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Adiabatic Passage by Light-Induced Potentials in Polyatomic Moleculés

1. Introduction

The selective preparation of molecules in specific quantum
states is still one of the paradigm examples of Quantum Control

Jests GonZdez-Vazquez, Ignacio R. Sola,* and Jessl Santamara
Departamento de Qmica Fsica, Uniersidad Complutense, 28040 Madrid, Spain
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In this paper we study the first application of adiabatic passage by light-induced potentials in polyatomic
molecules. We analyze the effects of increasing the dimensionality of the system on the adiabatic requirements
of the method and the role of intramolecular coupling among the vibrational modes. By using a model of
two-dimensional displaced harmonic oscillators with or without rotation of the normal mode axis of the excited
states (Duschinsky effect) we find that (1) it is possible to selectively transfer the vibrational population by
adiabatic elongation of the bonds, (2) the adiabatic demands depend mainly on the energy barrier between
the ground and excited electronic configurations, and not on the dimension of the system, (3) in the presence
of intramolecular couplings the selective transfer can be achieved but at the cost of increasing the duration
and/or the intensity of the pulses, which are needed to overcome small avoided crossings, and (4) the problem
of selectivity becomes more important as the vibrational energy of the initial wave function increases.

function transfer implies a mapping of the original wave function

onto the excited potential. This mapping is unique for diatomic

molecules (one-dimensional wave functions), but this is not
' necessarily the case for N-dimensional systems. In passing, we

with potential applications in molecular spectroscopy and pqte that there are other schemes that allow fast adiabatic

chemical reactivity:3 Among the many techniques of quantum
control, there has been a growing interest in developing adiabatic
passage methods.The adiabatic passage dynamics does not £
depend on detailed quantum phase interference processes an
is usually more robust to the different pulse parameters and
fluctuations?> Additionally, it allows a systematic study of the
scaling properties and the different physical resources that are
needed for the schemes to adequately operate.

In this work we apply a well-known scheme where the
adiabatic passage is controlled by counterintuitive pulse se-
quences. Using moderately intense and long pulses, the schem
known as StiRAP8 (Stimulated Raman Adiabatic Passage),
implies a fine-tuning of the Hamiltonian to allow resonant two- i
photon state-to-state adiabatic passage between the initial anq
target vibrational wave functions, bypassing an intermediate
not populated state, that works as a “wave function bridge’
connecting both statés.

Using stronger and shorter pulses, Garraway and Suominen
proposed the APLIP (adiabatic passage by light-induced po-
tential) schemé? The strong pulses modify the structure of the
electronic potential, mixing different electronic states, which
thus exhibit “intermediate” propertié$12 In APLIP, this
adiabatic potential modulated by the laser pulses (ofqIP
correlates at the initial time with the ground electronic state
and at the final time with the desired excited potential. At all
times the LIP has a well defined structure, with laser-controlled,
smoothly changing properties, so that the wave function can
adiabatically move from the initial state to the desired target
wave function. The spatial adiabaticity of the wave packet
motion ensures that the nodal pattern of the wave function is
conserved during the transfer. Therefore, the selective wave

passage via dissociative states, as in the time-gating scHeme,
although probably with less final selectivity, since the wave
émction is not an eigenstate of the LIP.

Until now, several extensions of the APLIP scheme have been
proposed?~1° although no experimental results are still avail-
able. All the work has been related to simple diatomic molecules.
In this paper we propose and test the first application of APLIP
to polyatomic molecules. We use a two-dimensional dynamical
model (two vibrational modes) with harmonic potentials to
address mainly two questions: (1) can a multidimensional wave
epacket be transferred by the APLIP scheme and how does the
physical resources scale with the dimensionality and (2) how
is the adiabatic motion of the wave packet affected by
ntramolecular couplings, or alternatively, how can the original
" wave function be mapped on the excited potential when the
assignment of vibrational quanta differs in both potentials.

To explain in more detail the dynamical mechanism of
APLIP, we shall use now an example of dynamics in a two-
dimensional potential. As in most molecules, the equilibrium
configuration of the target electronic state is displaced to a larger
bond distance in both vibrational modes, while we need as well
an intermediate electronic potential which we also consider with
a displaced equilibrium configuration (although the intermediate
potential features practically do not affect the dynamics of the
system). In APLIP, the one-photon transition between the ground
and intermediate excited state is broadly shifted to the blue of
the resonané@ so that the intermediate potential is barely
populated. In Figure 1 we show the results of the dynamics
when we apply a counterintuitive sequence of strong nonreso-
nant pulses. The result is obtained solving the Sdimger
equation of the system, and details about the model and the

numerical procedure are given in the next section.

