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Research Focus: Synergism between SO Coupling and non-Adiabatic Dynamics

What is spin-orbit coupling?

Nuclear perspective

: proton i
R Electron perspective

: neutron

: valence electron
: core electron
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Research Focus: Synergism between SO Coupling and non-Adiabatic Dynamics

What is spin-orbit coupling?

Nuclear perspective

Born-Oppenheimer approximation

@ Born-Huang expansion:

U(r R &)= xa(R, )u(r: R)

with: Hew,,(;; R) = V,.(R)yn(r; R)

@ BO Ansatz: ¥(r,R,t) = xn(R, t)Yn(r; R)

@ :proton
@ :neutron

O :valence electron o N UC|2€ar EO M:
[ ]

: core electron —h . 2 = -
(5 (Ve —iA)" + Va(R)) xn = inDexn

SO coupling | @ Non-adiabatic coupling: A, = (1,|iVr|1n)

@ SO coupling is often treated perturbatively

Electron perspective

@ relevant if:

A A R R i I © 2 magnetic interaction is present (such as an
He = Ho + Hso;  Hso = Z£V£V ) external magnetic field or SO coupling)
v=1 © a conical intersection is present on the PES
e Z,e A
v = Y - b, =(r—R,)) X p dRy s.t. V, (Ro) =V, (Ro)
g 2m3c? dmeg|lr — R |3 ( ) X P ) ! " )
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Research Focus: Synergism between SO Coupling and non-Adiabatic Dynamics

What is spin-orbit coupling?

Nuclear perspective

: prot :
@ :proton Electron perspective
@ :neutron
(@]
[ ]

: valence electron
: core electron

SO couplin _ _
o three dimensional case:

@ SO coupling is often treated perturbatively

Np
He = Ho + Aso;  Hso = Zﬁyéu .S
v=1

_a Zye _
2m3c? Ameo|r — Ry |3

v

0, =(r—R,) xp

Ehrenfest Theorem

® Semi-classical force: Fy = Fy + F,,
3N, _
Fv = _VRVn(k); Fm;u = ZQn;uylf\)y
=1l
@ field strength tensor:

iy = Clulipy — Clulilaw

F. =B, xR B,=VgxA,

D. Ceresoli et al. Phys. Rev. B, Condens. Matter, 2007, 75, 161101
T. Culpitt et al. J. Chem. Phys., 2021, 155, 024104
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Overview of the Presentation

Overall research goals:

@ understand the underlying physics

@ develop theory beyond perturbative treatment of SO

e fundamental approach (four-component relativistic theory)
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Overview of the Presentation

Presentation goal:

[[lustrate the synergism between spin-orbit- and non-adiabatic coupling using a simple triatomic model

General strategy

@ system: triatomic molecule (X3)

@ nuclear wave function propagated on the adiabatic V(R)
PES

@ simulation repeated:

© with and without SO coupling
@ with and without non-adiabatic coupling "

(KTH) Martin van Horn VISTA, 2 October 2024




The Model: Standard E x e Jahn-Teller System

Triatomic model (X3)

3 s-orbitals — 3 MOs (A, E)
@ only E orbitals are occupied

@ 1 electron

@ three normal modes (Q1, Qx, Q,)

@ allowed motion: (Qx, Q)

-~

electronic

Vo

nuclear

Energy

Electronic (E)

ox) = %um + i)

Nuclear (e)
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Diabatic Representation of the Model Hamiltonian

Deriving the LVC model

@ Diabatic Hamiltonian
zQy I:Id = 7\-N]I2 + W(Q), Wmn(Q) = <80m|I:Ie|90n>

Q = (Qaza Qy)

@ Second-order expansion:

w(Q) = w(o)+ 3 2 anla 0@ + Z T ol

=X,y I=x,y

Qz

b= arctaln(Qy/Qx)

Q- \Jez+q; @) - (BT Qe
Polar form normal modes N Qe'? Eo + kQ@?
@ how can this be related to?

