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Two-step excitation via vibrationally excited states
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In this paper, effects of the spatial nonuniformity of an optical near field (ONF) on the molecular
photodissociation process are presented. The dissociation dynamics of H2

+ was theoretically investigated by
solving a non-Born-Oppenheimer Schrödinger equation. It was found that in addition to two dissociation
mechanisms, which are one-photon and three-photon processes induced by uniform laser light excitation, the
nonuniform ONF opens another dissociation path: two-step excitation mediated by vibrationally excited states.
The nonuniformity of the ONF causes a transition between vibrational states that is forbidden according to
conventional selection rules, leading to the dissociation path. The dependences of photodissociation on the
intensity and nonuniformity of the ONF were calculated and the results validated the two-step dissociation
mechanism.
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I. INTRODUCTION

Molecular dissociation processes induced by intense laser
pulses are important to understanding and controlling pho-
tochemical reactions [1]. A number of experimental and
theoretical studies on laser-molecule interactions have been
conducted that focused on H2

+, which is the simplest system
having general properties of molecules. Theoretical studies
[2–4] have clarified that there are several dissociation mech-
anisms of H2

+, such as bond softening induced by a three-
photon process, resonant excitation, and Coulomb explosion
(for further details, see Ref. [5] and references therein). These
mechanisms have been experimentally observed by utilizing
pulsed lasers [6,7]. However, nonlinear light-matter interac-
tions, including the dissociation of H2

+, generally require laser
pulses with high peak intensities (> 1013 W/cm2).

A promising approach to solve this problem is to utilize
plasmon resonances of metal nanostructures. When the fre-
quency of incident light is in tune with the plasmon resonance
frequency [8], the intensity of the optical near field (ONF)
generated around a metal nanostructure is enhanced by two
or more orders compared with the incident light [9]. Kim
et al. [10] experimentally demonstrated high harmonic gener-
ation, which is a nonlinear phenomenon used for attosecond
pulse generation [11] and tomographic imaging of molecular
wave function [12], caused by a relatively weak-pulsed laser
field (1011 W/cm2) by increasing the intensity of the ONF
generated in bowtie-shaped gold nanostructures. Although
the ONF was introduced primarily to enhance the absolute
intensity of the field in their study, another essential and
inherent feature of the ONF that has evoked interest is
its spatial nonuniformity. Indeed, several theoretical works
[13–15] inspired by the above-mentioned experiment [10] have
shown that a nonuniform light field generates even harmonics
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that are absent in uniform laser excitation and increases the
cutoff frequency. Considering that the nonuniformity of light
has such great influences on high harmonic generation, nonuni-
form light is expected to give rise to novel physical phenomena
in photodissociation processes aided by metal nanostructures.

In this paper, we present a theoretical investigation of
the dissociation process of H2

+ induced by a nonuniform
ONF, by solving a non-Born-Oppenheimer time-dependent
Schrödinger equation. We demonstrate that the nonuniform
ONF dissociates H2

+ through a different path from those
induced by uniform laser lights, i.e., a two-step transition
mediated by vibrationally excited states in the electronic
ground state. This dissociation path arises because the nonuni-
formity of the ONF can lead to the excitation of higher-order
vibrational states that is forbidden according to conventional
selection rules based on uniform photoexcitation. Further,
we show the dependences of dissociation on the intensity
and nonuniformity of the ONF, which validates the two-step
photodissociation mechanism.

II. THEORY AND COMPUTATIONAL METHODS

A reduced dimensional model [16] was employed to
represent the electron-nucleus system of H2

+. The model
describes the system in terms of two coordinates R and
z, which represent the distance between the nuclei and the
distance from the midpoint of the nuclei to the electron,
respectively. The static Hamiltonian of the model, Ĥ0, is
written as

Ĥ0(z,R) = − 1

2μz

∂2

∂z2
− 1

2μR

∂2

∂R2
− 1√

(z − R/2)2 + α

− 1√
(z + R/2)2 + α

+ 1√
R2 + β

, (1)

where μR = mp/2 and μz = 2mpme/(2mp + me) are reduced
masses calculated from the proton mass mp and the electron
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mass me. Screening parameters α and β introduced to avoid the
divergence of potential are set to be 1.0 and 0.03, respectively.
The eigenstates of H2

+ are obtained by diagonalizing Eq. (1).
To investigate the photodissociation dynamics of H2

+, we
solved the time-dependent Schrödinger equation (in atomic
units)

i
∂

∂t
�(z,R,t) = [Ĥ0(z,R) + V̂ext (z,R,t)]�(z,R,t), (2)

where V̂ext represents the potential of external optical ex-
citation. In this calculation, we modeled the electric field
amplitude of the nonuniform ONF by using a linear function,

