Based on QTCA Lectures 24-25
Group Theory in Quantum Mechanics

Introduction to Rotational Eigenstates and Spectra 111

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

Review: Building Hamiltonian H=A4J,’+BJ,’+CJ2+ out of scalar and tensor operators
Review: Symmetric rotor levels and RES plots
Asymmetric rotor levels and RES plots

D>DC> symmetry correlation
Spherical rotor levels and RES plots
Spectral fine structure of SFs, SiF4, CsHs, CFy,...
ODCyand ODCs symmetry correlation

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

Rovibronic nomograms and POR structure

Rovibronic energy surfaces (RES) and cone geometry
Spin symmetry correlation, tunneling, and entanglement
Analogy between PE surface dynamics and RES
Rotational Energy Eigenvalue Surfaces (REES)
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Review of freshman Chemistry and Physics (contd)

Momentum 101  p=mv J=L=1w® BANG!
(linear) (rotation)
1 2= 2 Ly 2 p
Energy 101 E =mv- = p°/2m E=ITw" = J /21 $BUCKS

$BUCKS .

BANG!

Simple Rigid Rotor Hamiltonian... (Hamiltonian H=E is energy in terms of momentum)

H=A4J i + BJ i +CJ g + .- ..and its multi- expansion...
A+B+C 2C—-A-B A-B
( ) ) S R +( ) 22 -32-J° +( ) J2-J2
3 R | 6 y 9 y
2 T
Spherical Top\ F To e @
(A=B=C) 0 .o | Symmetric Top ) 2 (2 2
=5y TV=J (A=B#C) 2TV 3(T2( )+T_(2))
H= BJ*+(C - B)(2/3)T® o
Asymmetric Top
(4#B#C)

10

2
H= BI+2C-4-BBTY +(A-BNG( T+ 1))
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Building Hamiltonian H= 4J *+ BJy2+ CJ_* out of scalar and tensor operators

p N S N 29 _ J?2-J?
T(())ZJX2+Jy2+J22=J2 T()2: z 2x Y :J23C0829 1:J2[)2(c059) T22+T_22=\/g = 7 Y — %stin2000s2¢

H=4J 2+ BJ *+CJ.°

1 1 1 2 2 2 R e LN AN E: 1 0
=( 3 = ~ =( -4 +- = = —(A+B+CXT
(3A +3B +3C)(Jx +J,° +d.7) (3 3 3 )W, +d 7 +dT) 3( + B+ C)(Ty)
-1 -1 2 2 2 2 ~1 2 2J22_Jx2_" ? Ly 2
+(6 A+ p B +EC)(—JX _Jy +2Jz ) +(—A+?B +Z C)( 5 Y ) +3( A B+2C)(T0)
1 -1 2 2 2 2 1 2 2
+(=A+—B +0C) J"-d °+0 J, -J, +—=(A=-B)T;+T
( 9 2 )( X Y ) +( 1 B+OC)(\/7 ) \/g( )( 2 _2)
N f
Resulting asymmetric top Hamiltonian expansion:
asymmetry
A— B term
H:AJX2+BJy2+CJ22 —(A+B+C)(TO)+ (2c A= BYT)+ (T; +T2%)

N

Resulting semi-classical asymmetric top Hamiltonian expansion.: @symmetry

term
2 j—
H=4Jd 2+ 5 2+ CJ %= %(A+B+C)(J2)+%(2C—A—B)(J23COS o-1, A\/_B( > I sin% 0 cos 20)
H=4J 2+BJ +CJ2 JZ{A+§+C+2C_A_B(3c0529—1)+A_Bsinzé?coqub}

Resulting semi-classical symmetric top Hamiltonian expansion.

B+B+C+2C—B—B
3 6

=BJ* +(C - B)J *= BJ* +(C - B)J*cos* 6

H=5J_ 2+BJ +CJ2 Jz[ (3c0520—1)+B_BsinzecOSZ(p}: J2|:B+(C—B)C0829:|
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* Review: Symmetric rotor levels and RES plots
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Rotational Energy Surface (RES):
Plot Hamiltonian H=BJ? + (C— B).JZ2 radially as H(®)=BJ(J+1)+(C - B)J(J + 1)0032 e

‘ £1,n> Conventional notation: n=K H(®{< ):BJ(J " 1) i (C B B)J(J i 1)C082 ®{<
LAB  BOD =BJ(J+1)+(C - B)K?
(Here this gives exact quantum eigenvalues!)
J=10 Minimum uncertainty angle 4, —17 550 Polar
————————— prolate T\ conetd 10 Uncertainty

0
| e

‘ RES contour K=+10 m o @c;n:gcl(e)il K

N K NI0+D

symmetric top
RES

N
NI(J+1) ~J+1/2
10.488~10.5 ZANEN

b/

i @10
K=5 :
— —alell
+1 @}g =84.53°

-6

-9

NN
vy

% Int.J. Molecular Science 14.(2013) Fig.1 p. 730
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Asymmetric Top Eigensolutions

Related to RE Surface

and semi-classical J-phase paths

precessing
J vector

after QTforCA Unit 8. Ch. 25 Fig. 25.4.1

J

<

777777777777777

Note: A1B1A2Bo
‘monondromy“
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Separatrix circle pair
dihedral angle

_ A-B
()Séyy——ffﬁall(jz§:zf}

Int.J.Molecular Science 14.(2013) Fig.3 p. 733
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Molecular Symmetry and Dynamics

32.2 Rotational Energy Surfaces and Semiclassical Rotational Dynamics

—_
I

Rotation axes
mear X—axis

region \ \ \\\ \\
e
* \\ \ \\
Ly
Fm::mctur: sty 5.34cm‘9'\ 8\\ 7\ \\

Rotation axes
near z —axis

ECARRMTATAY

N (2} Y Y
V.o N BE+S WA B34 §
’ \ ’ \ ’ \ ’ \
’ AY ’ A ’ \ ’ A
! A ’ A\ ’ \ ’ \
. !‘ ‘ g '.s‘ I.g‘

8.6x e 4 2.8x 5.1x
107em™  10%em™  107%em™ 102em™
=26kHz =230kHz =84 MHz = 1.5 GHz

C,(x)-type clusters

.
llllllllll

T.I

it

| O
! A] I b4
i o |
9 0 - gt
10=K>5(z
2(2) | B
) I ’ ) I ! 3
A ’ Ay ’
\ ’ Y ’
\‘ ‘I \\ I’

C1(z)-type clusters

(cm™)

g 32.2 J = 10 rotational energy surface and related level spectrum for an asymmetric rigid rotator (A =0.2, B =

B2 C=06cm™!)

