DY @by =Ci Dy iep

T A with ) A with: K={1+n
S

m=M-
um

nw=-J..J

...that follows from
well known
coupling identity.

(RJ r* .DR* (RJI_SJ NJ*
C, M, f‘i %(ocﬁv) DT?(“BY)C%HK =0 Doy
Ts mM ‘ | sum with T

um
u=—J..+J u=—J..+J n=K—t




Weak-coupling “hook-up” vs. stronger “BOA-constricted” wavefunctions
Compare wave Products:

/ J*
Lab “hook-up” versus “BOA-constricted bod” (DﬁfmA = \|In()_c ) -D MK(OL,B,y)\/[J]
LABhook—up_ f R J € R*
D i _Cu mit Yu(X) Dy 0BVR]
Y sum M with ﬁ
w=—J...+J m=M-
Hf___{%
LABhook—up f R J /g . f* h R>X< g R J g J*
b osum M | tosum X with: K={i+n
w=—J..+J u=—J..+J
sum with
u=—J..+J  m=M-u LABy iy 0 R IR (I)BOA
Dy = onk 0T Jm
4 sum A
This has form: / u=—J...+J
TR (RJ pyr* R* (R JyJ* LAB BOA
Cmir Dy Dy, oo =CingDiygoby i
T A mLV]’Z’_u A A with: K=[1+n sharp Ii icod R
...that follows from W==/..J mlxe‘;gTHHAV??Vp 1
well known h s
coupling identity. Sarp i snarp n

An elementary
“rovibronic species’

(RJ r* .DR* (RJI_SJ NJ*
C, M, f‘i %(ocﬁv) DTIAl(OLBY)C%LnK =0 Doy
Ts mM ‘ | sum with T

_ “..gyro in a briefcase”
u=—J..+J n=K—U

um
n=—J..+J
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Semiclassical Rotor-"“Gyro”-Spin coupling

Graphical approach to rotation-vibration-spin Hamiltonian
| R

I
<H> ~ Vv 'h+BJ( T+ ] )_I_.::H.'i‘m lar Coriolis— 4 < Tensor Centrifugal—  « [ yNuclear Spin— 4 < lensor Coriolis~ 4
vi e

OUTLINE

Introductory review

Example(s)

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

|« Rotational Energy Surfaces (RES) and @’-cones v,p@ss) sr,

pin symmetry correlation tunneling and entanglement sk,




Semiclassical Rotor-"“Gyro”-Spin coupling
| yBoby)

“whir-rr’”

“whir-rr” S ~Q

X(BODY)

R

A

Rotor R PLUS “Gyro” Spin = S EQUALS Compound Rotor J= R+S
Compound Rotor Hamiltonian: Rigid rotor with body-fixed “gyro”...
In general, this term is the difficult part...

24BR 24CR.2 “ -
H=AR,. +BRy +CR“ +... +(coupling or constraint)+...+B S-S

Rotor-Gyro RES issues discussed in:
Computer Phys. Reports 8, 319-394 (1987)
Spring Handbook of AMOP Ch. 32 (2006)



Semiclassical Rotor-"“Gyro”-Spin coupling
| yBoby)

“whir-rr’”

“whir-rr” S ~Q

X(BODY)

R

A

Rotor R PLUS “Gyro” Spin = S EQUALS Compound Rotor J= R+S
Compound Rotor Hamiltonian: Rigid rotor with body-fixed “gyro”...
In general, this term is the difficult part...

20 np 20 2 = -
H=AR,. +BR,, +CR“ +...+(coupling or constrajnt)+...+B ¢SS
o ...but suppose it’s zero!
Zero-Interaction Potential ‘Proximation (ZIPP) Constraints do no work.

Rotor-Gyro RES issues discussed in:
Computer Phys. Reports 8, 319-394 (1987)

*ZIPP (Zero-Interaction-Potential- Proximation Spring Handbook of AMOP Ch. 32 (2006)



Semiclassical Rotor-"“Gyro”-Spin coupling

| yoby)
" e
“whir-rr” SNQ P
—X(BODY) 4N /\/ < 7
R ”
R S

Z

Rotor R PLUS “Gyro” Spin = S EQUALS Compound Rotor J= R+S

Compound Rotor Hamiltonian: Rigid rotor with body-fixed “gyro”...
In general, this term is the difficult part...

