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Vibrationally State-Selective Spin—Orbit Transfer with Strong Nonresonant Pulses
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By dynamic Stark shift using strong nonresonant pulses, we show that it is in principle possible to prepare
arbitrary superposition states of mixed multiplicity. By a proper choice of parameters, the transfer of population
is shown to follow the Rabi formula, where the initial and target states are now vibrational states of two
light-induced molecular potentials of different multiplicity. Starting from nonstationary wave packets, the
spin transfer can proceed via parallel transfer using a single pulse or by sequential transfer using a pulse
sequence. A simple model is proposed to analyze the properties of both schemes and the feasibility of their
experimental implementation for spitorbit transitions in Rh

1. Introduction and Korolkov et al. induced the spin switching by coherent
control technique&®1%In these studies, the performance of the
schemes was not analyzed for initial nonstationary quantum
superpositions, which are typically the required states for driving
guantum information. On the other hand, Sussman &t1l.
and Chan et af? controlled the rate of dissociation reactions

involving channels with spirorbit curve-crossing poten-

With a proper “photon environment”, many simple systems
can reproduce interesting and often unexpected functional
behaviors. Quantum control with laser fields is thus becoming
a viable alternative approach to Hamiltonian engineering of
qguantum systems or quantum materfed8ecause the control
is exerted in the time domain (in a broad sense, the control tials
knob is the external time-dependent field), it is important to )
understand how and when can it affect parts of the Hamiltonian In recent vvprk Of our group, we have proppsed a schgme to
that cannot be coupled via dipole moment, to any order of the control the spir-orbit coupling?®-?2 The underlying mechanism
field, at least in the so-called diabatic representatiGontrolling of the scheme implied controlling the energy difference between
the transition between two states that are not coupled by thethe states of different spin, which are coupled by smirbit
field is usually called the control of dark transitions. In this interaction, in order to enhance or inhibit the flow of population.
work, we focus on one such dark transition: the spirbit The energy control on the dark transition was achieved by
coupling. We analyze the role of dynamic Stark shifts induced Nonresonant dynamic Stark shift, as in refs 17,18,23, among
by strong nonresonant fields, and we propose several strategiedhe set of states that are coupled by the laser field. We shall
for achieving vibrationally selective population transfer between IS0 use the name nonresonant dynamic Stark effect (NRDSE),

singlet and triplet quantum states. The general mechanism,Proposed by Sussman et &lto refer to the laser scheme.

however, is generally valid for controlling dipole-forbidden
transitions and could be used in wider contexts.

Although the spir-orbit coupling is usually treated as a weak
perturbation important mainly for high-resolution spectroscopy,
it has also significant implications in the predissociation
dynamics of molecule®® especially if heavy atoms are involved,
and in the rate of relaxation mechanistnslore importantly
for our study, it has immediate use in solid or molecular
magnetism. The implementation of efficient and fast optical spin
switches, with potential applications in molecular memories,
for example, would imply a technological breakthrough in the
field of quantum informatiori:® To that end, it is particularly
important to manipulate quantum superposition states of dif-
ferent multiplicity and thus selectively transfer population
between specific quantum states of different spin. Until now,

We have tested the NRDSE in two different regimes. In the
weak-field limit, we have shown how it is possible to prepare
superposition states of arbitrary spin componéhifhe scheme
could only work for weak spirrorbit coupling in molecules
with a low density of states, typically using long coherent pulses.
In the opposite limi€122 using the Rb as a test system, we
have shown that it is possible to stop or freeze the flow of
population between two electronic states of different multiplicity
that are strongly coupled.