T Part of the special issue “William Hase Festschrift”. . . . . .
*To whom correspondence should be addressed. E-mail: ignacio@ | h€ dynamics can be explained in terms of a simple electronic

tchiko.quim.ucm.es. lever mechanism induced by a clever choice of timing and

10.1021/jp0539021 CCC: $33.50 © 2006 American Chemical Society
Published on Web 10/12/2005



Light-Induced Potentials in Polyatomic Molecules

—

@ | (b) 10033
os- F 0.03 3
§ 3
g 0.6 F 10.02 2
B.0.4f £
A F 10.01
0.2+ oy
<
0 . - 1 1 I 0 '_]

0 1000 2000 3000 O 1000 2000 3000

time (fs) time (fs)

500fs

1500fs

2000fs 3000fs

Figure 1. Dynamics of APLIP to an excited potential with displaced
equilibrium configuration in two normal modes. In (a) we show the
population dynamics, in (b) the pulse profiles, and in (c) snapshots of
the wave packet in the light-induced potential at different times,
exhibiting the sequential steps of the APLIP mechanism.

direction of the induced Stark-shift8!5°To understand it, it
is convenient to dress the potentials with the photon energies.
In APLIP, Vi(ry, r2) + A(w1 + wy) is in resonance with
V3(ry, r2) but blue-shifted fromVa(ry, r2) + Awo. In the adiabatic
representation (see Figure 1) the initial LIP is a double well
potential, with the closer (left) well representing the ground
equilibrium configuration, and the further (right) well represent-
ing the excited equilibrium configuration. Notice that the desired
two-photon transition from the ground eigenstatevefto the
ground eigenstate i3 is a highly non-FranckCondon
transition that must drive the wave packet from the bottom of
one well to another. This can be done in a tunneling faskon,
involving only the initial and final levels (as it occurs in StiRAP)
or by promoting the wave packet over the energy barrier, as in
APLIP.

The APLIP mechanism works in the following way. First
the second pulse, coupling with Vs is switched on. The strong
nonresonant field induces a Stark-shift that lifts the right well
increasing the energy barrier. However, as the second puls
decreases and the first pulse (couplMgwith V,) increases,
the left well is lifted over the right well, allowing the wave
packet transfer. In fact, in the adiabatic representation the energ

barrier is suppressed by the strong fields, so that the LIP has a

single well. Thus, the wave packet is trapped at the bottom of
the potential during all the transfer and the dynamics is
“spatially” adiabatic. Finally, both pulses are switched off, and
the shape of the initial LIP is restored with the wave packet at
the bottom of the right well.

As Figure 1 shows, in the energy representation the motion
of the wave packet from one configuration to the other involves
the transient excitation of several excited vibrational eigenstates,
first of V1 and then ofV3, so that in the diabatic representation

above the energy barrier. This is in stark contrast to the StiRAP

process, where only the initial and target states are populated,

as the dynamics proceeds in a tunneling fashfon.

€

Y,

ment
the average energy of the wave packet at intermediate times istd/2 (where
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TABLE 1: Hamiltonian Parameters for the Symmetric
(SPM) and Asymmetric (APM) Potential Models

SPM AMP
r r2 r r2
G;l (au) 21600 43200 21600 21600
Fi (au) 0.4 0.4 0.2 0.1
w (cm™) 609 430 609 430

The remainder of the paper is organized as follows. In section
2 we detail the Hamiltonian of the system. We use simplified
models with the goal of analyzing the essential features of
polyatomic molecular dynamics that can affect the outcome of
the APLIP process. The results of the APLIP process are given
in sections 3-5. In section 3 we consider the APLIP dynamics
and the onset of adiabatic conditions when the excited-state
equilibrium configuration is displaced in one or more normal
modes, that is, when the transfer process implies a translation
of the wave function in one or two dimensions. In section 4 we
consider the case where the normal mode axis in the target state
are rotated with respect to those of the ground state. This
physical process is called the Duschinsky effeg&tinducing
the coupling between the vibrational modes in the Hamiltonian,
analogous to what occurs in other intramolecular processes. In
this case, the APLIP transfer implies the rotation of the wave
function. In section 5 we consider the case of translation and
rotation of the wave function. Finally, section 6 is the conclu-
sions.