24 RR 24CR.2 “ -
H=AR, +BRy +CR“ +... +(coupling or constrajnt)+...+B S-S
3¢ ...but suppose it’s zero!
Zero-Interaction Potential ‘Proximation (ZIPP) Constraints do no work.

: (ZIPPed)
Let:R=J - S and consider non-constant terms /ignore gyro S terms that are constant)

H=A4 (JX_S)()Z_I_B(Jy_Sy)Z_I_C(JZ_SZ)Z—I_ +0 (for constraint)+...+(constant BS terms)

Rotor-Gyro RES issues discussed in:
Computer Phys. Reports 8, 319-394 (1987)

*ZIPP (Zero-Interaction-Potential- Proximation Spring Handbook of AMOP Ch. 32 (2006)



Semiclassical Rotor-"“Gyro”-Spin coupling
| yopy)

" N
“‘Whir-rr” S ~Q) -
—X(BODY) SN /\/ ~ 7
R ”
R S

Z

Rotor R PLUS “Gyro” Spin = S EQUALS Compound Rotor J= R+S

Compound Rotor Hamiltonian: Rigid rotor with body-fixed “gyro”...
In general, this term is the difficult part...

24 RR 24CR.2 “ -
H=AR, +BRy +CR“ +... +(coupling or constrajnt)+...+B S-S
3¢ ...but suppose it’s zero!
Zero-Interaction Potential ‘Proximation (ZIPP) Constraints do no work.

. (ZIPPed)
Let:R=J - S and consider non-constant terms [iignore gyro S terms that are constant)

H=A (Jx—Sx)2+B(Jy—Sy)2‘|‘C(JZ—SZ)2‘|‘... +0 (for constraint)+... +(constant BS terms)

H=AJ xZ +BJy2 +CJ ZZ T... -2/%.] xSx'ZﬁJySy'Z %J ZSZ_I_' .. T (more constant terms)

€€ * o €6 . 1
Coriolis effect” subtracts linear or Ist-order J, or T' terms for gyro-rotor H

Rotor-Gyro RES issues discussed in:
Computer Phys. Reports 8, 319-394 (1987)

*ZIPP (Zero-Interaction-Potential- Proximation Spring Handbook of AMOP Ch. 32 (2006)



Semiclassical Rotor-"“Gyro”-Spin coupling

| yBoby)
“‘Whir-rr” S ~()
—X(BODY) ’\ / 7
R -

S
Rotor R PLUS “Gyro” Spin /S{ EQUALS Compound Rotor J= R+S
Compound Rotor Hamiltonian: Rigid rotor with body-fixed “gyro”...
In general, this term is the difficult part...
AR 2+BR 2+CR.2 e |
H=AR, +BRy +CR“ +...+(coupling or constraint)+...+B ¢SS

3¢ ...but suppose it’s zero!
Zero-Interaction Potential ‘Proximation (ZIPP) Constraints do no work.

. (ZIPPed)
Let:R=J - S and consider non-constant terms [iignore gyro S terms that are constant)

H=A (Jx-Sx)Z‘|‘B(Jy-Sy)2‘|‘C(JZ-SZ)2‘|‘. .. F0 (for constraint)* ...+ (constant BS terms)

H:A.fx2 ‘|‘BJy2‘|‘CJZZ‘|'. . 'ZﬁJxSx'Za‘]ySy_ZC%JZSZ_h .. T (more constant terms)

“Coriolis effect subtracts linear or Ist-order J,, or T terms for gyro-rotor H

BR? to B(J-S )2 is analogous to p?/2u to (p-eA)?2m gauge-transformation
..J*S is analogous to ep*A

*ZIPP (Zero-Interaction-Potential- Proximation
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Semiclassical Rotor-“Gyro”-Spin Rotational Energy Surfaces
RE Surface forlst-order J, or T' term is a cardioid displaced in J-direction

Energy sphere intersections are concentric circular precession paths
All paths precess with the same sense around gyro S-vector

Fixed Points for J lie on “North” and
“South” poles of RE surface

precessing — .
Linear
Harmonic
precession
spectra
Lowest RE for
gyro-rotor at
Nouth pole
fixed point
Highest RE for
gyro-rotor at
South pole
fixed point