In this work, we consider again a simple test system with
strong spir-orbit couplings. We will show that it is in principle
possible to use the same basic ideas of controlling the dynamic
Stark effect in order to enhance the transfer of population
between states of different spin multiplicity with quantum state
selectivity. Furthermore, we will show that it is possible to

only a few schemes have been proposed to control spinprepare arbitrary mixed-spin superposition states starting from

transitions using strong laser pulses. Most notablybiiéu et
al. have proposed and numerically tested the possibility of
inducing full optical spin switches by ultrashortpulses?—14
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nonstationary superposition states. In certain regimes, one is
able to generalize the famous Rabi fornfélay which the
population inversion is achieved by resonance (induced by field
amplitude) and time (laser duration) control. The spin switch
can be induced with a single pulse, in parallel for all the initial
wave packet components, or sequentially, by using a pulse

* MagiQ Technologies, Inc. sequence. However, the laser requirements for state-selective

10.1021/jp066825y CCC: $37.00 © 2007 American Chemical Society
Published on Web 03/20/2007



Vibrationally State-Selective SpirOrbit Transfer J. Phys. Chem. A, Vol. 111, No. 14, 2002671

spin transfer are more demanding than in previous stéidiés  if one calculates it for all orders of the perturbation in the
and will be harder to meet in actual experiments. adiabatic limit. For strong fields, the later is a much better
The organization of the paper is the following: In Section 2, approximation than fourth-order perturbation theory.
we describe the NRDSE process and the required conditions By using eq 1, it is easy to understand how the field can be
for the laser-induced state-selective spin transfer. In Section 3,used to control the flow of population. If initiallyAE;(0)| >
we propose the simplest molecular scenario where this spin|Vj| in the absence of the laser, the sparbit coupling can
switch can take place, and we propose three different strategiesonly account for a small perturbation in the population dynamics,
to implement the NRDSE, the vibrational state-to-state transfer, thus one must chooseto makeAE;(e) ~ 0. Full population
the parallel transfer of all the vibrational components of an initial inversion will then occur in a time = 7/2|V;|, after which the
singlet wave packet, and the sequential transfer of part of the pulse should be turned off so that the population cannot recross
vibrational components of an initial singlet wave packet. In back to the initial state. Following eq 3, the system will be
Section 4, we suggest some possible applications of the schemeontrollable as long as+(j,j)/At = as(i,i)/As, and the Hamil-
for certain singlettriplet “dark” transitions in Rb. Finally, tonian is not symmetric with respect to the dynamical polariz-
Section 5 is the conclusion. abilities. Additionally, eq 1 is only valid if the couplingj is
smaller than the vibrational energy spacing between adjacent
2. State-Selective Spin Transfer under a Strong Field vibrational levels in the singlet and triplet potentials; otherwise,
In this section, we will set up the simplest model that takes the population will flow to a manifold of closely spaced triplet
into account the effects of a relatively strong nonresonant field @nd singlet vibrational levels, losing the quantum selectivity.
acting on a diatomic molecule in order to induce selective HOWever, whereas the initial statéi(x), is given, *gj(x) is
vibronic population transfer between a given vibrational level S€lected by a proper choice of the field intensifysuch that
in a singlet electronic statéyi(x), and a suitably chosen the energy difference is zero or close to zero. Thergfore, the
vibrational level in an energetically close triplet electronic state, final state can be chosen such that the coupling with all the
3i(x). In the absence of the field, the population transfer c!osest tr_|plet wpratlonal levels is W}eak enc_)ugh, validating the
between the two levels follows the well-known Rabi formtfla. ~ Simple picture given by eq 1. It is interesting to observe that
Assuming that a single constant fiedds continuously acting the state selectivity in our problem is achieved by field intensity

on the system, the straightforward extension of the Rabi formula '€duirements, not resonant frequency conditions. The carrier
gives the time-dependent final population as: frequency of the pulse enters, however, as a control knob in a

more subtle way from the detuningss and At of eq 3.
In this work, we control the dynamics of a molecule with
large spir-orbit couplings. The selective transfer will require

4v;(e)®

Pi(tie) = Sirf{ 3y AB;(0° + 4Vy (e

4V (€)® + AE;(e)? 0

whereAE;(e) is the energy difference betweép;(x;e) ande;-

(X;€), andVj(e) = Byj(e)[Vsal*gi(€)s the state-to-state spin
orbit coupling. Assuming second-order perturbation theory for
the field interaction, both magnitudes depend on the nonresonan
field due to the Stark shifts\E;(¢) on second order and;(e)

