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A) VIBRATIONAL STRUCTURE
IN ELECTRONIC SPECTRA

A.1) The Born-Oppenheimer approximation
Schrodinger equation for coupled electronic and nuclear
motions:

H = H, +Tx
Hy =T +U(z,Q)
Hegn(@, Q) = Vadu(z, Q) (assume solved)
HY(z,Q) = EY(z,Q)
me Jom(, Q)

Ty + Vo(Q) = Elxn(@) = Y Aumxm(Q)

2
Nom = Y4 [ a2 (55855 — [ AV gy (Tén)

x and () denote the sets of electronic and nuclear coor-
dinates, respectively. Correspondingly ¢ and y stands
for the electronic and nuclear wave functions.



By putting:

— [TN - VTL(Q) - E]Xn(@) =0
[t follows:

e (Electronic) eigenvalues, V,(Q), of a given
state correspond to the potential energy hy-
persurface for the nuclear motion.

e Total molecular wavetfunction becomes a prod-
uct of a nuclear and electronic wave function:

V(z,Q) = xn(Q)on(z, Q)
e Valid, e.g., when ¢, (x, Q) =~ ¢,(x — Q).

Electrons follow the nuclear motion instantaneously (adi-
abatic), due to the large ratio between nuclear and elec-
tronic masses (i.e. the large effective mass of a nucleus
compared to that of an electron M; > my;).
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Simple estimates for hierarchy of energy scales

h2 K2 h?
Eelec ~< Te > ﬂ ~
m md

with d ~ molecular dimension

f . aQEelec Eelec
Bup ~ M2z mit [ =~ =5

— Evzb \/ CZ4 \/ md2 \/ elec

hQ
Erot ~ <T7“0t > o~ — —

m
T Md2 M Eelec

— ET ot < Em’b <K E elec

Larger electronic energy scale, shorter time scale of the
oscillations (for non-stationary states).

4

Similar to classical picture; fast readjustment of elec-
trons to nuclear changes.
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Analogous for relative nuclear displacements
< R*> e < Q*> - f
Mw ME,, \\/fM
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. and for nonadiabatic coupling elements
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Hellmann-Feynman relation

Re-writing the non-adiabatic (derivative) coupling terms:

aHel a¢n(x7 Q) o
an’ an(x,Q) +H€l an —
Vi(Q) O¢n(, Q)

Multiplying from the left by ¢ and integrating over
the electronic coordinates, x, leads to:

aHel a¢n<@>

- <¢m<@>@gcgz >|¢n< Q) + <Q><¢m<@>|a@g?>>
. dH. Q)
n=m: <¢n( )‘ anlwn( )> = 90,
n#m
v (900 _ T 202, () @
| @ (aczz-) V@) — Vil Q)

In the vicinity of a degeneracy the derivative couplings
can diverge and the adiabatic approximation is expected
to break down!



Harmonic oscillator and its eigenfunctions

The Hamiltonian of a quantum harmonic oscillator is
given by

Using the relationship between dimensioned (r) and di-
mensionless coordinates (@),

Q=5 w—\/7

we get

H:%M( 8Q2+Q2)

The eigenfunctions of the harmonic oscillator are the
well-known Hermite polynomials which read as

2

U,(Q) = {7 n! 2} 77 =% H,(Q)

The first Hermite polynomials, H,,(Q), are
HyQ)=1, Hi(Q)=20Q, H(Q) =4Q*—-2

One can identify the meaning of the () coordinates: the
displacement is measured in units of the so-called zero-
point amplitude, i.e.,

Wo(1) = €72 Wy(0)



A.2) The Franck-Condon principle

Consider the transition between different electronic
states, particularly, a transition from the electronic ground

state , GS, to one of the excited states, ES (optical, UV-
absorption).

The transition probability follows from first order time-
dependent perturbation theory;

w) ~ > [(Up|Hi|U)6(Ep — Ef — hw)

where U; and Wp are eigenfunctions of Hy (isolated
molecule) and correspond to the initial and final states
during a transition.