2. Molecular Model with Two Vibrational Coordinates

To address the viability of APLIP in polyatomic molecules,
we consider a simple molecular model of three electronic
potential surfaces with two active vibrational modes coupled
by two laser pulses. We assume the rotating wave approxima-
tion23 and two-photon resonance between the initial and second
excited electronic potential, with general Hamiltonian

T,0 O Virpry)  —Q4(t)/2 0
=0 T, 0 [+]|=R()/2 Vi(ryr) — A —Q,(1)/2
0 0 T, 0 —Q,(t)/2 Vy(ry,ry)
1)

The different terms entering in the Hamiltonian are as follows:

1) Ti = —h22G08/or? — h212G0a2/0r2 — h2Ga% arr is
the kinetic energy term associated to the (normal) modaad
r.. The mass-related coefficients are typically the same for the
different electronic states (see Table 1), but we allow for a
kinetic energy coupling term in the final potential (changes in
the intermediate potential barely affect the APLIP process)
which implies a rotation in the normal coordinates of the excited
tate with respect to the normal coordinates defined for the
ground potential (Duschinsky effect). Therefore, we can write
T1=T,=TandTz=T + T, whereT s the kinetic coupling
term (WhenG(lsz) Z 0). In section 4 we explain how we model
the effect of this coupling.

(2) Vj(ry, r2) are the potential energy surfaces in the normal
vibrational modes; andr,. We choose harmonic potentials
Vi(rs, 1) = V2RO — r)2 + 12F0(r, — 192 + Fi)(r. —
r)(r2 — rP. In different simulations we vary the displace-
d between the potential minima 89 =7 + d =72 +
79 = (Y% 1Y), and the intermediate excited
potential is symmetrically displaced). By definition, the recti-
linear normal modes are uncoupled in the harmonic approxima-

tion (FY) = 0). However, when the normal coordinates of the

S
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excited potential are rotated?) = R(H)T(l) (R(0) is a rotation Laser intensity (Tw/cmz) Laser intensity (Tw/cmz)
matrix), they induce the coupling between the two oscillators 09 35 79 140 09 35 79 140 219
in the normal coordinates defined by the ground state, given [~ Tar T g
by F). In section 4 we explain how we estima&) in the ) ]
frame of the Duschinsky effect. The Hamiltonian parameters
for the system models are given in Table 1. 0.8 4L _
(3) A =0.02 au £4400 cn1?) is the one photon blue-shifted
detuning, which we fix in all simulations. § 1t .
(4) Q4(t) and Q,(t) are the Rabi frequencies. We choose é
Gaussian-shaped laser pulses in counterintuitive order, so thatg 0.6 - -
for a conveniently chosen initial time we write
_t 2 11 ]
Q) = ﬂlzéoexﬁ(gj) 2 04 d=(03.0) | d=(0,0.3)_|
and P T BT I A I R
0.005 001 0015 002 0005 0010 0015 0020 0.025
_ (t _ T) 2 Laser amplitude (a.u.) Laser amplitude (a.u.)
Q1) = uzgeoexp(—) 3) Figure 2. Electronic Ps) and vibrational population on the target state
20 [Ps(v = 0)] in APLIP as a function of the pulse amplitude (lower scale)

. . ... orintensity (upper scale) for two different excited potentials. We fix
Both pulses have the same shape and are just shifted in IMehe adiabatic threshold when the population is larger than 0.95.

wherego is the time-width of the lasers andis the (positive)

time delay. We assume the FrargRondon approximation with T T T,
a unit dipole momenty;j(rq, r) = 1, allowing both modes to

be coupled to the radiatiors is the peak amplitude. We 0,08 T oof inrr
consider two different time-durations: For shorter pulses <><>F,:in r:’fz

400 fs,r = 500 fs, while for longer pulses we set= 2.4 ps
andt = 3 ps.

The Schidinger equation is solved using the Split-Operator
method to second-order coupled to Fast-Fourier Transform grid
technique$? The potential energy term in the split-propagator
is diagonalized at each instant of time. In the presence of kinetic
energy intramolecular coupling, a further approximation is
introduced by splitting the kinetic energy term using

o
&

o
®

Adiabatic threshold (a.u.)

expH) ~

ex;{%u)ex %Ty)exp(aT6613,(/)exp(%“r;/)ex %,,) (4) 0,02

wherea = — iAt/h, « is the potential energy matrix/is the

unit matrix, and we assume that the coupling only appears in
the final excited potential when the normal mode axis are
rotated.T involves a two-dimensional Fast Fourier transform.
In all simulations we start in an eigenstate of the Hamiltonian, Figure 3. Adiabatic thresholds as a function of the energy barrier,
denoted by the normal mode quantum numbers) of the when the excited state is translated in oneof r,) or both vibrational

. modes.
ground electronic state.