E(z) = E0(1 + 2εz), (3)

where E0 is the field amplitude at the midpoint of the nuclei,
and ε, defined as E′(z)/2E(0), represents the extent of the
nonuniformity. Although the ONF is often approximated as an
electric dipole radiation, we used Eq. (3) for the following
two reasons: (i) Since the electric field generated by an
electric dipole diverges at the dipole position, the dipole
should be placed outside of the computational grid. However,
this makes the distance between the dipole and H2

+ too
large to observe the effect of a nonuniform field when a
sufficiently large simulation box is considered. (ii) We can
directly investigate the effect of nonuniformity by performing
calculations with various values of ε because it represents
the extent of nonuniformity. The electric field amplitude in
Eq. (3) corresponds to the Taylor expansion of a nonuniform
field to the first order. Therefore, an arbitrary nonuniform
field can be represented by Eq. (3), although the effects of
higher-order terms, such as z2,z3, . . ., are ignored in this study.
By integrating Eq. (3) and multiplying the time-dependent
term, V̂ext is obtained as

V̂ext (z,R,t) =
[∫ z

0
dz′E(z′) −

∫ R

0
dz′

{
E

(
z′

2

)

− E

(
− z′

2

)}]
sin(ωt)f (t) (4)

= E0[z(1 + εz) − εR2] sin(ωt)f (t), (5)

where ω is the angular frequency of the field, and f (t) is a
trapezoidal envelope function defined by

f (t) =

⎧⎪⎪⎨
⎪⎪⎩

sin2
(

πt
2T1

)
(0 � t < T1)

1 (T1 � t < T2)

sin2
{

π[t−(2T2−T3)]
2(T3−T2)

}
(T2 � t < T3)

0 (T3 � t),

(6)

where the parameters are set to be T1 = 10, T2 = 30, and
T3 = 40 fs. The first and second integrals in Eq. (4) represent
the potentials exerted on the electron and nuclei, respectively.
Note that V̂ext depends on the coordinate R only when the field
is nonuniform, i.e., ε �= 0. The R dependence of the potential
arises because the forces exerted by the nonuniform ONF on
each nucleus are different.

The time-dependent Schrödinger equation was solved by
using an improved Crank-Nicolson scheme [17] with a time
spacing of dt = 0.0005 fs. The spatial grids were defined
by |z| � 80 a.u. and 0 � R � 15 a.u. with spacings of dz =
0.2 a.u. and dR = 0.05 a.u. During the time evolution, a

mask function with the shape of cos
1
6 was introduced at the

boundaries of both the z and R coordinates to absorb the
emitted wave packets. The wave packets absorbed by the mask
function at the z and R boundaries are regarded as ionized and
dissociated, respectively.

III. RESULTS AND DISCUSSION

The calculated Born-Oppenheimer potential energy surface
of H2

+, shown in Fig. 1(a), contains a bound ground state (1σg)
and a repulsive excited state (2σu). There are 20 vibrational
states belonging to the 1σg state and we consider the vibrational
ground state v = 0 as the initial state in the time-dependent
calculation.

Figure 1(b) shows the dissociation spectra for different
values of light intensity I0 and nonuniformity ε. There are three
spectral patterns at approximately 2.0, 3.6, and 8.0 eV for light
intensity higher than 1012 W/cm2, which can be attributed to
three dissociation mechanisms. The peak at 8.0 eV is derived
from the usual one-photon resonant absorption, as shown
by the purple arrow in Fig. 1(a). Since this absorption is a
linear optical process, the peak at 8.0 eV appears even at low
light intensity. Moreover, the dissociation saturates at I0 =
1013 W/cm2 because the dissociation spectra are calculated by

-2

 0

 2

 4

 6

 0  2  4  6  8  10

En
er

gy
 [e

V
]

R [a.u.]

10-9

10-6

10-3

1

 2  4  6  8
10-9

10-6

10-3

1

 2  4  6  8

1σg

2σu

0.1
0.05
0.02
ε=0

I0 = 10 10 W/cm 2 1011 W/cm 2

1013 W/cm 21012 W/cm 2

Photon energy [eV]

D
is

so
ci

at
io

n

(a)

(b)

FIG. 1. (a) Born-Oppenheimer potential energy surface of
H2

+. The red, blue, and purple arrows represent three dissocia-
tion paths. (b) Dissociation spectra of H2

+ for light intensities
I0 = {1010,1011,1012,1013} W/cm2 and field nonuniformity ε =
{0,0.02,0.05,0.1}.
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integrating the wave packets absorbed by the mask function;
thus, the upper limit of the spectrum is

∫∫
dzdR |�|2 = 1.