Interaction between the molecule and radiation field in
the dipole approximation:

N

Z e(e.r5) Ey(t)

j=1
In contrast to the IR-spectrum the summation index, j,
runs only over electronic coordinates (orthogonality of
the electronic wave functions).
Within the Born-Oppenheimer approximation the wave
functions are written in a product form;

V= adixe;, VYr=0rx,
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» k }/Z/
\ | /7

\ >

EoXo — \:_/: =

"\

[N o

with
(Tk =+ V; — EU)XU =0

(T + Vi — EU/))ZU/ =0
Note that x, and x ; are vibrational functions of differ-
ent potential energy curves.
Evaluate the matrix elements in the Born-Oppenheimer
approximation;

/ (2, Q) Hy W (2, Q) dadQ) —
- / Q) / & (2, Q) H16, (. Q) o (Q)dQ

The integral T (Q) = [ 9%z, Q) H1¢i(x, Q)dz is called
the electronic transition moment or dipole-transition-
(matrix) element. It replaces the dipole moments (=di-
agonal matrix elements) evaluated in IR~spectroscopy.
Therefore, one can write the matrix elements as follows:
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[ vtz - [ 3QTH@u@dQ

The transition moment depends on () only through the
electronic wave function. If the transition moment de-
pends sufficiently weakly on (), one can write;

Thi(Q) =~ Ty(Q =0)

with an appropriate reference geometry, () = 0. It is
natural to choose (mostly) the reference geometry to be
the equilibrium geometry of the molecule in the initial
state:

Condon approximation or Franck-Condon principle.

In the Condon approximation:

/\IJ;Hl\P]dZUdQ = sz(Q = O)SU/U

with S, = IXZ/(Q)XU(Q)CZQ

S, and its square are Franck-Condon overlap integral
and Franck-Condon factor, respectively.
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N\ I(w)

The spectrum follows immediately:

[(w) ~[Tr(Q=0)2> /18, [2(E — E, —w)

The relative intensities are determined only through vi-
brational wave functions, electronic wave functions play
almost no role.

Principle of vertical transitions !
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A.3) Shifted harmonic oscillator

Important special case: harmonic potentials with the
same curvature (force constant).

Define () as the dimensionless normal coordinate of ini-
tial state (mostly, electronic ground state).

With the same curvature (force constant) for V(Q), we
have

VAQ) = VH(Q = 0)+5Q” + kQ

with k = (%—g)@_o ; Vf(Q — O) =W

The linear coupling leads to a shift in the equilibrium
geometry and a stabilization energy along the distortion
(see next Fig).

The oscillator can be easily solved by adding the quadratic
terms (completing the square);

2 W 2w
2 /
= Vo~ +35Q°
T T

Stokes-shift ; New normal coordinate
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Vi@ = Vo /

.0 _ 0 ' '
Note: 30 = 2 —> same eigenfunctions =

h k G LQk /)
S, =N N, dQH | Q+— | H,(Q)e 7e 2
e »

We restrict ourselves to the special case where v = 0.
By substituting Q' = Q + k and k = k/w, one can
easily obtain:

SU/O - NU/NO /

—00

©.¢)

dQ/HU/ (Q/) e_Q/QGHQ/_%HQ

There are several possibilities to evaluate these inte-
grals, such as the method of generating functions (see
exercises) or operator algebra (occupation number rep-
resentation of harmonic oscillator).
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Summary of the shifted harmonic oscillator

P(F) = Z %e‘a(S(E — Vo + aw — vw)

where a = k?/2 = k/(2w?)