f f

P T | P I B
000,002 0,004 0,006 0 0,002 0,004 0,006
E,, (au) E,, (au)

arbitrarily fix when a yield larger than 0.95 is achieved. We

3. Adiabatic Passage as a Function of the Vibrational
Mode Displacement

In this section we compare the APLIP performance when
the displacement between the equilibrium position of the
Vi(r1, r2) andVs(ry, r2) electronic potentiald = (dy, dy), changes
in either one or both coordinates, that is, when the equilibrium
configuration of one or both vibrational modes is displaced in

can define two different thresholds: the electronic threshold
&e, that measures the intensity demands to drive the electronic
population toVs, and the selective threshald which considers
selective excitation of a single vibrational target state\Van
Starting in ¢1, v2), a selective APLIP process should prepare
the system in the same vibrational wave function of the excited
potential. This can be explained by the “spatial” adiabaticity of

the electronic excited states. All results are obtained using thethe dynamics: a wave function can be distorted but cannot

same force K;) and kinetic Gj) matrix elements for all the
electronic potentials, following the SPM model parameters
shown in Table 1.

change the nodal patterns when the dynamics is adiabatic. The
spatial adiabaticity is more time and energy demanding than
just the electronic excitation, since not only the energy barrier

Obviously, the APLIP process can occur in both cases, as must be removed but also the LIP must have all the time a

shown in the Introduction, but the effort or physical resources stable equilibrium configuration where the wave packet is
needed to obtain high yields of population transfer depends onlocated and must change smoothly from one configuration to
the direction of the displacement. In Figure 2 we show the another. These requirements imply that the difference between
variation of the yield of APLIP as a function of the pulse peak &sandé&e usually increases with the wave packet displacerfent.
amplitude (or peak intensity) for two casels+ (0.3, 0) au and In Figure 3 we show the variation of the APLIP thresholds
d = (0, 0.3) au. In the first case a smaller pulse amplitude is as the equilibrium distance M; is shifted along or r,. Notice
needed in order to reach the adiabatic threshold, which we that the electronic potential is symmetric in both coordinates,
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and therefore the energy barriEg,, does not depend on the 0.1 T T
direction of displacement. However, sinGg, is smaller than
Ga1 (for equal force constantyy, < w1 and the wave packet
needs more energy from the pulse to overcome the barrier.
Hence, the adiabatic threshold is shifted to higher pulse
intensities when the bond is elongated alopngd-or larger bond
displacements (larg&n,) the adiabatic thresholds increase
considerably. This is partially because as we fix the detuning
the required Rabi frequencies become much largersharen,
more extra energy is needed to avoid the flow of population to
V, and sustain the adiabatic passage redime. 0.02 _

A good way of considering the intensity demands is in terms L d=(03.03) 1
of Epar divided by the vibrational quantay; and w,, which | | 1 |
gauges the average vibrational excitation of the wave packet 0,0 0,1 1,0 0,2 1,1 2,0

needed to overcome the barier. For instancal # (0.4, 0) Figure 4. Adiabatic thresholds as ;function of the initial state, for an
au, thenEpar = 4.10.3 au, andEba'/wl. = 1.3, so that the wave exgcited potential with equilibrium configuration shifted do= (6.3,
packet must be excited over (1, 0) in the ground potential (and 0.3).

in the excited potential as well). However, for= (0, 0.4) au

the same energy barrier implies,s/w, = 1.9, so that on adiabatic thresholds. Another possible way to improve the
average, the wave packet must be excited over the vibrationaladiabaticity implies using longer pulses. Th&ncan remain
state (0, 2) before reaching the target state. constant.

From a different perspective, the same reasons imply that
the initial wave packet is more squeezed intthenode than in
ri. The overlapping between the initial state and the target state ) o
is therefore smaller, and the APLIP dynamics involves consider-  1he normal modes are linear combinations of the local modes
able transient excitation of other vibrational states both in typically obtained by diagonalizing the Hessian _ma@ﬁi’.hls ]
Vi(ry, r2) and Va(ry, 12) as the wave packet moves along linear combination can be different in the excited potential,
Conversely, the overlapping is larger when the displacement Ieadmg to a rotation of the wbranonal wave functions of th.e
occurs along the; mode, so that in this case almost only the excited state related to the normal axis for the ground potential.
initial and final vibrational states are populated and the two- ThiS is usually called the Duschinsky efféé? The APLIP
state dynamics are very similar to that of StR&BIn fact, for method maps the initial wave function onto the final potential
d=0the APLIP and StiRAP dynamics converkjehis is why conserving the vibrational quanta. We want to test if this
the electronic and selective thresholds are approximately theMapping is affected (and how) by the rotation of the vibrational

same when the wave packet moves alopgut depart when ~ Mode axis, and thus of the linear combination that defines the
the wave packet moves alomg (obviously with&s > &o). vibrational quanta at the target state. In this section we consider

the unusual case when the equilibrium configuration of
Vs(ry, I2) is only rotated with respect to that ¥f(ry, r»), while

in the next section we consider both rotation and translation of
the excited potential.

o
(=3
&

o
&

=3
g

Adiabatic threshold (a.u.)

