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Results of a theoretical study of ultrafast coherent dynamics of nonadiabatically coupled quasi-degener-
ate p-electronic excited states of molecules were presented. Analytical expressions for temporal behav-
iors of population and vibrational coherence were derived using a simplified model to clarify the
quantum mechanical interferences between the two coherently excited electronic states, which appeared
in the nuclear wavepacket simulations [M. Kanno, H. Kono, Y. Fujimura, S.H. Lin, Phys. Rev. Lett 104
(2010) 108302]. The photon-polarization direction of the linearly polarized laser, which controls the pop-
ulations of the two quasi-degenerate electronic states, determines constructive or destructive interfer-
ence. Features of the vibrational coherence transfer between the two coupled quasi-electronic states
through nonadiabatic couplings are also presented. Information on both the transition frequency and
nonadiabatic coupling matrix element between the two states can be obtained by analyzing signals of
two kinds of quantum beats before and after transfer through nonadiabatic coupling.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Considerable attention has been paid to ultrafast coherent
dynamics of photophysical and photochemical processes in molec-
ular systems. These processes include excitation transfer in a pho-
tosynthetic system [1], resonance excitation transfer in conjugated
polymer chains [2], stilbene isomerization [3], and nonradiative
transitions in pyrazine vapor [4]. In these systems, vibrational
and/or electronic coherences are created by ultrashort laser pulses,
as proved by observation of quantum beats by using time-resolved
optical measurement methods such as ultrafast pump-probe and
transient grating methods.

We have recently found by quantum dynamical simulations
that transient unidirectional motions of p-electrons in an ansa
(planar-chiral) aromatic ring molecule can be created along its ring
by using ultrashort, linearly polarized UV laser pulses [5]. Unidirec-
tional motions of p-electrons are created by coherent excitation of
a pair of quasi-degenerate electronic excited states. Unidirectional
rotational motions, clockwise or counterclockwise, can be con-
trolled by changing the direction of the photon polarization of
the pulses. Moreover the rotational direction of p-electrons can
be controlled by changing the relative optical phase of a two-color
ll rights reserved.

. Fujimura).
laser [6]. p-Electrons can be continuously rotated by applying a se-
quence of pump and dump pulses. We have also performed nuclear
wavepacket simulations taking into account nonadiabatic cou-
plings between the quasi-degenerate electronic states of the same
molecular system, and found that the populations in the two elec-
tronic states strongly depend on the direction of linearly polarized
photon polarization of the laser pulse applied [7]. We have also
found that the frequency spectra, which were obtained by the Fou-
rier transform of the autocorrelation spectra of the wavepackets,
depend on the photon polarization direction of the laser pulse used
[7]. The vibrational dynamics found is directly related to the rota-
tional direction of p-electrons, clockwise or counterclockwise.
Thus, the results of two types of the simulations mentioned above
indicate that information on ultrafast p-electron dynamics can be
obtained by observing coherent vibrational dynamics as well.

However, there remain issues to be clarified for a thorough
understanding of coherent nuclear dynamics in nonadiabatically
coupled quasi-degenerate p-electronic excited states. There was
no explicit explanation of the photon polarization-dependent nu-
clear dynamics found by nuclear wavepacket simulations,
although a qualitative explanation based on nuclear wavepacket
interferences was given [7,8].

In this paper, we focus on the mechanism of the photon polar-
ization dependent vibrational behaviors found by nuclear wave-
packet simulations. We explicitly take into account the coherent
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dynamics in two optically allowed electronic excited states cou-
pled with nonadiabatic couplings. For this purpose, we adopt a
simplified one-dimensional model. We show that the photon
polarization-dependent nuclear dynamical behaviors obtained by
nuclear wavepacket simulations originate from quantum mechan-
ical interferences between a coherently excited pair of quasi-
degenerate excited states.