Sum rule:

v
Z |Spo|* = e Z |
!
v

(Y

Mean quantum number:

The parameter a is a measure of the vibrational excita-
tion in an electronic transition.

aw is the mean vibrational energy during the transition
( = Stokes-shift k*/(2w))

For a — 0 we have |S,0|> — 0,0, which means no
excitation (potential curves V; and V; are identical).
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Poisson distributions for various values

of the parameter a
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Intensity ratio: |Sy11.0/Svol* = -

Mean energy (center of gravity or centroid):

Energetic width:
(AE?=(E—E?=E?— E?
= Z ( )2 2%16 ¢
=> {v(v—1)+v—2av + aQ}wQ%e_a
— Zw2(vafv2)!e—a + (CL o 2&2 + a2)w2

k

Width is defined through the gradient of the final state,V;(Q),
at @@ = 0 (because of the finite extension of x((Q)).
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Il. MOLECULAR ORBITAL DRAWINGS ' 79

16. Nitrogen Symmetry: Deooh

20, E=-0.7137
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A.4) The frequency-modified harmonic oscil-
lator

Non-totally symmetric modes : EYCI 0

0Q

Next order in expansion: V;(Q) = V;(0) +3Q* + £Q?

New frequency : wy =@ = /w(w + )
New dimensionless normal coordinate:

Q=20 = {/*2Q

w 0? WY 2 — & 02 O A2
:>Hf—_§aTg2+TQ = 3,5 T3

One can find the Franck-Condon factors as follows:

1S0.2011]> = 0
1Sp00]? = 2wl (@—w)QU (2v=D!
2V

w—w wtw 20!

Example:

w = 2w —

Sool2 = ¥8 2 0.94, [Syo|? 2 0.05, |Spo|? ~ 0.004
) 3 ) )

Only weak vibrational excitation !
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B) THE JAHN-TELLER EFFECT AND
VIBRONIC INTERACTIONS

B.1) The theorem of Jahn and Teller

Theorem (1937):

"Any molecule wn a spatially degenerate electronic
state 1s unstable unless the degeneracy 1s accidental
or the molecule s linear.’

Or alternatively:
"Any non-linear molecule undergoes distortion when
its electronic state is degenerate by symmetry.’

Remarks:

-Spin degeneracy is not considered.

-When the degeneracy comes from an orbital that con-
tributes weakly to the bond, the distortion will be small.

In other words:

‘At the equilibrium geometry of a non-linear molecule
the electronic state cannot be degenerate by symme-
try.’

Formal:

The instability comes from linear terms of the potential
energy matrix, which are missing in the case of linear
molecules.
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Proof:
We will point out here just the basic ideas.

Principle: (Group theory)

Let E, be the energy of the equilibrium geometry in a
degenerate electronic state, i.e., the geometry is opti-
mized with respect to the totally symmetric modes:

Hop] = Eydf (eg. 1<1<3)

where H, and ¢7 are the Hamiltonian and the wavefunc-
tion of the system, respectively, in the high-symmetry
situation.

Let us consider a small displacement, 0(),, along the
non-totally symmetric modes:

H(6Q,) = H, +H, - 6Q, + O(5Q?)
E(Q,) = E, + E, - 6Q, + O(6Q?)
with
det ‘<¢ZO|HT|¢Z¢> o Erfslm‘ =0

that is, I, are the eigenvalues of this secular equation.
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The energy correction is negative for 0Q), — —90Q),.
The first-order contribution yields unstability. It van-
ishes when all the matrix elements are zero. Using
the symmetry selection rules, the matrix elements are,
therefore, non zero when:

([(¢7) X T(0°))sym x T(Qyr) D T4y

where sym refers to the symmetrized direct product.

Group theory shows that the symmetrized direct prod-
uct, (I'(¢?) x'(¢°)) sym, also contains non-totally symmetric
representations.

Jahn and Teller (1937):

In all molecular point groups, except for Cy, and
Doy, there are non-totally symmetric modes that are
contained in the symmetrized direct product of any de-
generate irreducible representation.

Proof: Enumerative!

One considers the minimum number of equivalent points
for all topologically distinct realisations of a point group
and its irreducible representations.
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Examples:

1. Linear Molecules, Cy, and D,:

For all the degenerate irreducible representations,
Ei(=11), Ey(= A),-- -, Ey,

(Ek)Q = Ay + Fyy

Let us consider the irreducible representation correspond-
ing to the bending mode:

['(Q2) = Ey(=1I)

so that (Ej)* x I(Qq) 2 T4, =
no linear coupling terms are possible.