4. Adiabatic Excitation between Electronic Potentials
with Rotated Normal Modes

The equilibrium position of/; can also be displaced along
both normal modes. In Figure 1 we showed a typical APLIP
dynamics in the adiabatic representation, following the wave

packet in the LIPUg(ry, rp, t), for d = (0.3, 0.3) (d| = 0.42, . .
-~ . . T To model the effect of rotated normal modes, we first consider
Ever = 4.510739). Since the harmonic potentials in the model that the normal modes of; are rotated byR(6) with respect

are symmetricEpsr depends only on the distan¢df, not the - . . o
direction. We expect the threshold of adiabatic passage to be.to those inva (" = R(6)r), and since the dynamics is followed

approximately between those for displacement alarandr, n ‘he}}”d mapp.eq onto the last ones, we calculai® )
. . p . . andR™1TR, obtaining

alone, since we can define an “average” vibrational quantum
to gauge the magnitude &a, which will be betweenw; and _ . _ 2 .
w». This behavior is observed to be approximately correct, as Vit 12) = (Fu,c080 + Fysino)(ry f0°+ (Fysirto +
Figure 3 shows. FpC0S0)(r, — 1,07 + (Fy — Fpp) SN 20(ry — 1y (1, —

Additionally, we have tested the dependence of the adiabatic .o (5)
thresholds on the initial state. As noted, the APLIP dynamics
maps the initial wave function onto the final potential. Fixing and
the displacement ad = (0.3, 0.3), in Figure 4 we have 2 2 g2
calculated the electronic and selective thresholds. Be#nd _ . .
& increase with the quantum numbers. This effect cannot be Ts= _E(G”COSZG + Gzﬁlnze)m B E(Gll s’ 0 +
explained by the energy barrier, which in fact is smaller for an 2 42 !
excited vibrational wave fuqctj,on. We believe that the under- G,, o 6) 3_2 — (G, — Gyysin Zgii (6)
lying reason is due to “spatial” adiabaticity requirements. For or 2 ary or,
increasing quantum numbers, the energy separation between
adjacent vibrational eigenstates tends to decrease even fowhere we have assumed that the force and kinetic matrix
harmonic potentials in polyatomic molecules, since the vibra- elements as well as the equilibrium configuration are the same
tional quanta can be shared between different modes with similarin both V(r) andVs(r) (thus in eqs 5 and 6 we have dropped
frequencies. Thus the need to incregséand &) in order to all superindexes identifying the electronic state). Notice that
satisfy the adiabatic demands. The same rule seems to applythe rotation of the normal axis introduces coupling terms
for a given quantum depending on its distribution among the between the modes in both kineflc and potentiaNV(ry, ro)
modes. The greater the energy:(> w,) the greater the energies. The rotation of the axis is a convenient way of
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Figure 5. Adiabatic thresholds in APLIP with Duschinsky rotation in  Figure 6. Final population in APLIP with Duschinsky rotation in the
the excited potential for the SPM and the APM using shorter and longer excited potential as a function of the laser amplitude using shorter (left)
pulses. The initial state is (0, 1Js blows up after a certain angle of  and longer (right) laser pulses. The initial state is (0, 1). Electronic
rotation. populations are in solid lines f&t = 70°, 8C° (line with circles) and

. . . . 90° (line with squares), while the target population in (0, 1) are in
including the coupling between the modes, which allows a p e jine forg = 70° or in circles (80) and squares (S without

systematic comparison of the results as a function of a single jjpe.
parameter, the angle of rotatién In general, the termg; and

T are not necessarily related, since other physical effects may I
originate the intramolecular coupling between the modes.
However, the physical effects that they cause in the dynamics 08k
are essentially the same, and therefore we expect our simple

models to provide quite general trends regarding the adiabatic ‘§
dynamics in realistic molecules. %‘0’6
We consider two set of parameters in the Hamiltonian. In %
the first model, that we call the symmetric potential model ~ © g,
(SPM), the Duschinsky effect only induces kinetic couplings. g
We also consider a second set of parameters with equal mass =

terms (see Table 1) so that the couplings only enter in the 0,2
potential energy. This case, the asymmetric potential model
(APM), allows a simpler integration of the S¢kiinger equation,
sinceT. = O (see section 2). 0 20 40 60 80