on fourth order). This stems directly from the polarizability

effects in the rotating-wave approximation (RWA) Hamilton-
ian17.21

T =
T+ Ve(x) — ag(X)e(t)/4Ag
VSO

VSO
T+ V(%) — ar(X)e()?/4A,
2

whereoas(X) andar(x) are the singlet and triple polarizabilities,

T the kinetic energy operator, anftk and At the singlet and
triplet detunings due to the nonresonant nature of the interaction.
From the vibrational levels and eigenfunctions of the Stark-
shifted potentialsVs(x) — as(X)e(t)?4As and Vr(X) — or(X)e-
(t)%4A+, one can easily calculate the field dependence of the
energy difference and the coupliiy:

ogli)  or(ii))
As A, )6

AEy(€) = AE,(0) + %1( ®)
where AE;(0) is the energy difference in the absence of the
field and we definens(i,i) = Bgilas|*gilland similarlyor(j,j)

= Ogjlor3p;L] The dependence ofij(e) with the field is via

the fourth-order perturbation expression of the wave functions
1pi(xe) and 3gj(x;€). This dependence is more complex, and

finding appropriate states of the Hamiltonian for the target states,
where the population is excited, as discussed previously.
Therefore, strong pulses will be needed to shift the target states
into resonance with the initial states. To reduce the intensity
demands of the method, instead of working in very off-resonant

conditions, the Stark shift will be induced mainly by a single

electronic state to whickit(x) or Vg(x) are strongly coupled by

a suitable choice of the laser frequency, as demonstrated by
Frohnmeyer et &° Then the description in eq 2 in terms of the
polarizabilities is not valid. For near-resonant excitations (or,
in fact, whenever the laser amplitudes involved are as large as
the detunings), absorption can compete with Raman processes,
and moreover, photon-induced crossings or near-crossings can
not only shift but also reshape and distort the potent@(s)

and Vr(x) in eq 2. It is then more accurate to use as a first
approximation a minimal description of the dynamics based on
three electronic potentials: the initial singlet and the target triplet
potentials and a third electronic potential, which is dipole-
coupled to either the initial singlet or the target triplet and which
induces the desired Stark shift. We shall calldx). Typically,

it will be a triplet potential chosen to be relatively far from
other electronic singlet states so that one can minimize the laser
disturbance to the initially populated singlet wave function. This
model can be conveniently generalized by including more singlet
and triplet electronic states. In the RWA, the simplest Hamil-
tonian for the spin-coupling control under the influence of
moderately intense fields is therefore:

T+ V(X Vso 0
H= Vso T+Vi(¥ —ue(t)/2 (4)
0 —ue®)2 T+ V(X —ho

we shall not attempt to give the expression here because, as wavhereu is the dipole moment betweafy(x) andVe(x) andw

will show later, the coupling is in fact independent of the field

is the laser carrier frequency. By this simple model, only one
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potential,Ve(X), induces the Stark effect ovei(x), while Vs(x)
is neither shifted nor distorted by the field.

It is interesting to consider if (and how) the simple state-
selective transfer given by the Rabi formula (eq 1) emerges in
the frame of the more complex Hamiltonian in eq 4. The relation
can be established in the representation of dressed or light-
induced potentiaf$ (LIPs). By first dividing the Hamiltonian
matrix in three componentsZ'= 7+ 760 + ¥, where 7’
includes the original diabatic potential¥ V1, andV,) and
the laser dipole-coupling{ue), 750 is the spin-orbit matrix,
and 71s the kinetic part; and second, by diagonalizingone
obtains the LIP representatiod, = o2 74%. In this representa-
tion, the Hamiltonian is

Tog= U+ RNV R+ RTTR~ U+ Usy+ T (5)

where %so = %2 1(750) %, which in principle is not diagonal.