D>DC(y) D>DC>(z)

&)

G
@
K0)
0, L 0, I
Ay | ay |
A | Az |
e - | B |
B I = |
Springer Handbook

of
Atomic, Molecular, and Optical
Physics (2005)
Fig.32.2 and 32.3 p. 495-497

after QTforCA Unit 8. Ch. 25 Fig. 25.4.2

Examples of Group>DSub-group correlation
D>DCx(x)
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Examples of GroupD>Sub-group correlation
D>D D>DCx(y) D>DC>(z)

R R
y z

(-1

D,

1
-1
-1

1
C2

Fig. 25.4.3 Correlations between

the asymmetric top symmetry D>
and subgroups Cz(x), C2(y), and Cx(z).
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J
VISUALIZING THE J=I0 } D,[1 1 [R, R
K (z)=10] ROTATION AXES
LEVELS OF AN A NEAR Z AXIS Al 11
ASYMMETRIC TOP e/ NN A1 1 -
- RN I
-2 v S \
/ - N | S N
_ ANV 20 Bt B,|1 -1|-1 1
ROT. L~~~ , v ) /
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, / ’,// . | y > ' 2 20C2(y 2DC2
/ /5‘% ))); \ J X \ ! / J
77 Sa e i J/
) . X - * A /
‘ ///i ‘ 450 \\\ ) /’/
%'9: ’/ \’77 - - ’> :;’
|\ Y / ry
\\ A\ * ' 1. II / Jy
\\ \ .q ‘ // \Jz II/
\\\ . ’, ;
\\ ‘\_‘g' \ / /
Y /
Jy - \\\\ .
\
\ / /
\\\\ I” / C2 02 12 Czy 02 12 7. 02
\ !
\\\ I’l / Al 1 Al 1 Al 1
\ /) A | 4 |1 A 1
\ / 2 2 2
\‘\5."329593:!5/ /
\ Region /|7 |8 9 I0=K,
\ /
\\ ‘\ /’ | 8, Az)(B2 A, @ B2 A Bz 1 B2 | B2 |
K,(x)=I0 o 8 7 \ 7 N7 =7 N
F. \ \I, / ‘\/I \\,' \\ I, \\./
acoi
oy o1t N I N N O SO G B
! \ R ; \ "‘\\\ ABl Az Bz A
Superfine ’ I \ /T :
Structure @ : C,(z)-Type Clusters
8.6xI0%m 7.7x08 28X 5 XIO%F 3
=26 kHz =230kHz =B4MHz =1.5GHz : Fig. 25.4.2 J = 10 asymmetric top energy levels and related RE surface paths
CZ(X):rype Clusters § (A=10.2, B =104, C=0.6). Clustered pairs of levels are indicated in magnifying
LILELEE ¥ LALA r_l BN B LB LA AL LN B SLELELELE BLALELA l T r.lr circles that show superfine splittings.
20 AN a0n 50 B0cm
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Molecular Symmetry and Dynamics | 32.2 Rotational Energy Surfaces and Semiclassical Rotational Dynamics

J=10 : Rotation axes J
near z —axis

Rotation axes AJ
mear X—axis

K@=9| |

J = 10 eigenvalues for rigid tops (A = 0.20, C = 0.60)
70.0,

)

\
A

<

)

60.0

A
BYiRN
N

o

i‘%.;
L] X
?:.

>,

|

et
Xl
\/

-7

50.0

i / / - 40.0 ,
// z-type clusters x-type clusters
/ X

W'f
&

A B,
&C B:l,_ 30.0 = QZ_C A
]2 Az 12 B:
=l = R

Prolate Asymmetric e Oblate

D055 0.3 0.4 0.5 0.6

/ . B=A=0.20 A<B<LC B=C=0.60

Fig.32.1 J = 10 eigenvalue plot for symmetric rigid rotors. (A = 0.2, C =0.6cm™! A < B < C). Prolate and oblas=
/ surfaces are shown
8 9 10=K>(z)

K 2( x) =10 9 \ 8\ 7 \\ ::.". \“ 'll \“ l’l \‘\ ’,l
Fme structure 534cm™ \ b by b b
L e iettd s
Bt AR s b Rl Springer Handbook
Il \ ’ ‘\ / N 7 ) Of
Atomic, Molecular, and Optical
8.6x 7.7% 2.8x 5.1x /
107em™ 105 em” 107 em? 102 cm’ Physics (2005)
i s Fig.32.1 and 32.2 p. 494-495
C,(x)-type clusters : C1(z)-type clusters
l A ' L ' ' 1 1 1 1 l 1 L L L L 1 L L A l L 1 A el 1 1 L 1 1 I 1 L L ! L L L 1 1 l 1 1 1 1 L
20 30 40 50 60 (cm™)

g 32.2 J = 10 rotational energy surface and related level spectrum for an asymmetric rigid rotator (A =0.2, B =
B2 C=06cm™!)
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C2x 02
4 11
A2
B | 1
BZ

Reversed color mixing scheme

(Reversed color mixing scheme used here)