In addition to population changes through nonadiabatic cou-
plings mentioned above, there is another class of coherent nuclear
dynamics in molecular systems, vibrational coherence transfers.
Bath-induced vibrational coherence transfers have already been
treated theoretically [9,10]. In this paper, we treat vibrational
coherence transfers through intramolecular nonadiabatic cou-
plings as well. The concept of vibrational coherence in an elec-
tronic excited state and its transfer to a lower electronic state is
essential to analyze nuclear wavepacket dynamics between two
electronic states coupled by nonadiabatic interactions. Recently,
Suzuki et al. [4] have reported quantum beats in time-resolved
photoelectron imaging of ultrafast nonradiative transitions from
an optically active pp⁄ state of pyrazine by 20-fs laser pulses.
The quantum beats reported originate from vibrational coherence
transfer through nonadiabatic couplings. In general, quantum
beats have different structures before and after the transfer
through nonadiabatic coupling. We clarify features of vibrational
coherence transfer and derive an expression for the amplitude
and that for the frequency of beat signals of vibrational coherence.

In the next section, we present an analytical expression for pho-
ton polarization-dependent nonadiabatic coupling effects of coher-
ently excited quasi-degenerate electronic states in a simplified
model. Here, optical excitation processes were omitted except for
the case in which comparison was made with results obtained by
nuclear wavepacket simulations [7]. The wavepacket simulations
of nonadiabatic dynamics in a model chiral aromatic molecule irra-
diated by a linearly polarized laser pulse were performed to clarify
the effects of p-electron rotation on molecular vibration and vice
versa [7]. In Section 3, we discuss the results of analysis of vibronic
coherence effects dependent on photon-polarization. Vibrational
coherence transfer induced by nonadiabatic couplings is also
discussed.
2. Theoretical approach

Consider a nonadiabatic transition in a simplified potential
model shown in Fig. 1a to explain the temporal behaviors found
in the quantum dynamical simulations of 2,5-dicholoropyrazine
E

q
g0

b0

c0
b1

c1
(a) (b)

e+

e−

b g

c gµ

µ

Fig. 1. (a) A simplified model for a nonadiabatic interaction between coherently
excited quasi-degenerate vibronic states. (b) Photon polarization directions for
control of relative phases between the nearly degenerate electronic states. The
directions of e+ and e� are defined as lbg � eþ ¼ lcg � eþ and lbg � e� ¼ �lcg � e� ,
respectively.
(DCP) in Fig. 1b [7]. In Fig. 1a, q denotes the dimensionless normal
coordinate of the breathing mode [11]. The potentials in the
ground and two electronic excited states (b and c) were assumed
to be displaced and undistorted ones. At least two vibrational
eigenstates in each electronic state are needed for consideration
of both the electronic and vibrational coherences in the simplified
model. Here, b0 (c0) and b1 (c1) denote the lowest and the first ex-
cited vibrational eigenstates belonging to the b (c) quasi-degener-
ate electronic state.

The relative phase between two electronic states, b and c, can be
controlled by changing the directions of the polarization unit vec-
tors e+ and e� of linearly polarized laser pulses as shown in Fig. 1b
[7]. The directions of e+ and e� are defined as lbg � eþ ¼ lcg � eþ
and lbg � e� ¼ �lcg � e�, respectively. Here, the transition moment
vector for an optical transition from the ground state g to the lower
electronic state b, lbg � hb j l j gi, and that to the higher electronic
state c, lcg � hc j l j gi where l is the electric dipole moment are
on the aromatic – ring plane and almost orthogonal to each other
because of small differences in energy between the two electronic
excited states b and c.

The time evolution of the quantum system in the low tempera-
ture limit can be expressed as

WðtÞ ¼ cg0ðtÞjUgXg0i þ cc1ðtÞjUcXc1i þ cc0ðtÞjUcXc0i
þ gðcb0ðtÞjUbXb0i þ cb1ðtÞjUbXb1iÞ: ð1Þ

Here, U and X denote the electronic and vibrational wavefunctions,
respectively.

Time-dependent coefficients c(t) are obtained by solving the
time-dependent Schrödinger equation,

i�h
@

@t
jWðtÞi ¼ ðĤ0 þ V̂ þ UðtÞÞjWðtÞi: ð2Þ

Here, Ĥ0 is the molecular Hamiltonian in the Born–Oppenheimer
approximation, and V̂ is the nonadiabatic coupling operator.
U(t) = l � E(t)cos(xLt) is the pulse excitation operator. Here, E(t) is
the amplitude of the laser pulse with photon-polarization vector e
and xL is laser central frequency.

In Eq. (1), g denotes the parameter depending on photon polar-
ization direction of the linearly polarized laser pulse: g = 1 for the
polarization vector e+, while g = �1 for e�.