In eq 5, we have assumed that the kinetic energy is barely
changed by the similarity transformation, but this approximation
can be removed. Now, assuming that the excitation is “adia-
batic”, ase(t) is turned on, the populations in the diabatic states
7’ will adiabatically correlate with populations in the corre-
sponding adiabatic states itf thus,gi(x) correlates with the
corresponding vibrational eigenfunction of the LIPs(x€)
created by the laser, which we catbj(x,). In fact, in the
Hamiltonian of eq 41®;(x,€) = ¢i(X) because the laser does
not affect singlet states. Similarly, the target state will correspond
to one vibrational eigenfunction of the triplet LIP that correlates
with Vr(X), Ut(x,€), which will mix some contribution o¥(X)

and which we calf®j(x,€). As long as the remaining vibrational
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Figure 1. Potential energy curves for the simplest molecular model
used in the spin-switch problem.
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Figure 2. Initial states and electronic potentials in the energy
representation. In the left-side scale, we show the populations as a

states of the LIPs do not interfere in the resonant state-to-statefunction of the vibrational quanta) of the ground wave functiohyo

coupling, the generalized Rabi equation (eq 1) will be valid,
whereAE;(e) is now the energy difference betwegn(x) (or
1®i(x,€) in general) and®j(x,€). This is the energy difference

(solid line) and of the initial statéyg (dashed line). In the right-side
scale, we show the average energy of the wave functions (it is the same
for both cases). For reference, we also show the energy of the vibrational
eigenstates of the singl&t(x) and tripletVr(x) potentials so that one

that must be suppressed in the adiabatic representation so thagan observe the energy difference that the field must provide to bring

the spin-transfer efficiency is maximal. On the other hand, we
obtair?’ Uj = B‘D”//sdlq)ﬂ]: G(IJJFRT|((/}’/“//SQ‘V/I)/T|%)/1(I)1D%
By;|Vsd'eil= Vj, which shows that the coupling is independent
of the field. Moreover, because we have assuieg to be
coordinate-independent, thejV;| = VsdFij, where Fj =
|Bgj|*@illis the absolute value of the Franekondon amplitude

of the chosen transition. Because the couplings in the adiabatic

the states into resonance.

and displacing the previous Morse function so that the energetics
resembles that of the’A, state,Vr(x) = fu(x — d) + Ay 13A,

is relatively close to BXT, and thus can serve as an appropriate
target triplet. The spirrorbit coupling between both electronic
states is estimated #&sVso ~ 10 cnTl, which we assume

and diabatic represer_1tations_ are eq_uival_ent, we can use thecoordinate-independent. Finallys(x) is constructed a¥-(x)
Franck-Condon amplitudes in the diabatic or molecular po- pittaqin energy so thatu(x) — hw = fu(x — d) + A,. By this

tentials to determine the required pulse duratiars (/2| Vj|)
that maximize the efficiency of the transfer. The pulse duration
will be used as the main criteria to select the most convenient

choice, the coupling does not distort the shape of the triplet
LIPs, that is, the Stark shift only causes energy shifting of the
overall potential energy iNt(X). In atomic units, the parameters

target states in the selective transfer, namely those states with,.o. b — g 75 x 10-3 £ =0.323,% = 8.80,d = 0.4, A; =

smallerz but such that the coupling with the adjacent states is g7 andA,

smaller than their energy difference.

3. Numerical Results for a Test Model

In this section, we shall explain how the proposed scheme

= 0.018. The resultant potentials are shown in
Figure 1. Despite the simplicity of this model, we shall later
see that it can conveniently represent different realistic molecular
scenarios.

To simulate the dynamics of the spinrbit coupling, we

can be used to induce selective population transfer between arsolve the time-dependent S¢tioger equation (TDSEp(ot) ¥

initial wave function inVs(x) (either a single eigenstate or a
wave packet) and a state-selective target wave functidr(h

To test the scheme, we will build a general and simple model
based on the energetics of the well-known, Rinlecule?528.29
Because the purpose of this work is general, we shall model
the system is terms of very few parameters. The model is first
generalized by using Morse potentials. The parameters of the
singletVs(x) = fu(X) = D+(1 — exp[B(x — X¢)]2 are chosen to

fit the D1, electronic state obtained from ab initio calculations
by Park et af® The triplet is constructed by simply shifting

—(ilh) 7Y, whereW is the wave function of the system and

H is the Hamiltonian in eq 4, using the split-operator metffod.
The initial state will be chosen either as the ground vibrational
eigenstate o¥/s(X), 2po(X), or a wave packetyy(x). This wave
packet is constructed by minimizing the energy spread of the
initial ground vibrational state of the moleculegjo(x) (the v =