Int.J.Molecular Science 14.(2013) Fig.4 p. 734
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Completing diagonalization from new D basis: Need only diagonalize the two A;’s:

4AC+ A+ B . . . J3(4- B) 42 )=4] 2)+ 8] ) (It1s n=0 versus n=2+)
AC+ A+ B - . - 52 )=5l4)-5)2) 4C+ A+ B \/g(A—B)) 42%)= 4] 2)+ 4 2)
C+44+B ' ' Bll+>= 21 31>+J§1‘—1> \/S(A—B) 34+3B )|40) = ‘(2)>
C+A+4B : A21_>= 21 +21>_ 21‘_1>
J3(4- B) . . . 34+ 3B w- ] :(2C+2A+2B).1+[2C—A—B J3(4- B)
AI J3(4=B) —(2C— 4-B)

S lﬁ] =2 Levels of prolate vs. oblate cases with eigenvalues:

AZ [ /li:2C+2A+2Bi\/(2C—A—B)2+3(A—B)2

:2(A+B+C)12\/C2—(A+B)C+A2—AB+32
{4c+23

=2C+4B+2(C-B)= if A= B

prolate
(A=2, B=2, C=3)

symmetri¢

1o (A=2, 2<B<3, 3) oblate
(A=2, B=3, C=3
9
\ AZ
ke n——=2>

Aj

(Recall (J=2)-example of correlation from Lecture 16)
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Review: Building Hamiltonian H=A4J,’+BJ,’+CJ2+ out of scalar and tensor operators
Review: Symmetric rotor levels and RES plots
Asymmetric rotor levels and RES plots

D>DC> symmetry correlation
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Spectral fine structure of SFs, SiF4, CsHs, CFy,...
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Semi Rigid Rotor Hamiltonian: Centrifugal and Coriolis terms...

H= A%+ B, +CI2+1, I+, I35+

XXXX- X ' OXxXyy x°y

Semi Rigid Oy, or Ty Spherical Top: (Hecht Hamiltonian 1960)

3
2 2 2 4 4 4 4 Lo

S
precessing

J vector

- g7

after QTforCA Unit 8. Ch. 25 Fig. 25.4.5

o BKg=08

Tuesday, April 15, 2014
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Finding Hamiltonian Eigensolutions by Geometry
using K

J J cone
Uncertainty Cone Angles COS (@) K= \/
J(J+1)

intersects J=88
RE surface

fo give approx.
K=J, J-1, J-2...
energy levels

Oy, or T ; Spherical Top: (Hecht Ro-vib Hamiltonian 1960)
3
2 2 2 4 4 4 4 LI
H:B(Jx +Jy -|—JZ)-|-t440 [Jx -|—Jy+JZ —gJ j+

5 RE Surface jtopo-lines track
= BJ? vt | TH q/——[T“ LT } g precessing’[\semi-classical
440[ 0 14| 47T 4 I - | K, =88
R S —
e =86

| ete.

K3 =88
=87

e II ! _-' i . llII..--‘ » i
L '”Il} = =6

T

- page
shows
~ slice)
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VISUALIZING THE J=30

LEVELS OF A
SPHERICAL TOP 3
Z
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A
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21
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VISUALIZING THE J=30

LEVELS OF A
SPHERICAL TOP

; \ N, Angular Momentum Cones for _9=103° K=30
. * et 3 \ e o =2 < 3-fold
| : Jx / i\q( , J=3O g:,l)ggo K_')g -L'u[ml”
\ [ \J T I v B AR = Q 5°
p 'I’ AN :)d;"%g !.Q ‘, 4 A — T -9=27.7° K=27 oo
/‘( %"?:/’ P h Y \\\\ ‘\\ ‘\\ Y +—~ \ - 9:3 1 .50 K=26
o NS 7 dy ~0=34.9° K=25._4-folt;t
\x‘____ - A o) =7 cultc
) 7 20 \ 0=38.1° K=24 (1'%
-- Jy 7 V3031
y 30(31) 0 = arc cos [ KWVI(J+1) ]
7 o
2
\7 -c./ &8 - AT o O geri!  1.BxI0cm=4 8Hz
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(£2)

-

-
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.

.

.

.
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N : (] \ f . “

@ \ \ / \ / \ / X /'
\ v/ N/ : I' )

/ / \
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3 5
v ' \ J -4 - ¥
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| @B 4 -P-ﬁ | ‘5 3Mz
’," ‘\\‘ ': ‘\\ g“- ! 15
sle | N “ o = o
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VISUALIZING THE J=30
LEVELS OF A

SPHERICAL TOP J Angular Momentum Cones for 0=10.3° [é::(;
4 — T =12 0° K=29_ 3-fold
[ ¢ . ’, 6‘.‘ \\ ‘ Y ‘\ “\ “\ - 6:2770 K=27
% 7 NS SSS== Z————p=315° K=26
35.3 D / \\Q-n K L 0=34.9° K=25 gd-fold
L P ! ' ﬁi‘\-’ ,\ “~9=38.1° K=24 cututvt
NP ‘s«q@ T/ \ 0. 35.3°
/,_ ./‘ o \\ ] Q ! "it% . 30 |
A |9‘-5 ‘ ,““’\Gy /a8 v30(31) 6 = arc cos [ KWVI(J+1) ]
:' _\__ o mmmtee ‘. ‘cbf/ N
\ : Jx ‘1’/43’! \
\ ] I v%d('. ’
\ I |' \\ b"l\x.nnx, A\ ! ‘,
| ' B N AN
) <r.’.’/ N\
7 AL el \Jy
/ e L
. j i Two molecular examples: SiF4 and CsHs
L y -
7 o/
............. / TETRAFLUOROSILANE: SiF+ V3  R(30)
\ s
g -‘( ol O Oerm 8x10 er' 1.BXI0 =4 BHz
~ ‘=~ 94x10cm’ 5.0xI0cm’ 5.7x10cm 9.2x10cm 3.8x10cm .
O ® © 9@ ‘
é :é \ ! \\ IJ \ : N A “\ ' D . /'l l
'Y \\ H “ ;’ \\ / \“ /' \\"" —4 - ",' 4
ST i 1.8x10 ¢m___ |
| & 9 _Uiﬂ 1 1 L5 M
I' “ ‘\ LT
L "' . ; | " 15 CUBANE: CiH. Vi C-H Bend
R S 3 S P (a1
) P % = ) = | ™ P(30)
=6 . -6, |2 ® > Y & s lt-
1.OXI0cm 8.1 xX10em 3 l< C Clus'ers ‘
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3 : \ 4
-4 l 1 -31 1 'Zl .1 -‘l L | 1 II 1 la L l3 1 l4 1 ‘5
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84.Zg?||9
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VISUALIZING THE J=30