The peak at 2.0 eV originates from a three-photon process, as
shown by the red arrows in Fig. 1(a). This process has been
of particular interest in the research area of intense laser field
and molecular interactions. Indeed, numerous theoretical and
experimental studies have been conducted [2–7] to investigate
the dissociation process induced by a Ti:sapphire laser. The
spatial nonuniformity of light does not influence the two
dissociation paths, as is indicated from the same pattern of the
spectra for various ε. Therefore, the conventional description
of the light-matter interaction based on the electric dipole
approximation is sufficient to explain the dissociation though
these two paths. However, the peak at 3.6 eV is due to the
spatial nonuniformity of the ONF. Although the spectrum
for uniform laser light (ε = 0) shows no peak at this photon
energy, a peak appears at higher ε and grows rapidly with
the increase of ε. As will be described later, the peak at
3.6 eV originates from the two-step transition mediated by
vibrationally excited states, represented by the blue arrows in
Fig. 1(a).

The nonuniform ONF gives rise to a different dissociation
path because of its ability to break down the conventional opti-
cal selection rules. It has been known that the nonuniform ONF
induces electric quadrupole transitions, which are forbidden
under the electric dipole approximation [18–22]. Similarly, the
nonuniform field can induce vibrational excitation processes
that are forbidden according to the optical selection rule based
on uniform laser-light excitations. A transition matrix element
between vibrational states, denoted as v and v′, is calculated
by

〈v′| V̂ext |v〉 =
∫∫

dzdR φ∗
v′(z,R)V̂ext (z,R)φv(z,R), (7)

where φv represents the wave function of the vibrational state
|v〉. By substituting V̂ext given by Eq. (5) into Eq. (7) except
for the time-dependent part, the matrix element is divided into
three integrals:

〈v′| V̂ext |v〉 = E0

∫∫
dzdR φ∗

v′(z,R)zφv(z,R)

+ εE0

∫∫
dzdR φ∗

v′(z,R)z2φv(z,R)

− εE0

∫∫
dzdR φ∗

v′(z,R)R2φv(z,R), (8)

where the second and third terms are proportional to ε, which
implies that only the first term is obtained for a uniform field.
Since φv for all v which belongs to the 1σg state is an even
function of z, the first integral of Eq. (8) becomes zero. In
contrast, the second and third terms are, in general, nonzero.
Therefore, the dependence of the transition matrix element
on the nonuniformity of the field is 〈v′| V̂ext |v〉 ∝ ε; thus, the
dependence of the transition rate from v to v′, Tv→v′ , is given
by

Tv→v′ ∝ | 〈v′| V̂ext |v〉 |2 ∝ ε2. (9)

This dependence indicates that a nonuniform ONF with a
finite ε causes the transition from the vibrational ground
state to excited states. Subsequently, the transition from the
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FIG. 2. (a) The electric field amplitude of the incident pulse
applied to the system. (b),(c),(e) Time-dependent dissociation dy-
namics caused by uniform (ε = 0, red solid line) and nonuniform
(ε = 0.1, blue dashed line) fields: (b) induced electric dipole moment,
(c) dissociation probability, and (e) occupation probability of the
vibrationally excited state |v = 18〉. (d) A contour plot of radial
probability density for the nonuniform excitation.

vibrationally excited states to the 2σu state occurs followed by
dissociation, as shown by the blue arrows in Fig. 1(a).

Next, we show the dissociation dynamics for I0 = 3 ×
1013 W/cm2 and ω = 3.6 eV, for both uniform (ε = 0) and
nonuniform (ε = 0.1) fields. The incident pulse shape for
the given parameters is shown in Fig. 2(a), while Fig. 2(b)
demonstrates the electric dipole moment P (t) of H2

+. Since
the value of P (t) is mostly determined by the absolute light
intensity at the center of H2

+, P (t) induced by uniform and
nonuniform fields show similar features. Figure 2(c) shows
the dissociation probabilities evaluated from the wave packets
absorbed by the mask function at R = 10 a.u. and reveals
that only the nonuniform field dissociates H2

+. Figure 2(d)
presents the contour plot of the radial probability density∫

dz|�(z,R,t)|2 for the nonuniform field excitation in a log
scale. The density emitted from 10 to 35 fs corresponds to
dissociated wave packets, the probability of which is plotted
in Fig. 2(c). Figure 2(e) shows the occupation probability of
a vibrationally excited state (v = 18) for both the uniform
and nonuniform fields. The occupation of the other vibrational
states indicates similar dynamics to that of v = 18. Note that
the emission of the wave packets [Fig. 2(d)] occurs in coinci-
dence with the increase in the occupation of the vibrationally
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FIG. 3. Dependence of dissociation caused by nonuniform light
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and 8.0 eV (purple triangles) on (a) light intensity I0 and (b) field
nonuniformity ε.