0 eigenstate of the ground potential), vertically excitéds(x),
while keeping the same average energy. Figure 2 shows
graphically the difference between the true ground vibrational
state and our chosen initial wave packety(x) was chosen for
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Figure 3. Franck-Condon amplitudes (solid line, left-side scale) and
energy difference (dashed line, right-side scale) between the initial wave
function and vibrational eigenstates of the triplet potential. In the
absence of the fieldgo(X) is in resonanceAE = 0) with thev = 64
vibrational state oWr(x), shown by the horizontal line.

illustration purposes: it is simpler to analyze the selective
transfer (the quantum “information” content) for a superposition
of a few eigenstates instead of a wave packet very spread in
energy. However, in principle, the scheme can be equally applied
to any initial wave function.

We will illustrate the application of the scheme to three
different cases. First, we will show how a single eigenstatg- [
(¥)] is transferred to a single eigenstatei(x). We will explain
how to properly select the target state. Second, we will consider
the parallel transferof the wave packet to the triplet potential,
and we will discuss under what conditions this is possible.
Finally, we will analyze thesequential transfeof each wave
packet component into a different target component constructing
the target wave packet.

3.1. Single Eigenfunction SwitchConsider that we want to
transfer an initial vibrational eigenstate in the singlety(X),
to a single quantum state in the triplet. The mechanism of the
method implies using a pulse of the precise amplitude such that,
by Stark shift, the initial and final states are degenerate,
maximizing the transfer probability. The pulse must be switched
on during a time

:L
ZVéOFOV

where Fq, is the absolute value of the Frane€ondon
amplitude for thé'po(X) — 3¢,(X) transition. The first question

T

(6)
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Figure 4. Vibrationally state selective spin-switch between the initial
wave function inVs(x) andv = 4 in V(X), together with the laser pulse
needed for the population transfer.
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Figure 5. Final population transferred frorfpo(x) to 3¢s(X) as a
function of the laser duration for different pulse amplitudes (all in atomic
units): eo = 2.502x 1072, ¢; = 2.501x 1072 ¢, = 2.500x 1072, €3

= 2.499 x 1072 (To these amplitudes correspond approximately the
following peak intensities in TW/cfn 21.91, 21.89, 21.875, and 21.86,
respectively.) The dynamics follows closely the Rabi formula, obtained
from eq 1 withAE(e) = 0 andVjj(¢) = Voa.

In Figure 4, we show how the optimal laser drives the
population switch betweehpg(x) and3p4(x). We have chosen
a field with constant amplitude = 128.6 MV/cm (implying a
peak intensity of-21.8 TW/cn?) and 5.1 ps duration, with sine
square turn on/off of 0.5 ps duration. Because the laser is strong,

that we address is the following: If the final quantum state is the dynamics excites the population to the adiabatic Stase
not predetermined, how do we choose the most suitable target(€), Which is a mixture ofg4(x) and the fifth eigenstate of

state?

Figure 3 shows the energy difference betwéep(x) and
vibrational eigenfunctions df(x). In the absence of the field,
the initial state is on resonance wifips4(X). However, the
Franck-Condon amplitude is practically zero (below numerical
precision, so tha¥p g4 < 10712 7 > 1 s). Therefore, no singlet

triplet population transfer can be observed. Because the switch-

ing time is inversely proportional tBgy, one needs a highgy,
(shown on the left-hand-side scale of Figure 3), yet such that
the couplingVoy = FovVWso is smaller than the vibrational energy
spacing with adjacent statéég,, < Aw, allowing the transfer

to be selective. This can be achieved, for instance, choosing
Spa(X) (v = 4) as the target state. Thégs = 0.17,Vo4= 8.5

x 1078 E, (hartree) and = 4.7 ps, while the energy difference
between3p4(X) and3¢p3(X) (Aw = 3AEzy), or betweerfpa(x)
and3ps(x) (Aw = 3AE,s) is 1.48 x 104 and 1.46x 1074 Ej,
respectively, much larger than the coupling.

Ve(X), 3¢4(X). Only when the laser is off®4(x;€) adiabatically
correlates with’gp4(x) alone. This explains the fast rise of the
population at final times of the switching.