LEVELS OF A
SPHERICAL TOP

-~
Sa—

Angular Momentum Cones for

V30(31)

——

A
Nk A
A W W, W—
W W W Y A
AN O W W 1

K=30
K=29 _3.1old
K=28 cut«_n:’f
K=27 7
K=26
K=25 ¢ -fold
K=24 cutoff
35.3°

0 = arc cos [ KAVJ(J+1) ]

Two molecular examples: SiF4 and CsHs

TETRAFLUOROSILANE:

1

SiFa

V3

R(30)

-

Fall W «» WY |

P(32)

TETRAFLUOROSILANE: SiFa va R(30)
|
)|
CUBANE' CiH, Vi C-H Bend
P(31)
P(30)
f
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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 (SiF4) spectrum from a vs 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 (1952).
[ Cubane (CsHg) spectrum from vi; P(30), P(31), and P(32), transitions, cubane (CsHg) spectrum from vi> 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

Tuesday, April 15, 2014
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Octahedral ODCs subgroup correlations
180° 90° 180°

x'©)|g=1 r, p,. R 1, Rz+90°, Pz180°, Rz-90°

A 1 1 1 1 Al(O) lC4: 1, 1, 1, 1. 2(0)4

A, 1 1 -1 Ax©O) [Cs=1, -1, 1, -1. =(2)

E | 2 2 0 E©O) |Cs =2, 0, 2, 0. =(0)®(2)4

T, 3 -1 1 Ti0) |C,=3, 1, -1, 1. =(0)s® (1)sB(3)a

T 3 ! (O) |Cy=3, -1, , . =2ue(D)sbB)e 0| Cy subduction
2'(C) ‘£=1 R:go)g;o\k olc,|o, 1, 2, 3,=1,
0), 1 A |1

1), 1 i S A, 1

(2), 1 -1 1 1 E |1 - 1

(3), S S | i T |1 1 1

T, 1 1 1
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Octahedral ODCs subgroup correlations

x'©0)] g=1 r_, ngf: 91%; W 1, Rz+90°, Pz180°, Rz-90°
A 1\1/ 1 1 A(0) [Cy=1, 1, 1, I. =(0)4
A, 1 1 -1 AO) |Cs=1, -1, 1, -1. =(2)4
E | 2 2 0 E©O) |Cs =2, 0, 2, 0. =(0)®(2)4
| 3 -1 1 Ti0) |C,=3, 1, -1, 1. =(0)s® (1)sB(3)a
1, 3 1 (O) |[Cy=3, -1, =(2)2(D)aB(3)a 0| Cy subduction
24(C.) Ll szgo)g;o\l% olc, 1, 2, 3,=1,
), 1 A |1
m, | 1 i -1 - A, 1
(2), 1 —1 1 —1 £ | . |
3), 1 i -1 i Tl 11 1
. T, 11 |
Octahedral ODCs subgroup correlations -
Zg O)|g=1 r, Py nyz i 4 1’ Iz+120°, Iz-120%, Rz-90°
A 1 T\ A(O) |Cs=1, 1, 1. =(0); |
A: Y AO) |C5=1, 1, 1. :&33 O] Cs subduction
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Review: Building Hamiltonian H=A4J,’+BJ,’+CJd2+ out of scalar and tensor operators
Review: Symmetric rotor levels and RES plots
Asymmetric rotor levels and RES plots

D>DC> symmetry correlation

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

ODCyand ODCs3 symmetry correlation
* Details of P(88) v4 SFs spectral structure and implications
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(a) SF, 7, Rotational Structure

v

i

llllllllllllllll

FT IR oand 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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(a) SF, % Rotational Structure .

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

Ri40) PB0) . : .
T N e I . Primary AET species mixing
MWW‘”MWWWA _--  tucreases with distagce from
llllllllllllllll'lnll AAAI‘!.I..LI.LL {lj:L €€ c_ )
620cm'  6lSem  6l0cnt = V sepayatrix

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

N4

~—— 0.125 cm = 3.735 GHz ——

o, T,
/
== pldess NN ~S
| / . .
Fourfold % ;/’" - Jlore ’iﬁ’_fmlxmg NLOTBR, \\\ﬁ\h\‘
_/_’/’/_“f":y SpeCieS n/Zl)Clng // i4 — - b b} \ N i 1
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FT IR ond Laser Diode Spectra

K.C. Kim,W.B. Person, D.Seitz, and B.J. Krohn
P(60) J.Mol. Spectrosc. 76, 322(1979).
Primary AET species mixing

“tucreases with distage from
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(b) P(88) Fine Structure (Rotational anisotropy effects P (88) :

(a) SF, 7, Rotational Structure
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(a) SF, 7, Rotational Structure

HﬂlvOI
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} Fourfold axis == ==

e

;ﬂ'

—

(c) Superfine Structure (Rotational axis tunneling)
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FT IR ond Laser Diode Spectra
K.C. Kim,W.B. Person, D.Seitz, and B.J. Krohn
J.Mol. Spectrosc. 76, 322(1979).
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(a) SF, % Rotational Structure .