2. Planar Xy-systems, Dyj:

Two doubly-degenerate irreducible representations,

(Eg)* = (Eu)* = Asg+ By + By

The following vibrational mode transforms like By,,.
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3. Planar X3-systems, Dsp:

Two doubly-degenerate irreducible representations

(E/>2 — (E//)Q — A/—I— E/

sym

The following normal mode transforms like E'.

AWANSL

S s /

Qy Qx

Comments:

Most of the Jahn-Teller active modes are degenerate,
ct., D3;. The tetragonal point groups are, however,
exceptions: 04, 041}, C4h, D4, D4h, S4, ng. For them,
there are non-degenerate modes that are Jahn-Teller
active. The latter is due to the symmetry selection rules
and not to the lack of degenerate normal modes.
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B.2) The F ® e Jahn-Teller effect

a) The E ® e Hamiltonian.:

As a starting point, the common case will be consid-
ered, i.e., a three-fold axis in a ('3, or a D3y, point group.
The simplest system to think of would be a triatomic
molecule in an E electronic state, whose atoms are lo-
cated at the corners of an equilateral triangle. For ex-
ample, the Hs, Liz or Nasg molecule.

y Y

/N

/RN

In such a molecule, as also in NHj3 or BFj, there is
a degenerate vibrational normal mode of E symmetry.

The components transform like (x,y) and they will be
hereafter denoted as (@, @)
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In this situation it is convenient to use polar coordinates
in the x,y plane.

Qo=p cosx. Q= p sin
Next, we are going to define the complex coordinates,
Q+ and Q—a
Q—l— — Qx + ZQy = pP (COSX -+ ZSlnx) =p eiX
Q— — Qx - ZQy — ,0 (COSX - ZSII]X) — p e_iX

Let us now consider the effect of the C'5 operation on

the coordinates, that is, a 2?” rotation.
2T 2T
Cy Q= cos(5) Qo —sin(5) @y
2T 2T
C5 Q, = sin (—) Q, + cos (?) Qy
so that
2T . 2w
C?) Q+ — COS (?) Q:E — S1i (?) Qy
2 2
= 7 sin (g) Q.+ cos (%) Qy
_ 6(+%m’> Qx —|—’[, e(+%m> Qy
_ 6(—1—%7?@') Q+
and also,
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A (27 /3) rotation yields the multiplication of the com-
plex coordinates with a complex phase factor e,

We can express the transformation in a matrix form as

Q+ ) _ e 0» Q+
OS(@)( ! )(@)

The components of the electronic states transform also
like (x,y) and will be denoted here as ®,, ¢,. As done
for the nuclear coordinates, we define also a set of com-
plex functions:

1 1
(D, +iD,), D = — (D, —iD
(The factor 1/4/2 comes from the fact that both sets,
®,, ¢, and ¢, _, must be normalized.)

(I)+:

A rotation by 27 /3 yields,

ng)j: = €:|:27r/3 (I)j:

)+ and &4 are the most suitable coordinates and func-
tions to use, since they are adapted to the symmetry of
the problem.
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Let us consider now the matrix elements of the electronic

Hamiltonian in the @1 basis set up to second order in
the coordinates (). We have:

/ de & Hy 7 = WO +wlg, + wWo_

1 1
+§Wf+)Q+Q+ + 5W@Q.Q_ +w20,0-

By applying (5 to this equation, the left side is multi-
plied by

(e+2m‘/3) o+2mif3 _

since ‘H,; 1s invariant. Thus the left side is also invariant.
On the right side, all the W’s, for which the combination
of the (0's is not invariant, have to vanish, i.e.,

So that:

/ dr ©*° Hy @ = WO + w?Q.Q_

and also

/ dr & Hy ¢ = WO+ w?Q, 0.

with the same coefficients.
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The off-diagonal matrix elements are:
1
/ de & Hy o = VO 1 vWo, + vo_ + évﬁ@@

1
+ 5&/_(2_)@_@_ +v20.0

Applying C'5 to the L.h.s. yields a factor
6—27Ti/36—27r2'/3 _ 6—47Ti/3 _ 6+27m'/37

SO th&t we ﬁnaﬂy get:
1 2 2
‘f(O)_‘f<)_‘f(>_‘f<)_O

l.e.

