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Carrier–envelope phase effects for a dipolar

molecule interacting with ultrashort laser pulse*
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In this paper the phase-dependent features of ultrashort laser pulse resonant propagation in a two-level dipolar

molecule are demonstrated by solving full Maxwell–Bloch equations. The electronic properties of dipolar molecule 4-

trans-[p-(N, N-Di-n-butylamino)-p -stilbenylvinyl] pyridine (DBASVP) molecule, one-dimensional asymmetric organic

molecule, is calculated by density functional theory at ab initio level. The numerical results show that the carrier

propagation and the spectrum evolution of the pulse are sensitive to its initial phase and the phase sensitivity is more

obvious for larger area pulse. The phase-dependent feature is more evident in dipolar molecule because the permanent

dipole moment makes the nonlinear effects stronger.
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1. Introduction

Recent progress in ultrafast optics has allowed

the generation of ultra-intense light pulse comprising

merely a few field oscillation cycles,[1,2] which brings

about great challenges for experimentalists and theo-

rists. For an ultrashort pulse, the value of the initial

phase of the carrier wave with respect to the pulse

envelope (the so-called carrier–envelope phase, CEP)

becomes important in the interaction of intense few-

cycle radiation with matter.[3,4] The reason is that all

effects generated by means of laser pulses mainly de-

pend on the time variation of their electromagnetic

fields and thus on the absolute phase provided that

the pulses are really short. Although it has been

known for years (see, for example, Ref.[5]), the first

CEP effect was only recently detected with the ran-

domly fluctuating CEP.[4] It has been demonstrated

that the CEP is important to many nonlinear pro-

gresses such as high harmonic generation,[6] atomic

ionization,[7,8] final molecular state population[9] and

generation of attosecond pulses.[10]. By exploiting the

phase sensitivity of strong-field processes, it might be-

come feasible to measure and stabilize the absolute

phase of few-cycle light generated by a mode-locked

laser, which opens up ways to full control of high-field

interactions with never-before-achieved precision.[11]

In the last few years there has been consider-

able interest in the study of the interaction of ul-

trashort laser pulses with a two-level medium.[12−18]

Study on the propagation of laser pulses was previ-

ously carried out under the assumption that the diag-

onal matrix elements of the dipole moment operator

are equal to zero. This is the typical situation for

many practical media. However, in recent years, one

found that many organic molecules have strong non-

linear properties such as two-photon absorption.[19−23]

Theoretical and experimental studies have shown that

this kind of molecule has a few charge-transfer (CT)

states in the visible or ultraviolet region; in the spe-

cial case, the one-dimensional organic molecules nor-

mally has one CT state.[20] Therefore, the optical

response of the molecules in the visible or ultravi-

olet region can be described by a few-state model.

Furthermore, the one-dimensional asymmetric organic

molecules have permanent dipole moments. The inter-

action between ultrashort laser pulses and a dipolar

molecular medium is thus an interesting issue. When

the interaction of continuous wave or laser pulses with

dipolar molecule were considered, it was found that
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the permanent dipole moments have substantial ef-

fects on the molecular-state population since the se-

lection rules and the molecular–laser coupling can be

greatly modified.[24−28]

In the present work, we choose the dipo-

lar molecule 4-trans-[p-(N, N-Di-n- butylamino)-p-

stilbenylvinyl] pyridine (DBASVP) molecule (see

Fig.1) studied in our previous work[19] as the model

and simulate the resonant propagation of femtosec-

ond pulse with different initial phases by using the full

Maxwell–Bloch equations beyond the limits of approx-

imations including slowly-varying-envelope approxi-

mation and the rotation-wave approximation. We will

show that the propagation of ultrashort pulses in dipo-

lar molecule is dependent on the initial phase and that

the corresponding spectra show different properties.

As field strength increases, the phase sensitivity be-

comes stronger.

Fig.1. Structure of DBASVP molecule.

2. Theoretical model

Let the incident electromagnetic field to be po-

larized along the x axis and propagate along the z

axis to an input interface of the medium at z=0.

Maxwell’s equations take the form of
∂Ex

∂z
= −µ0

∂Hy

∂t

and
∂Hy

∂z
= −

∂Px

∂t
− ε0

∂Ex

∂t
, where µ0 and ε0 are the

permeability and permittivity of free space.