FT IR ond Laser Diode Spectra
K.C. Kim,W.B. Person, D.Seitz, and B.J. Krohn
P(60) J.Mol. Spectrosc. 76, 322(1979).
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' R20) I | | . Primary AET species mixing
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IR Spectra of SF6 v4 P(88)

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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Int.J.Molecular Science 14.(2013) Fi1g.26 p. 783

3 cluster local symmetry
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SF 4 Spectra of Oy, Ro-vibronic Hamiltonian described by RE Tensor Topography

3
2 2 2 1 4 4 4
H= B(Jx +J7 +J:)+t440 (Jx +J,+J, - 5] )+

BJ?

Rovibronic Energy (RE)

Tensor Surface

precessing
J vector

’5
T4 1 T4
+t440 0 + i-éi|: 4 + _ :| +

SFg nug rovib FT spectra~615cm’
McDowell et.al. LosAlamos _—
Saddle

Point

p—

——

2

P
Herzberg + L %
. &
rules still %
[
apply near °
separatrices
or saddle pqints

and J-cone intersection

J K
_©,,= arc cos
S A O GT))

J(J+1)~J+5
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[ R~
\ saddle N

rules still \ (’Oi’m o,
apply near NN ?05
separatrices S (TR N ,:/;__._,

or saddle pQints > |
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Review: Building Hamiltonian H=A4J,’+BJ,’+CJd2+ out of scalar and tensor operators
Review: Symmetric rotor levels and RES plots
Asymmetric rotor levels and RES plots
D>DC> symmetry correlation
Spherical rotor levels and RES plots
Spectral fine structure of SFs, SiF4, CsHs, CFy,...
ODCyand ODCs3 symmetry correlation
Details of P(88) v4 SFs spectral structure and implications
Beginning theory with graphical approaches
* Rovibronic nomograms and POR structure
Rovibronic energy surfaces (RES) and cone geometry
Spin symmetry correlation, tunneling, and entanglement
Analogy between PE surface dynamics and RES
Rotational Energy Eigenvalue Surfaces (REES)
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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

Tuesday, April 15, 2014 40



Graphical approach to rotation-vibration-spin Hamiltonian

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

OUTLINE
Introductory review Example(s)
-0 Rovibronic nomograms and POR structure v, and v, SF,

K
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<H> ~ v 'h+BJ(J+ ] )HHSML{F Coriolis— <} Tensor Centrifugal— <y Tensor Coriolis— 4 | Nuclear Spin-— 4
vi -
N+1 for: J=N+1I
<H> ~v_ +BN(N+ 1)+2B(1-{)- {0  for:J=N
N  for:.J=N-1I J: N=_

N=4 Rotation-polarized
HScalar Coriolis = -BC_, 2 Jlotal, pvibe |x} 4+ ‘{ly:}
= BL[ JP-(J%-0)2+2] mode
= -B{[J?- N? +¢2 | N=1
— BL[ -+ 1)-NIN+ L)+ (0+ 1)) J 7%_
N=2
N=3
N=()

- N=2 left handed
J=0 n-1i
vy SF 6
T
=0 N=0 N=I N=2

=J =J =J
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<H> ~ v 'h+BJ(J+ ] )HHSC-‘HIHP Coriolis— < Tensor Cengrifugal~ 4 < Tensor Coriolis— < Nuclear Spin~.
vi
N+1 for: J=N+1I
<H>~ v, +BN(N+ [J42B(1-()- {0 for: J=N
N  for:J=N-I J

= -B{[ F-(3%-0)>+2]
= -B{[J7- N+
=-BL[ J(J+1)-N(N+1)+L(¢+1)]

H.i‘.:?m’ar Coriolis — BC_, 9 J;’mm’. fwbe

by

right handed
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<H> ~ vvih+B’ J(J+ j)HHSmhr Coriolis — 4~y Tensor Centrifugal~. 4 < Tensor Coriolis— 4 < Nuclear Spin~. |

N+ for: J+=N+1
<H>~v_ +BNN+1)+2B(l -£)-40
N for:J+N-1

N3

H.?cm’ar Coriolis — -BC_, 9 Jl’mm’. fwbe

= -B{[ I+
= -B{[J°- N? +2]
=-BL[ J(J+1)-N(N+1)+¢(f+1)]

mostly goes

left handed

for : J=N | é/
or N e i R(2)

J

o e s =
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<H> ~ vvih+BJ(J+ ] )HHSCHIHI* Coriolis—. | ~pyTensor Centrifugal . | ~pyTensor Coriolis— y ~pNuclear Spin—. |

Summary of
low-J (PQR)

ro-vibe structure
(Using rovib. nomogram)

(a)ROTATIONAL LEVELS (/=0 (b)

SFé ¥y LEVELS

ROTATIONAL and SCALAR CORIoLIS ENERGY
(UNITS OF B)

SF v, LEVELS |

J
J

¥

= ==
nf
R =

EXCITED (¢=1) LEVELS

|
IJ=

1 J=0, N=|

uSﬁAMT

022
CorioLis Co '

L

t=0v, SF, V=

=)

N=/ 8J(J+1)

. GROUND(/-0)LEVELS

_
Ll

N=2

1& ROTATIONAL SPECTRUM 3,
(£=0)—m=({=1) N
N =,
I :E|'|-
e
o]
o
- . Do
) Rl pars =
e s

()0
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Graphical approach to rotation-vibration-spin Hamiltonian

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

OUTLINE
Introductory review | l:fﬁilll]|ﬁ]tfir€J
e Rovibronic nomograms and POR structure v, and v, SF,

¢ Rotational Energy Surfaces (RES) and Qjé-cones v, P(88) SF,
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<H=> ~ vvih+B‘ J(J+1 )_|_{H."::-r_?ﬂ!'ﬂf' Coriolis— < Tensor Centrifugal— 4 ~ylensor Coriolis— y < Nuclear Spin— 4