The nonadiabatically coupled system shown in Fig. 1 consists of
two nonadiabatic transition processes: one is c1 M b0 and the
other is c0 M b1. Other processes, c0 M b0 and c1 M b1 were omit-
ted. This is because the nonadiabatic coupling matrix elements be-
tween the two vibronic states with the equal vibrational quantum
number approximately give zero for the displaced harmonic poten-
tial model with dimensionless potential displacement |Dcb|� 1.

First, consider nonadiabatic transition processes c1 M b0. In this
section, we derive analytical expressions for temporal behaviors of
the electronic and vibrational coherences by focusing on the non-
adiabatic coupling effects. For this purpose, we set the initial con-
dition as cg0(0) = 0, cb0(0) – 0 and cc1(0) – 0, omitting the pulse
excitation effects. In the results and discussion section, we take
into account both the nonadiabatic effects and pulse excitation ef-
fects to compare the temporal behaviors obtained in the simplified
model and those in the nuclear wavepacket simulation.

The dynamical behaviors can be obtained by solving the follow-
ing coupled equation:

i�h
@

@t
cc1ðtÞ
cb0ðtÞ

� �
¼

Ec1 gVc1;b0

gVb0;c1 Eb0

� �
cc1ðtÞ
cb0ðtÞ

� �
: ð3Þ

Here, Vc1,b0 is the nonadiabatic coupling matrix element between
vibronic state c1 with energy Ec1 and vibronic state b0 with energy
Eb0. In the displaced and undistorted potential model,
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Eb1 � Eb0 = Ec1 � Ec0 is satisfied. The solution is given by solving the
equation

Ec1 � k gVc1;b0

gVb0;c1 Eb0 � k

� �
A

A0

� �
¼ 0: ð4Þ

A general solution can be expressed as

cc1ðtÞ
cb0ðtÞ

� �
¼ A1e�

ik1 t
�h

A01e�
ik1 t

�h

 !
þ A2e�

ik2 t
�h

A02e�
ik2 t

�h

 !
ð5Þ

with k’s

k1 ¼ E0
c1;b0 �

cc1;b0

2
; k2 ¼ E0

c1;b0 þ
cc1;b0

2
; ð6aÞ

where

E0
c1;b0 ¼

Ec1 þ Eb0

2
; ð6bÞ

cc1;bo ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDEc1;b0Þ2 þ 4jVc1;b0j2

q
; ð6cÞ

and

DEc1;b0 ¼ Ec1 � Eb0: ð6dÞ

A’s are determined using both Eq. (4) and the initial condition

cc1ð0Þ
cb0ð0Þ

� �
¼

A1

A01

� �
þ

A2

A02

� �
: ð7Þ

Here, each coefficient can be expressed as

A1 ¼
ðcc1;b0�DEc1;b0Þ

2 cc1ð0Þ � gVc1;b0cb0ð0Þ
cc1;b0

; ð8aÞ

A01 ¼
�gVc1;b0cc1ð0Þ þ

ðcc1;b0þDEc1;b0Þ
2 cb0ð0Þ

cc1;b0
; ð8bÞ

A2 ¼
ðcc1;b0þDEc1;b0Þ

2 cc1ð0Þ þ gVc1;b0cb0ð0Þ
cc1;b0

; ð8cÞ

and

A02 ¼
gVc1;b0cc1ð0Þ þ

ðcc1;b0�DEc1;b0Þ
2 cb0ð0Þ

cc1;b0
: ð8dÞ

Finally, the time-dependent coefficients for c1 M b0 can be ex-
pressed as

cc1ðtÞ

cb0ðtÞ

 !
¼ 1

cc1;b0

ðcc1;b0�DEc1;b0Þ
2 cc1ð0Þ�gVc1;b0cb0ð0Þ

n o
exp � ik1t

�h

h i

�gVc1;b0cc1ð0Þþ
ðcc1;b0þDEc1;b0Þ

2 cb0ð0Þ
n o

exp � ik1t
�h

h i
0
BB@

1
CCA

þ 1
cc1;b0

ðcc1;b0þDEc1;b0Þ
2 cc1ð0ÞþgVc1;b0cb0ð0Þ

n o
exp � ik2t

�h

h i

gVc1;b0cc1ð0Þþ
ðcc1;b0�DEc1;b0Þ

2 cb0ð0Þ
n o

exp � ik2t
�h

h i
0
BB@

1
CCA

:

ð9Þ

Next, consider nonadiabatic transition processes c0 M b1 in the
same procedure that as described above. The dynamical behaviors
can be obtained by solving the coupled equation:

i�h
@

@t
cc0ðtÞ
cb1ðtÞ

� �
¼

Ec0 gVc0;b1

gVb1;c0 Eb1

� �
cc0ðtÞ
cb1ðtÞ

� �
: ð10Þ

Here, Vc0,b1 is the nonadiabatic coupling matrix element between
the two vibronic excited states c0 and b1. The solution of Eq. (10)
can be obtained as
cc0ðtÞ
cb1ðtÞ

� �
¼ 1

cc0;b1

ðcc0;b1�DEc0;b1Þ
2 cc0ð0Þ�gVc0;b1cb1ð0Þ

n o
exp � ij1t

�h

h i
�gVc0;b1cc0ð0Þþ

ðcc0;b1þDEc0;b1Þ
2 cb1ð0Þ

n o
exp � ij1t

�h

h i
0
B@

1
CA

þ 1
cc0;b1

ðcc0;b1þDEc0;b1Þ
2 cc0ð0ÞþgVc0;b1cb1ð0Þ

n o
exp � ij2t

�h

h i
gVc0;b1cc0ð0Þþ

ðcc0;b1�DEc0;b1Þ
2 cb1ð0Þ

n o
exp � ij2t

�h

h i
0
B@

1
CA
:

ð11Þ

Here,

j1 ¼ E0
c0;b1 �

cc0;b1

2
; j2 ¼ E0

c0;b1 þ
cc0;b1

2
; ð12aÞ

E0
c0;b1 ¼

Ec0 þ Eb1

2
; ð12bÞ

cc0;b1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDEc0;b1Þ2 þ 4jVc0;b1j2

q
; ð12cÞ

and

DEc0;b1 � Ec0 � Eb1: ð12dÞ
3. Results and discussion

In this section, based on the analytical expressions for time evo-
lution of nuclear dynamics of nonadiabatically coupled quasi-
degenerate electronic states, we discuss two issues, the photon
polarization-dependent population in each vibronic state and
vibrational coherence transfer between the two electronic states
through nonadiabatic couplings.

3.1. Photon polarization-dependent populations

The time evolution of populations of two vibronic states, c1 and
b0, can be expressed by using Eqs. (9) and (11) as

qc1;c1ðtÞ ¼
1

c2
c1;b0

c2
c1;b0 þ DE2

c1;b0

� �
2

cc1ð0Þ2 þ 2V2
c1;b0cb0ð0Þ2

2
4

þ 2gVc1;b0DEc1;b0cc1ð0Þcb0ð0Þ

þ
c2

c1;b0 � DE2
c1;b0

� �
2

cc1ð0Þ2 � 2V2
c1;b0cb0ð0Þ2

8<
:
� 2gVc1;b0DEc1;b0cc1ð0Þcb0ð0Þ

�
cos

cc1;b0

�h
t

� ��
; ð13aÞ

and

qb0;b0ðtÞ ¼
1

c2
c1;b0

c2
c1;b0 þ DE2

c1;b0

� �
2

cb0ð0Þ2 þ 2V2
c1;b0cc1ð0Þ2

2
4

� 2gVc1;b0DEc1;b0cb0ð0Þcc1ð0Þ

þ
c2

c1;b0 � DE2
c1;b0

� �
2

cb0ð0Þ2 � 2V2
c1;b0cc1ð0Þ2

8<
:
þ 2gVc1;b0DEc1;b0cb0ð0Þcc1ð0Þ

�
cos

cc1;b0

�h
t

� ��
; ð13bÞ

respectively. In a similar way, qc0,c0(t) and qb1,b1(t) can be
expressed.