Considering the one-dimensional structure of the

DBASVP molecule, we can write the Bloch equations

as follows:

∂u

∂t
= −γ12u − ω0v +

∆µ

h̄
Exv,

∂v

∂t
= −γ21v + ω0u + 2

µEx

h̄
d −

∆µ

h̄
Exu,

∂d

∂t
= −γ22(d + 1) − 2

µEx

h̄
v, (1)

where ω0 equals the excited energy for molecule, and

γ22 and γ12(γ21) are respective population and polar-

ization relaxation constants. The difference of the per-

manent dipole moment of ground and excited states

is denoted by ∆µ. µ is the transition dipole moment

between them. u and v are related to the off-diagonal

density matrix element of a two-level molecule by def-

inition of ρ12 = (u + iv)/2 and d represents the popu-

lation difference of the two states.

The molecule is assumed to be rest in its ground

state when there is no interaction between laser and

medium. We choose the initial field with a hyperbolic-

secant shape, Ex(z, t = 0) = F sech[1.76(z/c +

z0/c)/τp] cos[ωp(z + z0)/c + ϕ]. Where F is the peak

of input electric field, ϕ is the initial phase and τp

is the full width at half maximum of the pulse in-

tensity envelope, here it is taken to be 2fs. The fre-

quency of the electric field ωp is equal to ω0 in res-

onant case. The choice of z0 ensures that the pulse

penetrates negligibly into the medium at t = 0. The

decay rates for molecular system can be chosen as

γ12 = γ22 = 1.0 × 1012/s.[29] The molecular density

is taken as N = 7.0 × 1025/m3.

The electronic properties of the molecule are cal-

culated by density functional theory.[19] There is only

one CT state for the molecule in visible region. The

molecule can then be modelled as a two-level medium

when we deal with the propagation of pulse in it.

The excited energy of the CT state is 3.05eV, the

transition dipole moment µ = 4.18×10−29Asm, and

the difference of the moments of the two states is

∆µ=2.59×10−29Asm. The envelope area of the pulse

is determined by A(z) = (µ/h̄)
∫ ∞

−∞
E0(z, t′)dt′ =

µFτpπ

1.76h̄
. The Maxwell–Bloch equation is solved by us-

ing the finite-difference time-domain method for the

fields and the predictor-corrector method[15] for the

material variables. The time and space increments ∆t

and ∆z are chosen to ensure c∆t ≤ ∆z.

3. Results and discussion

Firstly we simulate the propagation of 2π pulses

with initial phases of ϕ = 0 (solid line) and ϕ = π/2

(dashed line) in molecular medium (see Fig.2). At ini-

tial position z = 0µm, the two pulses are different (see

Fig.2(a)). When the electric field of the pulse with

ϕ = 0 reaches its maximum, the field with ϕ = π/2 is

zero. If the pulse consists of much fewer field oscilla-

tion cycles such as single-cycle laser pulse, the differ-

ence will be more obvious.[30] This difference gives rise

to different maximum intensity of initial two pulses,

while the intensity determines the self-phase modu-

lation (SPM) effects in the propagation of the pulse.
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Figure 2(b) presents the carriers at propagation dis-

tance of z=16µm. It shows that the main pulses still

maintain the difference except for the minor solitons

with higher frequency ahead of the main pulses. As

has been noted,[31] the small soliton propagates faster

than the main pulses due to the self-induced trans-

parency of the main pulse. More or less, the phase-

dependent feature is trivial for the 2π pulse propaga-

tion.

Fig.2. Carriers of the two 2π pulses with different initial phases of ϕ = 0 (solid line) and

ϕ = π/2 (dashed line) at z = 0µm (a) and 16µm (b).

Figures 3(a) and (b) present the carriers of the 4π

pulses with different initial phases in dipolar molecule

at z = 16µm. In Fig.3(a), we can see that each pulse

evolves to two 2π sub-pulses as a consequence of two

Rabi floppings.[32] Figure 3(b) is an enlargement of

the foregoing sub-pulses in Fig.3(a). It shows that

the intensities of the two carrier fields are different,

which results in different SPM of them. Hence, the

phase difference of the two sub-pulses is not π/2, but

it is larger than π/2 in the leading edges and less

than π/2 in the trailing edges. Correspondingly, the

carrier is reshaped and deviates from a cosine func-

tion. For the second sub-pulses, however, one can see

that the phase difference is about π. In our previous

work, it demonstrated that the permanent dipole mo-

ment ∆µ causes the splitting of the two sub-pulses

quicker and brings about stronger nonlinear effects

compared with nondipolar medium.[26] In order to il-

lustrate the dipole effects, we also plot the pulses prop-

agating in pseudo-molecule medium by artificially set-

ting ∆µ = 0 (see Fig.3(c)). It is interesting to note

that the phase difference for the behind weaker sub-

pulses still maintain nearly π/2. Therefore we can

draw a conclusion that the phase dependence of pulses

propagation in dipolar molecule is more evident than

that in nondipolar molecular medium.