0, or T ; Spherical Top: (Hecht CH ; Hamiltonian 1960) /j’"j =88 —88=n 3

1?2, 12, 92 4 g4 qh 3, =37 87
H_B(JI+J}.-+J;)+r44£}(J.r+J}*+J:_SJ J+ =§7 — B —

et 85—

L lpllen

—1.OGHz

_ 2 4 S Fd ot
B Hlago| Ty +4f; [th +1

12 A
P

vibration
ground-
state
rotation
levels

SmmEmyy 0 S —

B Nurjace 5 B

topo-lines (rack  —gQ
precessing — 79—
semi-classical — 78—

W J vector 78 [ J=N

(J.K) cones interseet =558
RE surface at angle 6 =

912 acos| K/NJ () + ,.{)] P A ~ il
RR "} 1) == = K;=88-—n,=88
(next page shows slice) ®EI
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SF Spectra of Oy, Ro-vibronic Hamiltonian described by RE Tensor Topography

and J-cone intersection

3 S K
H - B(J_‘:‘ +J7 +J§)+r44ﬂ (Ji +J)+d7 - _5..;4]4,... —_ O~ arc uhwﬁm}
= BJ? I A IR O | 1
tlaa0] Yo t ‘];i[ 4t _4J + J(J+1)~J+3
N
) i SFg nug rovib FT spectra~615cm™! m___ e P O 50
Rovibronic Energy (RE)  wcooystetal.Lostianos— e . &4 1 e
< 0. Y% P A

Iensor Surface

/%Jddf e. @
Point

precessing
A Jvector
]

rules still
apply near

Separdlrices
or saddle points ———

W
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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 .

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,
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FTIR ond Loser Diode Specira
K.C. Kim,W. B. Person, D. Seitz, and B.J. Krobhn
J.Mol. Spectrosc. 76, 322(1979).
Primary AET species mixing
rm; eases w m’? cfﬁ.mﬁa e from
i [ i [ i i [ i i i i ‘I L L L L i I 1 A F—1 LJ_]_—.I_ A
. : - “E20em “sepegatrix

sumrf
- OI25cm = 3. ?35 GH:—t-
(b) P(88) F'inu Structure (Rotational anisotropy affactsi ! P(88
N4 / | “ I-.'l .I" J HH‘-:‘HETEHE
il ' ifl F T %"“'ﬁ-.._‘
— — . A4 AR * E h '-.,__‘ -."'"l-.____.-“'.-":"‘%

(a) SF 4 Rotational Structure

| | 2o

b

Four fold axis f aal more / ‘ﬁ{m
—_ L nixing
______,.".3-"__-:__-:"..'- e species mixing ,/" ?’F - r N
e f‘ | K3=...81 82 83 84 g5 86
{:lSupu[_ﬂnu Structure (Rotational axis tunneling) | —tt =
f"’ﬁf 4-fold (100)-clusters C , symmeltry / / / / | Nz 13 kHz
33 87 86 85 84 83 82 81 30 79 /8 77 76 75 T4 72 7.5 mﬁ'&g Ll 8

077
i i . —- —g— - : v --—-. Mz
" X ' e 15:10%Hz 0T2Hz LT kHz - 12 1 E
| e o If—LE il
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ihi
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pot GG 240" Hz Q35kHe - = ‘
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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).
Primary AET species mixing
mu eases w m’? cfﬁ.mﬁa e from

Tfpﬂ(ﬂff X"

-t-——ﬂ.lEﬁﬂl’l -ETEEGHI—’I— P(88
j - /|\)
N4 - i
/ | M “ I y .I'r g J H‘H:“%TE;:H \) -
= ~ S~
== MMM N SS

— -
Four fold axis __-= ____""‘_:,_'..:____,..--'5'-“" more 7 Fli n‘rmg ""{”*' ~ —

\.."'N"s"'

1 i [ [ i L 1 | — i i i L

...-"
J A I.J.LJ_]_—.I_J.]

Eﬂm':'

S
(b) P(88) F'inu Structure (Rotational anisotropy effects

.-'-"__----"-:_.-""_,.-"'- R R i f BT _"'|IliII =
__..--'___..“:'-":";’_,-"‘..-"'-"""‘ species mixing /"‘ ;; ‘r Kj_ 81 872 83 84 85 86
(c) Supu_[_t‘lnu Structure (Rotational axis tunneling) | —tt =
f"’ﬁf 4-fold (100)-clusters C , symmetry / / / / N KHE 40
H 1 I: : - kHz

38 87 86 85 3483 82 81 30 79 /8 77 75 75 T4 72 ?‘h?ﬁﬁ‘% 677
e i . & T T i AT el
: —--n-.a @ & z-mH:E 035kHz — 1 "l ||ﬁ \
'—r-.-'ﬁnn mm? 27 He ?: E I 62 kHz ﬁilii :I AN — (
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SPECNEN TOrE H.H"'.-:_ d

-3

y 2Ry pure A, T, ET,A, species (0); (D)3 (2)3=(-1);
L“rl (1)4L_+| [3)4 l;l4 Al 1 . . (2 modulo 3
eqruls
| Al 1 * * * 3 modulo 4 Aszl . . - modulo 3 and
Cubic |, . | . equals  4-fold (100) 3fold (111) .~ | | 86 mod 3)
Octahedral - -1 modulo 4 . (', symmetr .
) C ..'i:].}mmfﬂ"_}} 3 ¥y V 86-88-1
symmetry & | L+ 1 e (and ! T,|1 1 1 boaer
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T4 I I I |
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OUTSIDE or LAB | LAB versus BODY,
Symmetry reduction
results in

Duality: The “Flip Side” of Symmetry Analysis.