@ LVC model:

S —hK?
Hag = > ——(Vr —iA;)* + Vi(R)
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Adiabatic Potential Energy surfaces

Diagonalization of the diabatic potential

@ Diagonalization yields the adiabatic potential

S(QW(Q)S'(Q) = (V+éo) v_(zo)>

where

Vi(Q) = Ey + k@ + gQ

@ adiabatic states

o @) = 3 Sumlom)
m=-+

@ diagonalization defined up to a local phase

9+(Q)) — € Qyn(Q))
G. A. Worth and L. S. Cederbaum, Annu. Rev. Phys., 2004, 55, 127-128
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Tuning the Free Choice of Phase

0(Q
"’

Multi-valued |

@ more complicated
states

e A, =0

@ simpler H,

Single-valued

@ simpler states
@ A, #0

@ more complicated H_,

A, — A, — VQ@(Q)

Pacher, T. Mead, L. S. Cederbaum, Képpel, H. J. Chem. Phys. 1989, 91, 7057-7062 Mead, C. A.; Truhlar, D.G. J. Chem. Phys. 1979, 70, 2284-2296
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Single-Valued Adiabatic Functions

Single-valued

@ adiabatic wave function

62(0)) = = (Zi)

® single-valued

Y+ (¢ +2m)) = |[P+(9))

@ non-adiabatic coupling

—1 —e¢
A = — = —
+ > A1) 20
@ adiabatic Hamiltonian
h 7 (0)
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The Molecular Aharonov-Bohm Effect

Field Strength Tensor

Q_py = —76(Q)
Aharonov-Bohm Effect Molecular Aharonov-Bohm Effect
;)A
A
Beam
E recombined
Solenoid
Griffiths Introduction to Quantum Mechanics (3rd ed.) Mead, C. A.; Truhlar, D.G. J. Chem. Phys. 1979, 70, 2284-2296
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Nuclear Dynamics on Lower Adiabatic Surface (Single-Valued Electronic States)

k=2 g=6; x-(Q,0)=exp[—5(Q— Q)]; Qo= Qminex

Re(x_) Im(x_) lx-1? JdQux -2

o =

Qy
‘

o
2MQ?

od ~ R
HY = Tn 4 Ve (Q) + (L +3) .

Re(x_) Im(x_) lx-1? JdQux -2

_Z * =

F3t = T+ Va(Q) + gt 3)

0,
-
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E x e Jahn-Teller System with SO Coupling

SO splitting
What changes? 1

A . n o B
@ Hamiltonian: H. — Ho + Hso '90+> 7))
@ 3 s-orbitals — (135a-or2bitals,355-orbitals) Energy |‘PS}¥-> ’90€> %) |90§_> QAI
@ 6 MOs: (4As3,2, Ei/2," E1)2) 3
@ nearly degenerate (2A3/2,1 E1/2,2 Ei1/5) shell ".J90(i> | +>

occupied )

P ele) ) = el

@ time-reversal operator: K = iKo,

@ Kramers partners
Klog) = o) RKleh) = —|o%)

@ Kramers degeneracy
(%I Felod) = (LR T RHR KoL) = (05| Hel o) )
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Diabatic Representation Including Spin-Orbit Coupling

The LVC model revised

@ four-dimensional diabatic Hamiltonian

Hy = Tnls + W(Q)

@ diabatic potential matrix

(PSIHel@S) (I Hel ) (pSIHel®) (0S| Heloh)
w(@) = | (P=IHelef) <90‘i!fjelsag> (P2 | Help®) <90§|f/e|90§>
(P2 [HeloS) (02 [Hel@Z)  (@Z|He[pZ) (02 |He|@f)
(PE1Helof)  (Pf1Fele?)  (PhIHelo)  (f]Felol)

C. Alden Mead. Chem. Phys. 1980, 49, 33-38.
H. Koizumi and S. Sugano, JCP, 1995, 102, 4472-4481.
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Diabatic Representation Including Spin-Orbit Coupling

The LVC model revised

@ four-dimensional diabatic Hamiltonian

Hy = Tnls + W(Q)

@ diabatic potential matrix

(PSIHel @) (0IHel ) (oS Help®) (oS |Heloh)
w(@) = | (P=IHelef) <s0[i\/jels0§> (P2 | Help2) <905|ﬁ/e|90§>
(P2 [HeloS)  (P2[HelZ)  {(02|He[0Z) (02 |He|pY)
(PR IHelpg)  (PRIHel @) (ofIHelp)  (of|Helof)

I
/l\\
< <
*
§*<
N~

C. Alden Mead. Chem. Phys. 1980, 49, 33-38.
H. Koizumi and S. Sugano, JCP, 1995, 102, 4472-4481.
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Diabatic Representation Including Spin-Orbit Coupling

The LVC model revised

@ four-dimensional diabatic Hamiltonian

Hy = Tnls + W(Q)