Although the dynamics is driven by strong fields, eq 1 applies
reasonably well. In Figure 5, we show how the final population
changes as a function of the time duration of the field,
Practically, only the initial and target levels participate in the
overall transfer. However, the optimal parameters are not exactly
those estimated froy 4. Although forz = 4.7 ps the population
transfer is approximately 96%, the maximum value is obtained
with almost a 10% increase in, which corresponds to an
effective Rabi frequency that is nearly 10% smaller than that
predicted before.

As explained, the laser amplitude takes the role of selecting
the target state, much as the role of frequency in high-resolution
spectroscopy. In Figure 6, we analyze the effect of amplitude
variations on the selectivity of the transfer. As the figure shows,
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Figure 6. Final population transferred as a function of the laser
amplitude. Other pulse parameters are optimized to targe#d. The
different curves show the excitation of different vibrational quantum

states inVi(x).
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Figure 7. Map of the Franck Condon amplitudes between vibrational
eigenfunctions o¥/s(x) (denoted by) andV+(x) (denoted by'). The
circles show the best choice for parallel state-to-state transfer of all
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Figure 8. Dynamics of the parallel spin-switch in the coordinate

representation. We show the laser shape (top panel) and the target triplet

(middle) and initial singlet (bottom) wave packets.

From the perspective of the Frane€ondon map, to achieve
the parallel wave packet transfer, the following set of restrictive
conditions should be met: First, for each initial and target
component of the transfer, the FranrgBondon amplitude
should be similar so that the same laser duratiazould be
used to maximize the transfer of every component. Second, the
energy differences between adjacent initial components and
target components (the vibrational quanta) should also be similar
so that all transferred initial components are at the same time
in resonance with their respective target components. In the
coordinate representation, these conditions often imply that the
singlet and triplet potentials have similar topologies as in our
example. The parallel transfer is straightforward for identical

1g,(x) components, whereas the diamonds show a better choice for (that is, nondisplaced) potentials.

sequential state-to-state transfer of a set of selected initial components.

the resonance between the initial and target state is very sensitiv

to the field amplitude. Variations of more than 0.1% in the field
greatly reduce the efficiency of the transfer. Therefore, for small
fluctuations of the field, the optimal time duration should

increase because only when the field is very close to the required

value will it drive the transition. Unfortunately, if the field

amplitude changes over 2% of the optimal value, the population

is switched to a different target statép(x) or 3¢s(x) for a
positive or negative fluctuation, respectively). This poses very
demanding experimental conditions on the laser stabiliz&tion.
3.2. Parallel Transfer. We will consider now the spin switch
of an initial singlet superposition statggy(x), into the triplet
potential, V+(x). In this case, the dynamics involves the selective
transfer of each eigenstate component of the initial wave
function (or a set of its components) into different eigenstate
components of the target wave function. fpg(X), the main
vibrational components afe,(x) with v = 7 tov = 11 so that

For the initial wave function in our problem, with= 7 to
v = 11 as important initial eigenstate components, the conditions

egiven by the circles in Figure 7 provide one of the best choices.

They imply the switching ot¢,(X) — 3¢, (X) with o/ = v — 3.
With € = 141.4 MV/cm (implying a peak intensity 0f26.6
TWi/cn?), the Stark effect oivr(x) shifts the potential energy
such thatd(x;e) is approximately on resonance witl7(x),
3dg(x;e) is near resonance withpi1(X), and so forth for the
remaining vibrational components. Becausg,—3; are quite
similar for all thev with important initial populations, in =
1.6 ps, the whole initial wave packet can be transferr&f-to
(x). Figure 8 shows the laser and the dynamics of the wave
packet inVs(x) andV1(x) in the coordinate representation. The
final wave packet is very similar to the first one, but shifted
about 3 vibrational quanta to lower energied/ifx), as Figure

9 shows.