STATE versus PARTICLE, INSIDE or BODY

boils down to :
OUTSIDE versus INSIDE |

Symmetry reduction
results in

Level or Spectral Example: Level or Spectral
SPLITTING E”bfﬂ'g‘ffﬂzf;i’”" 0 UN-SPLITTING
Fedifce () £ . X
External B-field Tetragonal C. (“clustering”)
does Zeeman splitting 5 - Internal J gets “stuck” on RES axes
Cy 0g 14 24 34 s
y 7 _ Must “tunnel” axis-to-axis at rate s
! | D
A5 I |U=|D=|E=W=>|N=>|S>
H0O s s s &
E. l l Wes orth 0H s s s s
Tf ] ] _ ] S0 East |s s H 0 s s
7 ; ; ; v s 0 H s &
2 ,. sos s s H 0
Down v s s s 0 H
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OUTSIDE or LAB | LAB versus BODY,
Symmetry reduction
results in

boils down to :
\OUTSIDE versus INSIDE

Duality: The “Flip Side” of Symmetry Analysis.

INSIDE or BODY

Symmetry reduction
results in

STATE versus PARTICLE,

S I
“Coerced’” Symmetry Breaking

Level or Spectral Example: Level or Spectral
SPLITTING f”bfﬂ'g“fﬂszmf 0 UN-SPLITTING
FedCed 1o i1 . ¥
External B-field Tetragonal C, (“clustering”)
does Zeeman splitting Cy 04 14 24 3 4' Internal J gets “stuck™ on RES axes
y 7 _ Must “tunnel” axis-to-axis at rate s
1 U
45 / = |U=|D=|E=W=|N>|S=>
HO s s s =&
E. L. l Wes orth 0H s s s =&
Tf ] ] ] S0 East |s s ;’;’ ;jr 5§
& 8 g 5
I ~ 4 1 1 s s s HOO
~ _ Down 5 8§ 0§ 8
e L : |
. -
T T
E T E I 4, Af 2
)\ | f
J, /j H+0-25 '\ H+0 JH0 s
i tunneling matrix eigenvalues !
||I, / N :_.’J i “1\ Stronger C 4 k‘ A ! \ /
f.r' At\\j J"{ Il:ll }l1|| ; ‘ II!_ |H| ]l! 1| lfll{ 1'1'., Il,r
04/ . : ! N ugher lower |s| ' ’ it Mﬁ
-ﬁf: 1.1 5 14 ﬂ% 144 @Aﬂf 1 f] 34 4

“Spontaneous ” Symmetry Breaking
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Entanglement!

How F-nuclei become
distinguished E
(but not distinguishable) T

in SFg. T jﬁ

If rotation is not too stuck on C , axis

all six Q nuclei are equivalent

©

Spin-Permutation to Octahedral Correlations 56 - []l

EH ng T,’u ng Angh_f A,?zf

l l 10

Species Spin Weights

Greatly simplified
sketches of ultra
high resolution IR
SFg spectroscopy of
Christian Borde ',

O Saloman, and
Oliver Pfister

who did SiFy4, too.
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Spin-Permutation to Octahedral Correlations  § 0,
i, 1

DIiSentanglement! ¢, s, 1,

lq 34 Eu TIETIHTQgAIgAIu AE’H
) A
How F-nuclei become I‘r :H [l
distinguished E ﬂﬂ |
(but not distinguishable) T
in SF 6 T::I".
]
If rotation is not too stuck on C  axis |
all six o nuclei are Eqmvufenf I

Species Spin Weights

Greatly simplified

g sketches of ultra

8 mﬂﬂn i 6 ”I 5 I 6 H o highresolution IR
With rﬂ.l.‘fmﬂ/yfu[ﬂ on Cy4 axis r— “M"" —MJ-M; - :

/! \ ; SFg spectroscopy of
polar nuclei gre “left out in the cold / k / Christian Borde ",

» ; ‘xi / " Saloman, and
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; ", ! who did SiFy4, too.
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(a) SF, ¥, Rotational Structure ol FT IR and Laser Diode Specira
"‘SF' K.C. Kim,W. B. Person, D.Seitz, and B.J. Krohn

[ =]

P40 PiE0) J.Mol. Spectrosc. 76, 322(1979).
R4 PEO) . . ..
Cooa o 20 | le | | ‘ T Primary AET species mixing
! o mcreases with f!'rfﬁ'.’u;i?t‘f from

a3
5t ._,..-I | L I s L
i i l i i i 1 l i i i I i ' e i L - + .LT EM [II}-'FII

BlSer  6l0ent

~—— 0.125 cm = 3.735 GHz —»

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

1 - "

Al iy
v Yess —h;:""-
Four fold axis =T e - 7 — e
fy’f}?f Jl'e.},.'j,:]I |:L.r' es mixing %f_fﬂ'h’."-’ = H::
= . _ S A [ Ky=..81 82
[:lSupu[ﬂn}# Structure (Rotational axis tunneling) L — =
— il 1 '
T / // / ‘ } 34 1 Ty 40
33 87 86 85 34 83 82 81 30 79 /8 77 /6 75 74 I3 T271.FK ik “E:r —
| i i e - : i — :
N 072Hz 17T kHz | L2 Mz @
el A = 2:10%Hz 035kHz .. OASMHz q
L pe'60' He | 940 'Hz [ELA] E l 2T He mg &'z F E | N ¢
P62z E 610" Ha Elr"1 =1L Iy ‘1
LY 4Hr | BT I7 kHz 6.2 MHz

S y i, =t
I L

. E1 Unmived K |

(d) Hfﬁ;iibq Sh;uctuq; '1{ Nuclear spimrq;n'!*inn effects) primary A, T, E T | A ;?p.'ecff JCASE||  |CASE

IJ' li ; i E@ |l @ - | gﬂ ." |
o me o mes &
I—Irlh Eﬁﬁﬁ .£@ E @ % 1Ll E m \ ﬁ
-~HJIL'I-I: /1 I|ICASE 7. Extreme .F?H"Iff?g r- T