Springer DAMOP Handbook 2005 pdf p.20

Rotor-Gyro RES issues discussed in:
F Ch. 25 1'CA Unit 8 pdf p.69
rom oS 9 nit 8 pdf p Computer Phys. Reports 8, 319-394 (1987)


https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Springer_Handbooks_of_Atomic_Molecular_and_Optical_Physics_-_Harter-Ch32_-_2006.pdf#page=20
https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._25_2013.pdf#page=69

Semiclassical Rotor-“Gyro”-Spin Rotational Energy Surfaces

RE Surface forlst-order J, or T! term is a quasi-sphere displaced in S-direction

Energy sphere intersections are concentric circular precession paths
All paths precess with the same sense around gyro S-vector (Using lefi-hand rule here)

Fixed Points for J lie on “North” and
“South” poles of RE surface

precessing
J vector

J

S$~Q

“North” pole

“whir-rr”

Springer DAMOP Handbook 2005 pdf p.20

Rotor-Gyro RES issues discussed in:
Computer Phys. Reports 8, 319-394 (1987)


https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Springer_Handbooks_of_Atomic_Molecular_and_Optical_Physics_-_Harter-Ch32_-_2006.pdf#page=20

Semiclassical Rotor-“Gyro”-Spin Rotational Energy Surfaces

Prolate Rotor R MINUS “Gyro” x-Spin S,

Springer DAMOP Handbook 2005 pdf p.20

Rotor-Gyro RES issues discussed in:
Computer Phys. Reports 8, 319-394 (1987)


https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Springer_Handbooks_of_Atomic_Molecular_and_Optical_Physics_-_Harter-Ch32_-_2006.pdf#page=20

Semiclassical Rotor-“Gyro”-Spin Rotational Energy Surfaces

Prolate Rotor R MINUS “Gyro” x-Spin S,

Low energy along S High energy against S
|R| is small if 2 |R| is large if

|J| IS constant 4 |J| IS constant

Low [ A High
rotor; S rotor

KE KE

A

S is ﬁxedEI is small | JJ S is fixed IRI is large
I is constant ﬁ

IJI is constant

Springer DAMOP Handbook 2005 pdf p.20

Rotor-Gyro RES issues discussed in:
Computer Phys. Reports 8, 319-394 (1987)


https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Springer_Handbooks_of_Atomic_Molecular_and_Optical_Physics_-_Harter-Ch32_-_2006.pdf#page=20

Semiclassical Rotor-“Gyro”-Spin Rotational Energy Surfaces
Prolate Rotor R MINUS “Gyro” x-Spin §, From Ch. 25 of OTCA Unit 8 pdf p.70

Low energy along S High energy against S

|R| is small if 2 |R| is large if
|J| Is constant

Low | "N High
rotor =< | rofor

KE | L 28S5 KE

A

S is ﬁxedEI is small | JJ S is fixed IRI is large
I is constant ﬁ

IJI Is constant



https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._25_2013.pdf#page=70
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Rotational energy eigenvalue surfaces (REES)

Spln gj/]"O S:(]’ ]’ ]) atl‘ached (Z]PPed) 10 Springer DAMOP Handbook 2005 pdfp.23
Asymmetric Top (A=5, B=10, C=15 ) Introducing “Sherman the Shark” ZIPPed*

*ZIPP (Zero-Interaction-Potential- Proximation

Time reversed
gyro -S=(-1,-1,-1) The two together (ZIPPed*)

“Sherman’ (The shark)

Crossing RE surfaces

analogous to
J Crossing PE surfaces (Jahn-Teller)

M oo \W
— / )
NZIPPing~—< nZIPPing

R


https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Springer_Handbooks_of_Atomic_Molecular_and_Optical_Physics_-_Harter-Ch32_-_2006.pdf#page=23

Rotational energy eigenvalue surfaces (REES)

Spi. RE /i
Two or more RE's beg to be unZIPPed. (g)= PUTUp (B’"Y) Cmpmg(ﬁgy)
Base RE surfaces are eigenvalues of matrix. (opling ( ’Y)* Spin-down RE (BV)

Classical RE
H=1J 2‘|‘BJy2‘|‘CJ 2‘|‘ -2 J S ZBJySy ZCJS ... T (more constant terms)