For simplicity, consider temporal behaviors in which all of the
initial vibronic states are equally distributed, i. e., cc1(0) =
cb0(0) = c(0). For this case, Eqs. (13a) and (13b) are simplified as
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Fig. 2. Photon polarization-dependent populations as a function of time. In (a), the
solid line denotes qb0,b0(t) and the broken line denotes qc1,c1(t), which were
calculated with the analytical expressions for gVc1,b0 > 0 with g = - 1. The parameter
sets used are |Vc1,b0| = 0.025 eV, DEc1,b0 = 0.225 eV and DEc0,b1 = – 0.075 eV. In (b),
the bold solid line denotes the population in lower electronic state b,
qb,b(t) = qb0,b0(t) + qb1,b1(t) that are obtained by using the analytical expressions,
and the bold broken line denotes the population in upper electronic state c,
qc,c(t) = qc0,c0(t) + qc1,c1(t) that are obtained by using the analytical expressions, for
gVc1,b0 > 0 with g = �1. An excitation process from the ground state was taken into
account for comparison with the results of wavepacket simulations [7] (thin solid
(broken) line for the population in b (c)). The envelope of the pulse used was
A sin2ðpt

sp
Þwith A = 6.50 � 109 V/m and sp = 7.26 fs, which is denoted by a dotted line.
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qc1;c1ðtÞ ¼ cð0Þ2 1þ 2gVc1;b0DEc1;b0

c2
c1;b0

1� cos
cc1;b0

�h
t

� �	 
" #
; ð14aÞ

and

qb0;b0ðtÞ ¼ cð0Þ2 1� 2gVc1;b0DEc1;b0

c2
c1;b0

1� cos
cc1;b0

�h
t

� �	 
" #
; respectively:

ð14bÞ

It can be seen from Eqs. (14) that temporal behaviors of populations
depend on the phase of gVc1,b0DEc1,b0, i.e., that of gVc1,b0 since
DEc1,b0 > 0. We call gVc1,b0 phase parameter in this paper. This
parameter determines constructive or destructive interference
between the two vibronic states. For the upper vibronic state, a
positive value of the parameter gives constructive interference,
and it increases in the population at the initial stage before the
reversible process takes place, while for the lower vibronic state,
it gives destructive interference and decreases in the population.

Fig. 2a shows the results of calculated time evolution of the two
vibronic states; the solid line denotes qb0,b0(t) and the broken line
denotes qc1,c1(t). Here, gVc1,b0 > 0 was adopted for the phase
parameter. Values of the parameters used were |Vc1,b0| = 0.025 eV
as the magnitude of the nonadiabatic coupling matrix element,
DEc1,b0 = 0.225 eV and DEc0,b1 = �0.075 eV as the energy differ-
ences between the two vibronic states for the nonadiabatic transi-
tion process. These parameters were taken from the results for
potential energy surfaces of 2,5-dichloropyrazine, which were
calculated by an ab initio MO method [12]. Here, ab initio geometry
optimization for the ground state was carried out using MOLPRO
[13] at the MP2/6-31G⁄ level followed by a single-point ground-
and excited-state calculation at the CASSCF(10,8)/6-31G⁄ level.
The relation between the two nonadiabatic coupling matrix
elements, Vc0,b1 = � Vc1,b0, was used [14]. The oscillation in Fig. 2a
indicates the population transfer between c and b electronic
excited states with recurrence time of srec ¼ 2p�h=cc1;b0 ¼ 18:3 fs.

Fig. 2b shows the population changes taking into account
effects of pulse excitation in order to make comparison with the
temporal behaviors obtained in the nuclear wavepacket simula-
tion. The wavepacket simulation was carried out on the multidi-
mensional potential surfaces calculated by ab initio MO method
[7].The effects of the nonadiabatic coupling were obtained by
numerically solving the coupled equations with the split-operator
method for the multidimensional surface Hamiltonian, and the
resultant diabatic wavepackets were converted to adiabatic wave-
packets [7]. The amplitude of the laser pulse used E(t) was drown
by the dotted line in Fig. 2b. The four vibronic states are coherently
excited by the pulse. The same molecular parameter set as that
used in Fig. 2a was used. It can be seen from Fig. 2b that the
analytical results reproduce the photon polarization-dependent
dynamic behaviors that appeared in the nuclear wavepacket simu-
lation, especially at the early time regime before one cycle of the
oscillation. This indicates that the simplified model used in this
paper is valid to explain the characteristic features and that the
photon polarization-dependent populations originate from the
interference between the two coherently excited vibronic states.
After the early time regime, the time evolution of the populations
calculated using the simplified model deviate from those obtained
in the nuclear wavepacket simulation because effects due to
vibrational mode couplings, which was neglected in the simplified
model, may make a significant contribution.