In Figure 5 we show the electronic and selective adiabatic 8 (degrees)
thresholds as a function of the angle of rotattprior both SPM Figure 7. Franck-Condon factor between the (0, 0) states and the
and APM and different pulse durations, starting from two 0,1) states in the initial and final potentials, as a function of the angle
different vibrational eigenstates, (0, 0) and (0, 1). Sikgas of rotation 6.
only rotated with respect t@;, there is ndep,, for the adiabatic dependence ofs on 6. However, the FranckCondon factor
transfer. However, the transfer depends on the angle of rotation.between the (0, 1) states\a andV; steadily decreases reaching
First, due to the symmetry of the Hamiltonian, the results are zero for@ = 90°: at this point (0, 1) inV; is exactly equal to
the same forr/2 £+ 6, so that we only shovie and &s up to (1, 0) in V3 and therefore orthogonal to the target state. In fact,
90°. for both SPM and APM with pure rotation, the dynamics has

Since (0, 0) is almost spherically symmetric, the thresholds intermediate features between StiRAP and APLIP: the selectiv-
barely depend on the angle of rotation for this wave function. ity depends mainly on a single intermediate state acting as a
The contrary occurs for (0, 1), whe# raises specially fop wave function bridge as in StiRAP; however, the pulse intensity
> 60°, and the process cannot be selective using short pulsesand detuning allows several other pathways to promote the
(the yield of selectivity being greater than 0.95 for definiajy population to the excited potential, as in APLIP.
In fact, increasing the peak amplitude one finds an asymptotic The existence of a nonzero FrareRondon factor forf
maximum yield, which depends on the angle of rotation, as different than 90 implies that the selective excitation should
shown in Figure 6. Fof = 90° this yield is zero. Obviously = be possible, even if with stronger fields that compensate for
there is a symmetry rule forbidding this transitin. the smallness of the coupling. In Figure 8 we analyze the

The dependence of the asymptotic yield (ggdon 6 can be breakdown of the selective adiabatic passage following the
partially explained in terms of the FranelCondon factors that  quasi-energies of the vibrational statesWy(ri, rp, t) as it
govern the dynamics. Sinc¥y(ri, rp) is exactly equal to evolves in time, ford = 80° and the same pulse parameters.
Vi(ry, r2), despite being off-resonant, the initial state is only The eigenvalues of the LIP were obtained using the Fourier
coupled to a single intermediate state, with the exact form as Grid Hamiltonian method? Uq(ry, r», t) is mainly constructed
the initial one. Therefore, the adiabatic passage between theas a linear combination of(ry, rz) andVs(ry, r2), the degree
initial state inVi(ry, r) and the target state s(ry, r2) will of the mixing being controlled by the pulse amplitudes.
mainly depend on direct overlap between the initial and target ThereforeUo(rs, ro, t) must twist as the normal coordinate axis
states, which we show in Figure 7. The Francondon factor change from those of the ground to those of the excited potential.
between the (0, 0) wave function d; and the (0, 0) wave This induces a small avoided crossing between the eigenvalues
function in V3 barely depends ofl, which reflects the minor corresponding to the different vibrational dressed states with
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Figure 8. Dynamics of APLIP in the region of small avoided crossings.
We show the frequency and shape of the vibrational states of the LIP
as a function of time, fo# = 80°. The (0, 1) and (1, 0) states almost
cross as the normal axis of the LIP twist from the initial to the target : ———p e
state configurations. 0 1 2 30 TS oS 15520
time (ps) time (ps)

the same sum of vibrational quanta. For instance, we observeFigure 9. Dynamics of APLIP with translatedd[= (0.3, 0.3)] and
in Figure 8 that during a small interval of time (at maximum rotated @ = 40°) excited potentials using shorter (left) and longer (right)

K litude of the | h . I ided . _laser pulses. In both cases the initial state is (0, 1)ared 0.087 au.
peak amplitude of the lasers) there is a small avoided crossingyye show the average positiofs(t)Tand @x(t) (left scale) and angle

between the eigenvalues corresponding to (0, 1) and (1, 0) of g(t)T(right scale) in the upper frames and the population histories in
the LIP. Although the energy gap increases with the peak the lower frames.
amplitude, finally one needs a minimum time to sweep
adiabatically across the avoided crossing region. Therefore theobserve that this adiabatic demand is practically the same for
APLIP scheme can only work using longer time pulses. both APM and SPM models.
Alternatively, the adiabatic thresholds imply weaker pulses, as
Figure 6 shows.