Semi-Classical Spin-1/2 RE~ 6,=(" é) G, =(; 0),(52:(0_01), 1=(; ) makes matrix

H=(1J, 2‘|‘BJ 24CJ 2)1 J5:5.0 BJy Y -CJ s O,*... t1(more constant terms)

Classical ZIPP —02 B=0.8, C=1.4 Semi-Classical spin-1/2 unZIPP 1=0.2, B=0.8, C=1.4
$,=0.0, $,=0.1, S,=0.2 5.=0.0, s, =0.1, s.=0.2

Outer
RE
eigen-
surface

Constan!
Lnergy

Sphere
F=0.3

Inner
RE
eigen-
surface




Rotational energy eigenvalue surfaces (REES)
H g s(quantized) = AJ)ZC + BJ% + CJ? - Al 0,—-BJ,0,—-CJ,0,+const.

RE. . —JCcos[3 —AJ cosy sin 3 —iBJ siny sin 3
| —AJcosysinB+iBJsinysinf RE,.. +JCcos 3
. 72 2 .2 .2 ) 2
where: RE . =J (Acos” ysin” B+ Bsin” ysin” f+ C cos” [3)

(ZIPPed*) (un/ZIPPed*™)

rig. 25:5-5 .( a) Views of classical gyro-rotor Fig. 25.5.5(b)Views of semi-classical gyro-rotor
¢-RES in Fig. 25.5.4 (a) based on (25.5.2). sc-RES plot of eigenvalues of (25.5.12)with S=6/2.

: ’ ' p. . . Sci. 14,714(2013)p.82
*ZIPP (Zero-Interaction-Potential- Proximation From Ch. 25 of QTCA Unit 8 pdf p.72 [ntJ- Mol Sci. 19.714(2013)p.8


https://modphys.hosted.uark.edu/pdfs/QTCA_Pdfs/QTCA_Text_2013/QTCA_Unit_8_Ch._25_2013.pdf#page=72
https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Molecular_Eigensolution_Symmetry_Analysis_and_Fine_Structure_-_IJMS-harter-mitchell-2013.pdf#page=82
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REES for high-J Coriolis spectrain SFs

<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)

Review:
SFs Coriolis POR structure

ROTATIONAL and SCALAR CORIOLIS ENERGY
(UNITS OF B)

(a)ROTATIONAL LEVELS 40 (b)1, ROTATIONAL SPECTRUM X
SFy v, LEVELS  SFy y, LEVELS (/= 0)—==(/=1) =
| ;J=3 N=2 1 v
! . P
—15 J | | ' o) o~
)/ |J=3,N=3 [ =
i | T ‘T'
I +-\':'
i J=3N=4 - o ARe 2,
: . I
R | I | n r
: = | g
| > . |I Q_ 2'\ Qo Qo..
Nt M L e =k
g2,N=2 S PR _______T' .
| =t | Rl =
-2 N:=3 O - Q) —
:J 2,N=3 T M — L
| O |
| L|>j‘ | : 5o,
: , | Q) P2} N
S 7R A €i.")
- Q) |
e I
Q(Q) |
| L C. ] 1 ' ] | i I
{,=-0.22 . GROUND(/=0)LEVELS
i | S & S
CorioLIs Co NSTANT i z z
[T W T W R N TN S L — LEAV
(&l t=0y, SF, N=() N=]B8d+) N=2 N=3...



REES for high-J Coriolis spectra in SFs

Review:
SFs Coriolis POR structure

(a) ROTATI LEVELS t/=1)
SF; vy LERELS v, LEVELS
'N=2
: =3, J=4 J:: HScalarCorzolzs — BC 2JTOtal.€vzbe
— 10 \ N 3 = _BC[JZ (J2 £)2+£2]

ROTATIONAL and SCALAR CORIOLIS ENERGY

(UNITS OF B)

= B{[J?- N2 +2]
<HScalar Coriolis~ — BC., [ J(J+])—N(N+1)+f(€+1)]
‘N 4

local Fotatinm E."i.’i':.r:.ti-::-n

= H

a1ea=1ime1o2) et art gt

- IUN=O+ BICTILY - By [JCTHL) = HE+L13+8(E+10 ]