! f.-'}f.l_l' Il; ]lfﬁ’ tight Ei'CL USTERS Fgluut:::d ﬁ %@ @ %

CASE 2,
® Y\ Major mixing

in lowest two
[ 3-{1 USTERS

,",',f.'!‘. _ CASE 2 | |case 1
(e) Superhyrmfflm Structure (Spin frame correlation effects)
?
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n3'1|'\l|

{a] EFE.H% Rotational Structure

For a zero-spin X]“O{ molecule,
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hundreds of lines would vanish!
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Graphical approach to rotation-vibration-spin Hamiltonian

| 1 | o

<H> ~ vvih+B‘I(J+ ] )—F{'.HS':H lar Coriolis =< lensor Centrifuga I~ < Nuclear Spm}_k{l_l Tensor 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 sr,

Recent developments

* Analogy between PE surface and RES dynamics

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

Inner
RE
eigen-
surface
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EXACT DIAGONALIZATION J=60

Recall scalar Coriolis

WGH,

POR plots vs. B¢ g [l
Here 1s a J=60 piece of it: | "\ e ICP 5. 4900
N=59=]-1 g T |

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
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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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Bﬂd}f-ZH:t-Basis m+= |Zt+= |[[I->

cosf u.-lze‘i?’ sinf 0

1 00
<H>=(v4+BIP)0 1 0]+2BYI||2esinp 0 HeTsing
00 1 0 jpe'Tsinf -cosf
3cos?f-1 \8eTsinBcosP  sin?P (6cos2y+idsin2y)
+21,, )] |Z( -\8e!TsinPcosp 0 -6cos2B+2 V8esinBeosP
sin?f} (6cos2y-idsin2y) \8el' sinfBcosf 3cos’-1
Lab-PQR-Basis P>|Q>|R>
100 f+1 0 0 (Either basis should give same RELS)
<H>=(v,+BI[>)0 1 o|+2B{I| { 0 0 0 |
00 1 \ 0 0 -1

Hpp=(35cos'B-30cos’B+5sin?Psindy+5)/4=Hy,

H f
e o | Hpg=SsinB(7cos?B-3cosB-sin? BcosBeosdyisindy))N8=H g
HPQZS(-?EGS4B+EEGSEH+[ [-cos’B)cosdy+2icosPsin’Psindy-1)/4

H

20, I Hiq Hoo Hor

224

BC=0.0
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Middle v3 REES

Highest v3 REES




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
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(a) CF4 Vibrational Structure

Exampl.e of frequency e
hierarchy v2:4350 e
v4:631.2 cm™!
for 16pm spectra '
of CF, i
(Freon-14) - i
W.G .Harter (b) »4 Rotational \ ke LE
Ch. 31 Structure \\
Atomic, Molecular, & \\
Optical Physics Handbook \
Am. Int. of Physics \\
Gordon Drake Editor \
(]996) \ s lnnllnnll\h“nluulln|lnnlJullnnlnnluuluul-u.l
“GOOCM‘" 610 ~\ 620 630 640 650 660

(c) P(54) Fine (Centrifugal)
Structure
FASTER

4-FOLD
ROTATION

7 2 >~
(d) Superfine ("Tumbling”) Structure
R SR A e R

ke

1o
hz

F2 Fy

mvlhhx ‘millihz hz
t‘. Fz A2 Fafi MR E
(e) Hyperfme (Nuclear Spin) Structure
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a) CF, vibrational structure

Example of frequency
hierarchy
for 16pm spectra
of CF4

(Freon-14)
W.G .Harter

v, =435.0cm™
ve=631.2¢cm™

=908.5 cm™

vy=1283.0cm™

b) v rotational structure

Fig.32.7
Springer Handbook of
Atomic, Molecular, &

Optical Physics
Gordon Drake Editor
(2005)

€) P(54) fine (centrifugal)

structure 5P Q& ";.:t::: ¥
Faster 2-fold' 080 ¥V 57O\ v Faster
4-fold tumbling Amte CGOOT 3-fold
rotation B / rotation
P(54)
d) Superfine ( “Tumblms“) 6033 6034 603.5 603, o . Dot
structure 120 MHZ W .
"|2."?.’.‘.'.t'Z ( 17 s 00T MIe e
vl Fs |F, FuElR| 2™ | | ene
’ 77”{, 9 }0{ | A |FE y - ' J_L‘; lfllEIF: L
e fEeresy. . dbonemis e Fa ~L B TR A REA
35mHz 97mHz 94Hz 110Hz fl" |A* bl 7T L
E F; As Fs F| AF\E F> F, Py
e) Hypcrﬁnc (nuclear spm) structure ' H :
rllllll 111 ................ ‘ \ 111 _1 | 111 hlll .
~1-100kHz o Qe (210 (1) ) )
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As of April 3, 2014

Links to the current Harter-Soft I.earnlt web apps for Physics

Bold links have default redirect pages. Italics 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.htm]"
Learnlt Web Applications - URL is "http://www.uark.edu/ua/modphys/markup/LearnltWeb.htm]"

Individual web-apps for current classes:

Bohrlt - Production; URL is "http://www.uark .edu/ua/modphys/markup/BohrltWeb.html"

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

BoxIt - 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]I"
Jerklt - Production; URL is "http://www.uark .edu/ua/modphys/markup/JerkltWeb.html"

MolVibes - Production; URL is "http://www.uark .edu/ua/modphys/markup/Mol VibesWeb.html"
Pendulum - Production; URL is "http://www.uark .edu/ua/modphys/markup/PendulumWeb.html"
Quantlt - Production; URL is "http://www.uark.edu/ua/modphys/markup/QuantitWeb.html"

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.htm]"

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/RelaWavity Web.html"

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
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