The coherent dynamics are reversible since the system is
isolated and there are no bath modes in our simplified one-dimen-
sional model. Therefore, if the two electronic states are coherently
excited by a linearly polarized pulse, the dynamic behaviors are
invariant with respect to change in the direction of polarization,
g = 1 (e+) or g = �1 (e�). Time-dependent behaviors of qc1,c1(t) with
e+ (e�) is the same as qb0,b0(t) with g = �1 (g = 1). In real molecules
with many vibrational degrees of freedom, the invariance is broken
and dephasing time of the vibrational coherence in lower excited
state b is shorter than that in higher state c because multimode ef-
fects induced by potential couplings and/or an harmonicity play a
much more dominant role in lower state b than in higher state c.

3.2. Vibrational coherence transfer through nonadiabatic couplings

The vibrational coherence between c1 and c0 states in elec-
tronic state c, qc1,c0(t), is expressed using Eqs. (9) and (11) as

qc1;c0ðtÞ ¼ Reqc1;c0ðtÞ þ iImqc1;c0ðtÞ; ð15Þ

where
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Reqc1;c0ðtÞ¼
1

cc1;b0cc0;b1

1
2
ðcc1;b0cc0;b1þDEc1;b0DEc0;b1Þcc1ð0Þcc0ð0Þ

�
þgðDEc0;b1Vc1;b0cb0ð0Þcc0ð0ÞþDEc1;b0Vc0;b1cb1ð0Þcc1ð0ÞÞ

þ2Vc1;b0Vc0;b1cb1ð0Þcb0ð0Þ
�

cos
ðcc1;b0�cc0;b1Þ

2�h
t

� �

þ 1
cc1;b0cc0;b1

1
2
ðcc1;b0cc0;b1�DEc1;b0DEc0;b1Þcc1ð0Þcc0ð0Þ

�
�gðDEc0;b1Vc1;b0cb0ð0Þcc0ð0ÞþDEc1;b0Vc0;b1cb1ð0Þcc1ð0ÞÞ

�2Vc1;b0Vc0;b1cb1ð0Þcb0ð0Þ
�

cos
ðcc1;b0þcc0;b1Þ

2�h
t

� �
;

ð16aÞ
and

Imqc1;c0ðtÞ¼ �
1

cc1;b0cc0;b1

�
1
2
ðcc1;b0DEc0;b1þcc0;b1DEc1;b0Þcc1ð0Þcc0ð0Þ

þgðVc1;b0cc0;b1cb0ð0Þcc0ð0ÞþVc0;b1cc1;b0cc1ð0Þcb1ð0ÞÞ
�

�sin
ðcc0;b1�cc1;b0Þ

2�h
t

� �

� 1
cc1;b0cc0;b1

1
2
ðcc1;b0DEc0;b1�cc0;b1DEc1;b0Þcc1ð0Þcc0ð0Þ

�

þgðcc1;b0Vc0;b1cb1ð0Þcc1ð0Þ�cc0;b1Vc1;b0cb0ð0Þcc0ð0ÞÞ
i

�sin
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: ð16bÞ

In a similar way, the vibrational coherence between the two vibron-
ic states, b1 and b0 in electronic state b, qb1,b0(t), can be expressed
as