Fig.3. (a) Carriers of the 4π pulses with different initial phases of ϕ = 0 (solid line) and ϕ = π/2 (dashed line) at

z = 16µm. (b) An enlargement of (a) from 62fs to 70fs. (c) The same as (a) only by taking ∆µ = 0 for molecule.
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Figure 4 shows the corresponding spectra of 4π

laser pulses with initial phases of 0 and π/2. Both

the spectra of 4π pulses are broadened and lower and

higher frequency appear mainly due to SPM. However,

the lower and higher frequency spectra have different

features for pulses with different initial phases. For in-

stance, with initial phase of π/2, the second harmonic

frequency disappears. The situation is understand-

able since the carriers with different initial phases are

reshaped differently.

Fig.4. The spectra of 4π pulses with different initial

phases of ϕ = 0 (solid line) and ϕ = π/2 (dashed line)

at z = 16µm.

The difference for the evolution of the propaga-

tion pulses with different initial phases is more evident

for the 8π pulses (see Fig.5). From Fig.5(a), one can

see that the evolution of each pulse has specific pro-

file, and the separation of some sub-pulses for pulse

with ϕ = 0 is quite different from that for pulse with

ϕ = π/2. If the molecule is assumed as nondipolar

one, namely taking ∆µ = 0, the evolutions of pulses

with 0 and π/2 shown in Fig.5(b) take the similar pro-

file except for the existence of phase difference. The

permanent dipole moment is demonstrated again to

have strong effect on the phase dependence of the evo-

lution of ultrashort pulse. The corresponding spectra

of Fig.5(a) (see Fig.5(c)) are broadened and show os-

cillatory features. Besides this, the phase effect on

the spectrum evolution is clearly displayed. For larger

area pulses such as 8π, it has been found that the

carrier-wave Rabi flopping (CWRF) will occur and

result in highly reshaping.[27] The CWRF and SPM

reshape the carrier together and the CWRF plays a

more important role than SPM for 8π pulse. Since

the carriers with different initial phases have differ-

ent distribution, the reshaping of the pulses will then

be different. As the intensity of field increases, the

modulation of nonlinear effects become stronger and

thus the phase dependence is enhanced. Because ∆µ

can bring about much more nonlinear properties, the

phase sensitivity in dipolar molecule is more obvious

than that in nondipolar molecular medium.

Fig.5. (a) Carriers of the 8π pulses with different initial phases of ϕ = 0 (solid line) and

ϕ = π/2 (dashed line) at z = 32µm. (b) The same as (a) only by taking ∆µ = 0 for molecule.

(c) The spectra corresponding to (a).



2342 Zhao Ke et al Vol. 15

It is noted that the phase dependence of evolu-

tion of ultrashort pulses in dipolar molecular medium

is more obvious than that in nondipolar molecular

medium. This feature can be explained as follows.

As shown before, the dipolar molecule has strong be-

haviour in both one-photon and two-photon absorp-

tion when it is excited from ground to CT states.[19]

Therefore, the dipolar molecule shows stronger nonlin-

ear optical properties compared with the correspond-

ing nondipolar molecule. Accordingly, the CWRF and

SPM caused by nonlinear optical properties result in

more highly reshaping of pulse propagating in dipo-

lar molecule, thus, the phase-dependent feature is en-

hanced.

4. Conclusion

In conclusion, by solving the full Maxwell–Bloch

equations, we have studied the propagations of ul-

trashort laser pulses with different initial phases in

DBASVP molecule modelled as a two-level dipolar

molecular medium. The numerical results show that

the carrier and the spectrum of the pulse are sen-

sitive to its initial phase due to SPM and CWRF

and the phase sensitivity is more obvious for larger

area pulse. By comparing with propagation of the

pulse in nondipolar molecule, it is shown that the

phase-dependent feature is more evident in the dipo-

lar molecule because the permanent dipole moment

makes the nonlinear effects stronger.
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