excited state [Fig. 2(e)], not with laser irradiation [Fig. 2(a)].
This coincidence clearly indicates that the dissociated packets
are emitted from the vibrationally excited states. Furthermore,
the small oscillation (or undulation) of the radial probability
density in the range of R ∼ 3 a.u. and t �∼ 15 fs observed
in Fig. 2(d) implies that H2

+ is vibrationally excited by the
nonuniform field. These dynamics characteristics, i.e., the
dissociation coincident with the occupation of the vibrationally
excited states and the oscillation of the radial probability
density, support the dissociation mechanism based on the
two-step transition mediated by the vibrationally excited states
in the presence of the nonuniformity of the ONF.

Figure 3 shows the dependences of the dissociation amount
on the intensity and nonuniformity of light at photon energies
of 2.0, 3.6, and 8.0 eV inducing the three different dissociation
mechanisms. Figure 3(a) shows the dependence of dissoci-
ation on the light intensity I0, at ε = 0.1. The dissociation
dependences corresponding to photon energies of 8.0, 3.6, and
2.0 eV are fitted to be proportional to I0, I0

2, and I0
3 because

they correspond to one-, two-, and three-photon processes, re-
spectively; thus, the dissociation mechanisms for each photon
energy are confirmed. Figure 3(b) indicates the dependence of
dissociation on the field nonuniformity ε, at I0 = 1012 W/cm2.
While the dissociations for 2.0 and 8.0 eV are independent of
the nonuniformity, that for 3.6 eV is proportional to ε2, which

is consistent with Eq. (9), as explained below. The dissociation
process by the nonuniform ONF consists of two transitions:
(i) from the vibrational ground state to vibrationally excited
states and (ii) from vibrationally excited states to the 2σu

state. Since transition (ii) is electric dipole allowed, its rate
is almost independent of ε. Therefore, the dependence of the
dissociation rate on ε is determined by transition (i), and hence
is proportional to ε2 according to Eq. (9).

In this paper, we presented the theoretical investigation of
the effect of field nonuniformity, focusing on the dissociation
process of H2

+. Moreover, we claim that the nonuniformity of
the ONF has a significant effect on general chemical reactions
because the principle of excitation of vibrational states
presented in this paper is universal. Recently, the activation
of photochemical reactions using metal nanostructures has
been intensively explored [23]. Electric field enhancement [24]
and heat generation [25] caused by plasmon resonance, or
electron transfer from metal to molecules [26], are mainly
considered as the effects of metal nanostructures on chemical
reactions. In addition to these effects, the nonuniformity of
the ONF generated around metal nanostructures would play
a role in activating molecular dissociation and subsequent
chemical transformations. This physical process would enable
the spatial and spectral control of photochemical reactions by
a novel mechanism.

IV. SUMMARY

In conclusion, we have investigated the effect of spatial
nonuniformity of the ONF on the photodissociation of H2

+.
The calculated dissociation spectra reveal that in addition to the
one-photon and three-photon processes induced by a uniform
laser field, the spatial nonuniformity of the ONF opens up
a different dissociation path, which is a two-step transition
mediated by vibrationally excited states. The dissociation
mechanism involves the transitions between vibrational states
induced by the nonuniform ONF that are forbidden in the case
of uniform light excitation. The amount of dissociation caused
by the two-step transition was shown to be proportional to
the square of ε, which is the parameter that represents the
nonuniformity of the field. This dependence was validated by
the fact that the transition rate between any vibrational states
is also proportional to ε2, as derived by means of a simple
analysis. We exemplified the dissociation induced by the ONF
excitation in H2

+, which is the simplest molecular system;
however, the essential physical dynamics derived in this study
is not limited to the H2

+ system. The field nonuniformity effect
demonstrated here will have a significant influence on various
molecular systems. Our findings pave the way for the spatial
control of photochemical reactions using ONFs around metal
nanostructures.
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H. G. Muller, and P. Agostini, Science 292, 1689 (2001).
[8] L. Novotny and B. Hecht, Principles of Nano-Optics (Cam-

bridge University Press, Cambridge, 2012).
[9] P. Mühlschlegel, H. J. Eisler, O. J. F. Martin, B. Hecht, and D.

W. Pohl, Science 308, 1607 (2005).
[10] S. Kim, J. Jin, Y.-J. Kim, I.-Y. Park, Y. Kim, and S.-W. Kim,

Nature (London) 453, 757 (2008).
[11] A. D. Bandrauk, S. Chelkowski, and H. S. Nguyen, Intl. J.

Quantum Chem. 100, 834 (2004).
[12] J. Itatani, J. Levesque, D. Zeidler, H. Niikura, and H. Pépin,
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