qb1;b0ðtÞ ¼ Reqb1;b0ðtÞ þ iImqb1;b0ðtÞ; ð17Þ

where

Reqb1;b0ðtÞ¼
1

cc1;b0cc0;b1

1
2
ðcc1;b0cc0;b1þDEc1;b0DEc0;b1Þcb1ð0Þcb0ð0Þ

�
�gðDEc0;b1Vc1;b0cb1ð0Þcc1ð0ÞþDEc1;b0Vc0;b1cb0ð0Þcc0ð0ÞÞ

þ2Vc1;b0Vc0;b1cc1ð0Þcc0ð0Þ
�

cos
ðcc1;b0�cc0;b1Þ

2�h
t

� �

þ 1
cc1;b0cc0;b1

1
2
ðcc1;b0cc0;b1�DEc1;b0DEc0;b1Þcb1ð0Þcb0ð0ÞÞ

�
þgðDEc0;b1Vc1;b0cb1ð0Þcc1ð0ÞþDEc1;b0Vc0;b1cb0ð0Þcc0ð0ÞÞ

�2Vc1;b0Vc0;b1cc1ð0Þcc0ð0Þ
�

cos
ðcc1;b0þcc0;b1Þ

2�h
t

� �
ð18aÞ

and

Imqb1;b0ðtÞ ¼ �
1

cc1;b0cc0;b1

1
2
ðcc0;b1DEc1;b0 þ cc1;b0DEc0;b1Þcb1ð0Þcb0ð0Þ

�
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� sin
ðcc0;b1 � cc1;b0Þ

2�h
t
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� 1
cc1;b0cc0;b1

1
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� �
: ð18bÞ

We consider a simplified case in which all of the vibronic states are
equally distributed at t = 0, i.e., cc0(0) = cc1(0) = cb0(0) = cb1(0) � c(0).
In this case, Eqs. (16a) and (18a) are simplified as
Reqc1;c0ðtÞ ¼ cð0Þ2 cos
cc1;b0t

2�h

� �
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� ��
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� �
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� ��
; ð19aÞ

and

Reqb1;b0ðtÞ ¼ �cð0Þ
2 cos

cc1;b0t
2�h

� �
cos

cc0;b1t
2�h

� ��

þ DEc1;b0

cc1;b0

DEc0;b1

cc0;b1
þ 2

Vc1;b0

cc1;b0

Vc0;b1

cc0;b1

(

� g
DEc0;b1

cc0;b1

Vc1;b0

cc1;b0
þ DEc1;b0

cc1;b0

Vc0;b1

cc0;b1

 !)
sin

cc1;b0t
2�h

� �

� sin
cc0;b1t

2�h

� ��
; ð19bÞ

respectively.
Fig. 3 shows the results for temporal behaviors of vibrational

coherences, which were calculated by using Eqs. (19). Here, the
same values for nonadiabatic coupling matrix elements and energy
differences as those in Fig. 2 were adopted. In Fig. 3a, temporal
behaviors for g = �1 are presented. The solid line and broken line
denote Reqc1,c0(t) and Reqb1,b0(t), respectively. It can be seen that
the phase of Reqc1,c0(t) and that of Reqb1,b0(t) in the initial stage
are the same, although their magnitudes are different. The
differences in the magnitude come from the interference effects:
constructive interference for Reqc1,c0(t), while destructive interfer-
ence for Reqb1,b0(t). The vibrational coherence transfers considered
here are also reversible as the population transfers. That is, for
polarization behaviors Reqc1,c0(t) with g = 1 (g = �1) is the same
as Reqb1,b0(t) with g = �1 (g = 1).

We now consider the simplest case in which optical excitation
is allowed to the electronic excited state c, i.e., lcg – 0 and
cc0(0) = cc1(0) � c(0) – 0, but is forbidden to the lower state b, i.e.,
b is a dark state, lbg = 0 and cb0(0) = cb1(0) = 0.

The quantum beat signal due to formation of vibrational coher-
ence in excited electronic state c is proportional to

Reqc1;c0ðtÞ ¼ cð0Þ2 cos
cc1;b0t

2�h

� �
cos

cc0;b1t
2�h

� ��

þ DEc1;b0DEc0;b1

cc1;b0cc0;b1
sin

cc1;b0t
2�h

� �
sin

cc0;b1t
2�h

� �#
; ð20aÞ

while the quantum beat signal in state b, which originated from the
vibrational coherence transferred through nonadiabatic coupling is
proportional to

Reqb1;b0ðtÞ ¼ 4cð0Þ2 Vc1;b0Vc0;b1

cc1;b0cc0;b1
sin

cc1;b0

2�h
t

� �
sin

cc0;b1

2�h
t

� �
: ð20bÞ

We now discuss the quantum beat frequencies. For DEc1,b0	 Vc1,b0

and |DEc0,b1|	 |Vc0,b1|, Eq. (20a) can be reduced to

Reqc1;c0ðtÞ 
 cð0Þ2 cosðxtÞ: ð21aÞ

Here, x � DEc1;b0�DEc0;b1
2�h ¼ Ec1�Ec0

�h , which is equal to the vibrational
frequency relevant to the vibrational coherence transfer. Equation
(21a) simply reveals that the beat frequency originates from the
vibrational coherence created in state c.