1
/ do & H,y o2 =V 4 §V_(2_)Q_Q_

We have thus determined the nonvanishing coefficients.
Abbreviations:

WO = 0 (zero of energy)

) _ w
W =g
vV o=k
v = g

Finally, the electronic Hamiltonian in the $ basis set
1S

0 kQ. + 59Q* )

e:g ~1
Hea =735 Q+Q +(kQ+%gQi 0

or with Q.=peX, Q_=pe ™
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0 kpe'X + Lgpie X
2 2iy

S | _
Hea=35p" 1+ kpe_lx+%gpe 0

This is a Diabatic Representation, where the electronic
Hamiltonian matrix, H,; is not diagonal.

The total £ ® e-JT Hamiltonian is formed by adding
the kinetic operator for the nuclear motion:

T__g 82 +82
T 2\0Q2 T Q2

In polar coordinates (p, x) T} reads as:

_ a .0 92
Ti = 52 (pdposy + 4z

0 kpeX + %gpQG_%X )

— (T, +%p%) 1 _ .
H ( kT 2p) + <kp6—z)<+%gp2€2zx 0

The term kpe'X is called linear JT-coupling.
The term %gp%_%x is called quadratic JT-coupling.
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b) The adiabatic potential energy surfaces
and wavefunctions:

The JT-Hamiltonian in the form specified above is the
easiest one from symmetry considerations and most suitable
for the calculation of spectra, but is not, however, too
descriptive. Therefore, for a better understanding of the
problems, we will consider also the adiabatic representation.

The adiabatic potential energy surfaces are obtained as
follows

—A T . 1 ,
_ _ X | o A2, 20)
det(x* )\) 0, x = kpe +29pe
and:
)\2 — ‘IP =0— )\172 = :l:‘l"
Then,

w w : 1 Y
5P Mo =Sp E [kpe + Sgpte

Vio =
1,2 9 9

Vip = 50" £ [kp + 3g9p°e |
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In most of the situations the quadratic coupling terms
are smaller than the linear ones. If we set g = 0, we ob-
tain the potential energy surfaces of the linear JT-effect:

Vie=%p" £ kp

Within this approach the potential energy surtace shows
a rotational symmetry, i.e, it is y-independent. This
surface is the prototype of a so-called conical intersection
of potential energy surfaces.

Including the quadratic coupling term we have:

Vig=4%p"=+ \/ k202 + 19%p" + gkp3cos(3x)

For small displacements, the p* term can be dropped
out:

Vie=%p" £k py/1+Zp cos(3x)

By expansion of the square root:

Via=%p* £k p+35gp* cos(3y)

In the linear + quadratic JT-effect, the potential energy
surfaces have a threefold symmetry. The lower surface
has three minima and three saddle points.
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Coordinates and JT surfaces for X3 molecules
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For the calculation of the adiabatic wavetunctions and
the non-adiabatic coupling terms, we are going to con-
sider just the linear JT-effect. We have

0  kpeX A 0
+ _
5 (/{:pe_ix 0 ) S_( 0 )\2)

with A =kp and Xy = —kp.

Obtaining the eigenvectors:

—kp  kpe™ s\ _ g
kpe™™ —kp sa )

—511 + €%s91 = 0

(a) )\11

—i
So1 = € XS11

With S11 — % 6iX/2 — 8§91 = % e_iX/Q.
(b) )\22

+kp  kpeX si2\ _
kpe™X +kp Sy |

e "XS19 4+ S99 =0

and  S9p = % e~ iX/2. S19 = —% eTix/2

we get,
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The adiabatic wavetunctions, @j‘fl?, are obtained from
the diabatic ones, @, as,

1.e.,
1 .
(I)ad _ (e—zx/2q) —|—61X/2(I)_)
1 \/§ +
1
q)ad _ (—6 zx/2q) —|—€ZX/2(D_>
2 \/§ +
Using ¢, = %(@x +1 dy), d_ = %(Cbx — 1 d,), we
get:
P47 = cos (K)<I>x+sin(z)€[>y
2 2
i P4t = —sin(%)@ercos <§>®y