A rough estimate of the minimum time and the adiabatic . .
thresholds can be obtained assuming an StiRAP-type adiabatic ' this section we study the APLIP process when the target

passage. The effective nonresonant two-photon Rabi frequencypmemi_aI is both displaced and r_otated W ith respect to the ground
is Qo ~ ﬂ% eS/ZA 23 whereuy is the state-to-state transition potential. In all the results of this section we fix= (0.3, 0.3)
i ,

dipole, that is,uﬁ is the Franck-Condon factor between the and change the rotation anglausing both SPM and APM set

initial and the target state, shown in Figure 7. In order to have of parameters and pulses of different time durations. The
adiabatic passage to the target state, one nfgis> 2 (to dynamics requires the adiabatic translation and twisting of the

ensure around 95% of population). However, at the same timewave packet as it adapts to the distorted LIP. In Figure 9 we
. 0 0T popL ) ’ show the population history and average observables of the wave
one must avoid the competing two-photon process that leads to

. . packet in the adiabatic regime fér= 40°. SinceVa(ry, r2) is
the (1, 0) state. The Rabi frequency fo.r this p.rocégg,x has also displaced with respect tuy(r,, r2) (by d/2), several
the same form as the one before, with a different Franck

HIE ’ 2 . intermediate states can be used during the adiabatic transfer,
Condon factor, which is practically + 4. The (1, 0) state is  ang the dynamics clearly exhibits the APLIP signature of
off resonance for the two-photon absorption, so that the yield transient population on excited vibrational states both in the
of this process will become important only 2.4 > Aw, ground and target potentials.

whereAw is the energy difference between the target state (0,  The average observables provide interesting informa-
1) and (1, 0), that is, the shift from the resonance. In our model tion regarding the dynamics. We definéf ()0 =

Population

5. Two-Dimensional Adiabatic Rotation and Displacement
of the Wave Function

Aw ~ 8107 au. @olT, 1)]relpo(f, ) whereyo(T, t) is the adiabatic wave packet
For 6 = 70°, yﬁ = 0.11. Whent = 0.5 ps, the adiabatic  intheUg LIP. The average angle of rotation of the wave function
threshold will be reached witfe¢ ~3-10~* au requiringeo with respect to the initial stat&(t)] is not a direct observable
~1.1-1072 au (comparable with what we obtain numerically). and can only be inferred with respect to a chosen axis of
However, at this laser amplitu(@Eﬁ ~2.5103%au> Aw, SO orientation. For the (0, 1) initial wave function the initi&(0)
that the adiabatic passage leads to (1, 0) essentially. Only with= 0° corresponds to choosimgas the X" axis. Then the cosine
longer pulsesy= 3 ps) one obtain§es ~5-105 au andQEﬁ square of the angle will be the projection of the wave packet

~4-10% au allowing selective adiabatic passage with onto ther; axis, which must be shifted to the average position
~4.31073 au. The same type of calculation can be used to show Of the wave packety{ — [50/(F — 0. Normalizing, we obtain
that for@ = 60°, Q" is of the order ofAw already for shorter ~ for the angle
>~ [0 —
To summarize, we have observed that even without a true Hﬁl Wo(T, t)ﬂz
energy barrier, we need some extra energy coming from the

pulses £ = 0.5 ps), while for6 = 80°, following our simple
model, one would need 6 ps pulses in order to achieve selective(?<3§m(t)D=

laser in order to rotate the wave packet (or distort the LIP) and 1~ WolT t)EF +| 2 mﬂw (F, 1)
ensure the adiabatic passage. From the numerical results we Hr —-orgl Hr - ool

adiabatic passage.

()
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Figure 10. Adiabatic thresholds as a function of the rotating artjle E 041 ]
for translated excited potentiald | (0.3, 0.3)] using the SPM (left) @ L |
and APM (right) models and shorter pulses. The initial state is (0, 1). = “'2; 7 ’
. L 1 L 1 L L 1 L 1 L
In Figure 9, for the results of the APM, we show thei(t)[] % 005 0.1 0 005 01
shifts earlier tharifiy(t)] This is reasonable since in the APM Laser amplitude (a.u.) - Laser amplitude (a.u.)