In a similar way, Eq. (20b) can be reduced to
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Fig. 4. Vibrational coherences as a function of time, qc1,c0(t) and qb1,b0(t) in the case
in which the initial vibrational coherence is created on the upper excited state c.
The same parameter set as that in Fig. 2 was adopted.
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Fig. 3. Photon polarization-dependent vibrational coherences as a function of time.
Reqc1,c0(t) is denoted by a solid line and Reqb1,b0(t) is denoted by a broken line. The
same parameter set as that in Fig. 2 was adopted.
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Reqb1;b0ðtÞ 
 2cð0Þ2 Vc1;b0Vc0;b1

cc1;b0cc0;b1
cosðxtÞ � cosð �xtÞf g: ð21bÞ

Here, �x � DEc1;b0þDEc0;b1
2�h ¼ DEcb

�h , which is equal to the transition fre-
quency between the two electronic states, c and b: DEcb � Ec0 � Eb0

or (Ec1 � Eb1).
The frequencies relevant to the transferred vibrational coher-

ence consist of two components: one is the vibrational frequency
relevant to the vibrational coherence transfer, and the other is
the transition frequency. The latter originates from the generation
of vibronic coherences as the intermediate processes in the course
of the vibrational coherence transfer.

We next discuss the amplitudes of the quantum beats. The ratio
of beat amplitudes between two vibrational coherences can be
approximately expressed at t ¼ ð2nþ 1Þp�h=cc1;b0 or t ¼ ð2nþ
1Þ p�h=cc0;b1 with n ¼ 0;1;2; . . . as

Reqb1;b0ðtÞ
Reqc1;c0ðtÞ
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: ð22Þ

Equation (22) indicates that the ratio of beat amplitudes between
the two quantum beats before and after transfer through nonadia-
batic couplings is given by the products of the individual ratios of
the nonadiabatic coupling matrix element to the corresponding
energy difference. In other words, information on the nonadiabatic
transition can be evaluated by analyzing the beat signals. Equation
(22) can be roughly expressed as

Reqb1;b0ðtÞ
Reqc1;c0ðtÞ












 
 2�V

D�E












2

: ð23Þ

Here, �V denotes the averaged nonadiabatic coupling matrix element
relevant to the transition process and D�Eð¼ �h �xÞ is the correspond-
ing averaged energy difference.

This indicates that not only the energy difference but also the
nonadiabatic coupling matrix element can be determined by analyz-
ing the beat signals, i.e., the beat frequencies and amplitudes. The re-
sults are in contrast to those of ordinary quantum beat experiments
[15]. Only energy differences between coherently excited eigen-
states are observed in ordinary quantum beat experiments.

Fig. 4 shows an example of temporal behaviors of vibrational
coherences, which were calculated by using Eq. (20). Here, the
same values of the parameters as those used in Fig. 3 were
adopted. The solid line and dotted line denote Reqc1,c0(t) and
Reqb1,b0(t), respectively. The magnitude of Reqc1,c0(t) was drawn
by multiplying the original magnitude by five. The ratio of the
magnitudes is given by 0.06.

Recently, Suzuki et al. [4] reported quantum beats in time-re-
solved photoelectron spectra after ultrafast internal conversion
from the optically active pp⁄ electronic excited state of pyrazine
in vapor. Mechanisms of ultrafast nonradiative decay processes
of pyrazine have been actively investigated [16–18]. Results of
our theoretical study on the vibrational coherence transfer through
nonadiabatic couplings suggest that detailed information on the
dark electronic states associated with the ultrafast internal conver-
sion can be obtained by analyzing the two quantum beats before
and after coherence transfer through nonadiabatic couplings.
4. Conclusion

In this paper, we presented the results of theoretical study on
ultrafast coherent nuclear dynamics of nonadiabatically coupled
quasi-degenerate electronic excited states of an aromatic mole-
cule. Analytical expressions for time-dependent populations and
vibrational coherences were derived for a simple, one-dimensional
model. It was demonstrated that the polarization-dependent pop-
ulations found by nuclear wavepacket simulations originate from
the interferences between the two quasi-degenerate electronic
states coherently excited by a femtosecond laser pulse. Another
coherent dynamics, vibrational coherence transfer through nonadi-
abatic couplings was clarified: structures of the beat signal and
amplitudes of vibrational coherence transfer were derived. It was
shown that both the energy difference and the nonadiabatic cou-
pling matrix element can be obtained by analyzing the two quan-
tum beat signals before and after the transfer through nonadiabatic
couplings.
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