- :_= (2R{I-C1(H+L)  Eory J=NWtl
N=2 |
. BN ] far: J-=HK

=T YD BN{ML) 4

—2Hi1-clH iocr: J=N-1

B J-

L M=), =2

|- ‘ _1'..:' :
‘N=|, 40 J::0N=1

=] Jo,s

|

CDHIDL!S quqsmm




REES for high-J Coriolis spectra in SFs

Recall scalar Coriolis

POR plots vs. B(
Here 1s a J=60 piece of it:

N=59=J.1 ¢

ENERGY

EXACT DIAGONALIZATION J=60

WGH,
Patterson,

~__
JCP 69, 4906
(1978)

J=60
N=60=J

=6/=J+1
-0.5 B{=0 +0.5

Now consider this plot

i

(Just 41 _rank [2x2] tensor here.)

ENERG

3-FOLD
5
CLUSTERS T

2= PO D CLUSTERS

4-FoLD I,

S \CLUSTERS

with fensor Coriolis, too» e, | -

3—FOLD H+
CLUSTERS. =

4-FOLD 2,

=020=016-012-008-004 0@ . 0.04 0.08 0l12 0J6 0.20



REES for high-J Coriolis spectra in SFs

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.



REES for high-J Coriolis spectra in SFs
> [T+ 1>

Body-2I1+-Basis
1 00 IEC-ISE u.-lze'iTsin[)’l _[]‘
<H>=(v,+BJ»)|0 1 0|+2B{J|[2esinp . 0 HesinB
001 0 eTsinf -cosP
3cos -1 -V8esinBeosP  sin2P (6cos2y-+idsin2y)
+21,, )] |Z( -\8elTsinfcosp 0 -6cos2B+2 V8e i sinfcosp
sin (6cos2y-i4sin2y) V8el' sinfBcosf 3cos?B-1
Lab-PQR-Basis [P>]Q>[R>
100 +1.00 (Either basis should give same REES)
<H>=(v,+BlI*)}0 1 0|+2BLJ[ [ 0 0 0
0ol 0o Hpp=(35cos'B-30cos2+5sin?Psindy+5 y/4=Hyy

H,, H,, H _
e H | Hpg=SsinB(7cos?B-3cosB-sin’ B(cosBeosdyisindy))N8=H g

+2t HEQ HQQ JR 9 7
HPQZS(-?EQS4B+EEGS-B+[ I-cos’B)cosdy+2icosPsin’Psindy-1)/4

224

Y

BE=0.0



REES for high-J Coriolis spectra in SFs

e
3, L

Cilevel Clevel C, level
clhisi2rs  eclusiers clusters

(mot seen
here. )

1.0

0
S

oriolis Operaton
40

lensor C

P

1

¥
1 |

1
(but shows up
in CF4polyad)

10

d.0
L
|
'|
|
-
|
oy
L
4

30 Eigenvalues of Scalar

J

1.9 1.0 0.5 0 0.5
Scalar Coriolis Bf

BE=0.0 ~N
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Symmetry spin species for Co, CHs, SFe¢, and molecular energy surfaces:
Born-Oppenheimer-Adiabadicity: How BOA works until it doesn’t

Conservation of rovibronic spin species-Two views: Herzberg vs. 2005
Where SFs spin species go to die: ODCs and ODC3 symmetry breaking
Diatomic or linear molecule symmetry O(3)2DDan

State labels by symmetry O(3)2>Dwn

Coriolis and A-doubling levels

Nomograms for dipole-allowed transitions
XYn molecules: S3-S¢ tableau-characters

Tableau dimension formulae for X4 and XY 4 molecules

CH4 and DH4 (J=7) transitions. S1F4 (J=30) spectra

Possible SiF4 High J superhyperfine levels
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Born-Oppenheimer Approximation (BOA) for RES
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Weak-coupling “hook-up” vs. stronger “BOA-constricted” wavefunctions
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REES for high-J Coriolis spectra in v3 CFj4

REES issues discussed in:

Int. J. Mol. Sci. 14,714(2013)p.84



https://modphys.hosted.uark.edu/pdfs/Journal_Pdfs/Molecular_Eigensolution_Symmetry_Analysis_and_Fine_Structure_-_IJMS-harter-mitchell-2013.pdf#page=84
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