It is also interesting to analyze the dependence of the
adiabatic wavefunctions on y /2. When following a 27-loop
around p = 0, the adiabatic wavetunctions do not trans-
form into themselves, but:

1(2m) = —01(0)

3'(2m) = —5%(0)
They transform again into themselves after a 4m-loop.
This is the general behaviour for two-dimensional conical
intersections.
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Finally, we are going to calculate the non-adiabatic
coupling operator A. Since S depends only on the y
angle, we have to consider just the term —2”732 /OX*?:

(Dad w _1 Z‘i q)ad (Dad
(o) == (e 1) (o) + (o) 7

The non-adiabatic coupling operator A reads:

1,0

— w 4 "ox
A=tym| ;0
ox 4

Note that A diverges at p = 0.

W

The BO-approximation breaks down in the JT case.
Therefore, the diabatic representation is more suitable.
The nuclear motion on the adiabatic surfaces V7 and V5
is strongly coupled. As a consequence, the vibrational
energy levels on the adiabatic energy surfaces have no
longer physical meaning.
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Vibronic Line Spectrum for an A — E transition

with strong coupling.
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Figure 1. Exact JT line spectra and band shape curves. The band shape curves are
obtained from the line spectra by convoluting them with Gaussians of width y,
(a) w=0-1, k=402, y=ﬂ~1; {b} w=01, x=2+2, »=02; (¢} w=ﬂ~ﬂ], ﬂ':z’
p=01, :
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B.3) A simple model of vibronic coupling

Use a diabatic electronic basis and expand coupling
terms:

H=Tv1+W

WanlQ) = Vo(@Q) + By + X, kM Qi + X1 QiQ; + -+

with @Q;: normal coordinates of V{(Q),
and, for instance, kgn) = (OV0/0Qi) o—p-

kz-(n) is the gradient of the excited potential energy sur-

face at the Franck-Condon zone centre.
Analogously for the other coupling constants.

The coupling constants can therefore be determined
from ab initio calculations (few points are needed).

(nn')

Selection rule for \;

FnXFQXFn/DFA
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a) Hamiltonian for a two-state case:

H = —EZw»a—QJrlZw-QQ 1+
B 2 '0Q7 2

Ey+> k](‘g>Qj > NQ
SAQ B+ Y EYQ,

Electronic states with different symmetries — Modes [
and j are different.

For a first insight into the phenomena, the g mode will

be dropped and only one term will be considered in the
off-diagonal element:

2

2002 27" Ay Ey

This is almost the simplest case that one can think of,
but it still shows many of the representative effects of
vibronic interactions.

In the diabatic representation H is not too descriptive.
Let us have a look then at the adiabatic potential en-
ergy curves:

_E,+E, N

E ;
2 2

N v %Qi + B+ AR+ Q2
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E
fQ,=0 then Vi=FE+AE= Eg’

Uu
i.e., the diabatic and the adiabatic potential energy
curves are identical (how it should be). @, # 0 yields
repulsion between the potential energy curves. A qual-
itative picture is displayed next,

The upper potential energy curves, V., are always steeper
due to the interaction.

For V_ a double minimun can be obtained for strong
couplings: Symmetry breaking.

Repulsion of potential energy curves and symmetry low-
ering (linear — non-linear; planar — non-planar) are
important signs of vibronic interaction with other elec-
tronic states.
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Calculation of the curvature using Taylor expansion:

W 1\2Q?
= F+ 22O+ AE [ 14+ -2
Vo -+ QQU ( +2AE2+ )
)\2@2
2N\ F?