@ diabatic potential matrix

(0% Helo%) 0 (0% |HelpZ) 0

W(Q) = 0 (92 | Hele?) 0 (02 |Heleo)
(02 [Helwf) 0 (2 [He|pZ) 0

0 (@1 Hel? ) 0 AL AY

C. Alden Mead. Chem. Phys. 1980, 49, 33-38.
H. Koizumi and S. Sugano, JCP, 1995, 102, 4472-4481.
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Diabatic Representation Including Spin-Orbit Coupling

The LVC model revised

@ four-dimensional diabatic Hamiltonian

Hy = Tuls + W(Q)

@ diabatic potential matrix

Eo + A + kQ? gQ_ 0 0
W — g+ Eo — A + kQ? 0 0
- 0 0 Eo + A + kQ? gQ+
0 0 gQ— Eo — A + kQ@?

reordering of basis: (|o$), [¢”), [92),100)) = (I92), 102), 192, [¢}))

C. Alden Mead. Chem. Phys. 1980, 49, 33-38.
H. Koizumi and S. Sugano, JCP, 1995, 102, 4472-4481.
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Diabatic Representation Including Spin-Orbit Coupling

The LVC model revised

@ four-dimensional diabatic Hamiltonian

Hy = Tuls + W(Q)

@ diabatic potential matrix

w(Q) = Eo + kQ* + pcosé psinfe'?
B psin e'® Eo + kQ* — pcosé

p = \/A2 + g%2@?; 0 = arctan (%)

C. Alden Mead. Chem. Phys. 1980, 49, 33-38.
H. Koizumi and S. Sugano, JCP, 1995, 102, 4472-4481.
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Adiabatic Potential with SO Coupling

Diagonalization of the diabatic potential matrix

@ similar approach to obtain the adiabatic
potential

s@w@s'@- (", 1)

@ adiabatic potential

Vi(Q) = B + k@ + /A2 + g2Q2

@ no conical intersection

Vi(0) =+A

@ adiabatic states defined up to a local phase
v
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Adiabatic States

Single-valued

@ single-valued functions with two angles
0 .0 _—id
_ COS _ — SIin 56‘
|4) (Sm 0 e,qs) |-) ( cos
@ non-adiabatic coupling

AL = :l:—(l — cosf)ey

@ adiabatic Hamiltonian

A = Tw+ Vi(Q):|:2Q2 (1—cosO)(L, + = )
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Pseudo-Magnetic Field with SO Coupling

Field Strength Tensor

@ pseudo-magnetic field

2 2
g A & 3/2
i2(A2 n g2Q2)3/2 = :I:—\/Z cos™’' 6

Q:l:;xy =

@ pseudo-magnetic force:

2
Fi = i% cos®/? H(VQxex - Vdey)

C. Alden Mead, Chem. Phys. 1980, 49, 33-38.
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Dynamics of the Nuclear Wave Function Including SO Coupling

k=2 g=6; A=0.2 x_(Q,0)=exp[—4(Q— Q); Qo= Qminex

Re(x-) Im(x-) lx-1? [doux-?
9 8 @ =
A = Ty + V_(Q)+2—22(1—c059)(zz+g) B
Re(x-) Im(x-) lx-1? [doux-?
AP = T+ Va(Q)+ 5 s (L —cost(E+ ) s ® & o
? Qx
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Dynamics of the Nuclear Wave Function Including SO Coupling

k=2 g=6; A=0.2 x_(Q,0)=exp[—4(Q— Q); Qo= Qminex

Re(x-) Im(x_) lx-1? JdQux- 12
SO-coupled; A_ #0: 2’ ;
[ ad h -2 4 2 -2 4 2 Qx
A9 = Ty + Vo (Q)+2Q2(1 cos 0)(L, 2)

Re(x-) Im(x_) lx-1? JdQux- 12

No SO; (A- #0):

I:Iftd:?-N+Vi(Q)+2MQQ(L + 5 ) s - ' @) %

* Ox
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Summary and Outlook

Without SO coupling:

@ single- or multi-valued functions

@ similarities with the AB effect

What’s on the horizon

@ Exact SO coupling (4c relativistic

With SO coupling:

@ cumbersome to define multi-valued functions

s.t. A, =
@ pseudo-magnetic force

@ propagated wave function becomes more
turbulent

formulation)

I:ID:ihca-p—l—Bmc2—|—V

@ Non-Abelian effects

{5
W(Q) = Ew }He\ym
(

(05| Hel o)
(@2 |Felo)
(% | Heliof)
(| Felio)
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