the energy barrier is smaller alomg On the contrary, in the  Figure 11. Final population in APLIP with translated and rotated
SPM we find @y(t)0= [@,(t)0] More interestingly, we always excited potential, in the APM using shorter (left frames) and longer
observe that the change [fi(t)Ostarts later and occurs more _(right frames) pulses, for different rotation angksThe initial state
rapidly than the shifts in position. Partially because of this, it is is (0. 1).

also more difficult to avoid some fluctuations in the angle ;. ihe form of Duschinsky couplings. Again, the transfer can

(perfect adiabatic transfer) without using longer pulses. be efficient and selective, except for rather unlikely molecular
In Figure 10 we show the electronic and selective thresholds configurations. In principle, the adiabatic passage leads to a

of population transfer for both the APM and SPM model using single eigenstate of the target potential in the adiabatic

shorter pulses. The selective transfer is not possible gith representation, which is obtained by diagonalizing the intra-
6h00. I;olvvever, as °I_°I°°|S€<?' to the cas? of rotation aIc:lne, the molecular coupling terms. This implies the rotation of the wave
thresholds do not simply increase for largérAdditionally, function, which can be selective when the initial state leads

the selective excitation at = 90° is not forbidden (even for  (yithout rotation) to a final superposition state or even to an
short pulses we reach the selective threshold in the SPM), andorthogonal state.

the results are not symmetrical around this angle. The results | this paper we have used quite simplified models, but we
for the SPM and APM differ more considerably than before, pojieve that the models contain the majority of the essential
and we observe that the adiabatic demands are slightly largerto ot res that can hinder the APLIP process. The shape of the

when the source of rotation comes from the kinetic energy ,,ientials has been shown not to determine the outcome of the

coupling, except for Iarge. . ) APLIP transfer. We consider only two-dimensional systems,
A more detailed analysis of the behavior of the yield of the ;i \we have shown that the dimensionality is not a major

transfer as a function of the laser amplitude for la#ge shown e except for calculations. Obviously the role of intra-
in Figure 11. We consider the dynamics in the APM _for shorter molecular couplings may deter the selectivity of the transfer.
and longer pulses. Although the electronic transfer is perfectly \yo have shown how this may occur, in the frame of the
adiabatic, the final population on the target state (0, 1) oscillates Duschinsky effect, for two models: in 'one all the couplings

before reaching the selective adiabatic threshold. In fact, the gnter into the kinetic energy and in the other the couplings occur

final wave function is a superposition of (0, 1) and (1, 0). Asin ;. e potentials. In both cases the dynamics may proceed

the case of rotation alone, this is due to a small avoided Crossmgthrough regions of small avoided crossings, which tend to

for large 6. However, instead of reaching a plateau, the j,crease a5 the density of states becomes larger. Then, the state
superposition changes with the amplitude. For intermediate go|aivity typically requires stronger and, more importantly,
values the avoided crossing can be made so small that all thelonger pulses, and the adiabatic demands increase, even when

population is selectively transferred to (1, 0), while for very y,o7qnd elongation involved is rather small. These problems
large amplitude the transfer selects the original quantum State'normally affect in a minor way the ground vibrational eigen-

Qualitatively the same type of behavior is also observed when ¢nction but become predominant when involving vibrationally

using longer pulses. excited wave functions coupled to more vibrational modes, i.e.,
higher dimensional systems. The same effects are expected for
other forms of energy transfer among the modes, since the
Using two-dimensional harmonic oscillators as a molecular principles of APLIP imply an eigenstate specific transfer to the
model, we have shown that the APLIP process is in principle target adiabatic BornOppenheimer potential, regardless of the
feasible in polyatomic molecules. The adiabatic thresholds nature of the couplings.
depend mainly on the characteristics of the energy barrier and In our models we have not included the effects of rotation
therefore do not scale with the dimensionality of the system and conical intersections. Since the transfer occurs in a single
but only with the energy involved in the spatial distance (the adiabatic potential, we believe that the strong pulses will induce
bond elongations) that the wave function must cover to reach adiabatic alignmer®3° The direction of the alignment will
the target destination. Additionally, we have tested the effect change in time adapting to the specific electronic mixture that
of intramolecular energy transfer between the vibrational modes configures the light-induced potential. Then, the adiabatic

6. Conclusions
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rotational wave packet should not interfere with the vibrational
adiabatic dynamicg&.

On the other hand, conical intersections in the target potential

can obviously drive part of the wave packet to uncontrolled
parts of the Hamiltonian. The APLIP dynamics relies on

isolating the ground and target potentials from other electronic
states. In principle, with strong nonresonant pulses it is even

possible to dynamically shift the position of the conical
intersections, although it will be difficult to control at the same
time the APLIP process.
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