—EiAEJrl iAQ Q?
- o\ AR )

:E+%QiiAEi

+ _ A2

The change in the curvature is symmetric, as the re-
pulsion of the potential energy curves. The expression
for w, holds only for positive frequences. This yields
a critical coupling strength, A., for obtaining a double
minimum:

M= AFE - w,

If A > A, @, = 0 represents a local maximum. The
minima are the non-trivial solutions of the equation:

oV_ 220,
OQu VAE? + X2Q2

A2 AE?
:>QQOL:|:\/ 9

0

2
W2 A
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The solutions are real and # 0 if A > A.. The stabiliza-
tion energy, E, represents the lowering of the minimum
of the lower potential energy curve relative to the min-
imum in the absence of vibronic coupling (A = 0) due
to an asymmetric distortion:
) A AE\’
B=V-0) - V@) =% (2 - 5F)

Wy,

This expression is formally always defined, but holds
only for A > A..

Beside the potential energy curves, we are interested
also in the non-adiabatic couplings, given by the deriva-
tive of the rotation angle, o':

1 2 W19
L) == arc an
(@) Wi — Woy

Substituting and dlfferentlatmg:

1
a(Qy) = = arctan Z%

1 A AAE /2

|
2 1L X2 AE  AE?2+ N02
1+ 54 + A°Q;
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One obtains a Lorentzian curve with a width and a
height given by hwhm = % and o/(0) = 53+, respec-
tively.

The area under the o/(Q),) curve has to be § and, there-
fore, the limits for a(£o0) are £7.

a(Qy) O(’(QL) A
n /K)‘/ZAE
4
P £
4

One can see from this expression that for fixed values
of A and w,, the non-adiabatic effects increase with de-
creasing AFE.

Comparison of criteria:

Double minimum: A > w, - AFE

Non-adiabatic effects: A>AFE, w, > AFE

For w, < AFE, the criterium for the double minimum is
easier to fulfill than for non-adiabatic effects.

— different validity of the diagonal approximation in
the adiabatic and the diabatic basis!

wy AE < )\ < AE?

Double minimum / adiabatic app. valid



B.4) Conical intersection and vibronic dynamics
in the ethene radical cation, CyH

Schematic representation of the relevant vibrational normal
modes and molecular orbitals of CoH "

(Mode 1-3: totally symmetric modes, Mode 4: Torsion)

— 3 [\ /%
7 Y \”

031-&3915 w2-0.2054 w3=01710 eV

+ +
ZEZU 2529
AE = 13V




ﬁ}.ﬂu L }

(¥ X) JHD uoa (Spy02.4) wnvss3unpauyssyoin(q pun (Syuij) uaanyjpiiuaio g



Perspektiv. Darstellung der konischen Durchschneidung
und nichtadiabatischen Kopplungselemente des Prototyp

g-u - Problems : C, H: (}?; ‘,3: )
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H. KOPPEL, W. DOMCKE, AND L. S. CEDERBAUM

a : EXPERIMENT

b THEORY

RELATIVE INTENSITY

18.5 | 11

IONIZATION ENERGY (eV)

3. 26. The first band in the photoelectron spectrum of ethylene. (a) The experime
ing according to Pollard et al.>® (b) The result of the vibronic coupling calculation
fwhm = 0.01 eV). For the values of the parameters see Table V.



Zweite Photoelektronenbande von Ethen:
Vergleich Theorie - Experiment
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PROBRBILITY

Wavepackets dynamics for CoH, (X,A)
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Short-time dynamics for C,H, (X,A)
“Coherent motion for ()1 and ()9
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Long-time dynamics for CoH, (X,A)

Damping of the coherent motion in ()
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0, fiir C;H, (X, A) [22]

Im

Trajektorien

Raum Q) -

9.9
2

$
%

N

wio e

.9
QXK

%

e
_.w_vuﬁu
A

X
N
X8

o

Lo
X2

¢
%%
MR
AW
%

K/
W)
#.'

o

o/

W

)

>
® tﬂ
¥,

£

il

- l.l.'.-t..‘.”..‘...... L

L e e Y

P S

SR
’_ ._ .__.ﬁ... l .”*...

-3 -
e

G ._-TH
T= H e E

i

-
e

s

_1.\.. 2
3y
KBRS
49

o
X
Q

&R

|

4

0>

<o,




C,H, (X, A): Wahrscheinlichkeitsdichte entlang der
Koordinate Q, der koppelnden Mode [23]
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