The maximal efficiency of the overall parallel transfer in this
case is 87%. In most cases, it will be difficult to improve this

the population of at least six singlet eigenstates should be result because perfect population transfer requires almost exact
transferred to six triplet eigenstates. This transfer is equivalent resonant conditions for every component. Because of the
to a partial mapping of the quantum information of the initial differences in the potentials and the anharmonicity of each
state into the final state. Because the initial state is nonstationary,potential, the energy difference between adjacent states in the
the phases are dynamically evolving and the possible informa- initial and target wave packets will not be the same, and no
tion content on the relative phadg®® cannot be transferred.  perfect resonance will be achieved with a single amplitude for
To select the components of the target state, one shouldall the transitions involved. Additionally, the choicewtannot
analyze the FranekCondon amplitudes of the initial vibrational ~maximize the transfer for every component. The parallel transfer
eigenstates with the set of possible target eigenstates. This mags a two-parameter control by which one can only maximize
of Franck-Condon amplitudes;, is shown in Figure 7. The  the overall population transfer. However, the advantage of the
choice of target vibrational state will depend on the choice of method is that it is quite less sensitive to pulse amplitude
strategy. In this section, we will discuss parallel transfer of the fluctuations. Indeed, for the numerical result just shown, the
wave packet, that is, the transfer of all the components at the coupling is larger than the energy spacing between adjacent
same time. In the next section, we will consider the sequential states (so that each state-to-state transfer in the parallel switch
transfer of components. is not independent of the others), but the efficiency of the overall
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Figure 9. Initial singlet (squares) and final triplet (circles) wave packets Figure 10. Initial singlet wave packet{) and final mixed-multiplicity

in the energy representation (labeled by the vibrational quanta) obtainedwave packet in the energy representation (labeled by the vibrational
after the parallel spin-switch scheme. The efficiency of the overall quanta) achieved after the sequential spin-switch. The solid bars
transfer is nearly 90%, and the wave function is shifted to lower energies represent the population of the singlet and triplet vibrational components
(3 vibrational quanta) during the transfer. Part of the inital wave packet of the final wave packet. The initial components (empty bars) overlap
(shadowed region) remains Wi(x) at final times. the final components in the singlet region.

transfer is high and can be completed in quite shorter times 10 we show the initial and final wave packets in the eigenstate
than those required for other state-selective transitions. representation. The final wave function is a mixed singlet and
3.3. Sequential Transfer.In this section we will show a  triplet wave packet where only the chosen populations have been
different procedure, based on sequential transfer, which allows selectively switched to the triplet potential.
a higher degree of manipulation at the cost of increasing the ~The inconvenience of the sequential implementation is its high
experimental needs. The sequential transfer requires findingsenSitiVity to small variations in the field amplitude. For a single-
proper target vibrational states for each selected initial compo- state switch, the selective transfer required choosing a target
nent such that the transfer is selective and independent for eactptate such that the coupling; was smaller than the energy
component. In our model, this can be achieved by choosing difference between adjacent statesp = AEj.s, that is,
the target stat¢ for a given initial state in a region of the essentially the vibrational quanta. However, when initially there
potential such thaf; is relatively small for all quantum states ~are several vibrational states populated, to make the transfer
aroundi andj (see the FranckCondon map of Figure 7) and  independent for each component, the conditions for the sequen-
the anharmonicity is high so that the couplings of the nonse- tial transfer are more demanding. In particular, when a laser is
lected transitionsy;-nj+n (N = 0), are smaller than the energy ~ Switching the population betwe€ip; and3g;, the remaining
detuning of each respective transition in the presence of the components of the wave packet are only slightly off resonance.
field, AEinj+n(€). Then, while the population is switched The detuningsAEi.1j+1 or AEi-1j-1, are either due to the
between'yi(X) and3p;(x) because\E; j(e) = 0, the population vibrational quanta differing in both singlet and triplet potentials
in all other wave packet components remains unchanged. ~ (when Us(x) and Ur(x) are different) and/or because the
As an example of the efficiency of the method, we shall Potentials are anharmonic (as in our case) since, in genesal,
switch the components = 9,10,11 oflyy(x) to v = 26,27,28 a different vibrational level than In either case, the detuning

in Vr(x), respectively. The FranekCondon amplitudes of each 1S likely to be quite smaller than the vibrational quanta. For
transition, shown with diamonds in Figure 7 are, respectively, instance, if both potentials are harmonic with the same harmonic

Fo26 = 0.03925,F0,7 = 0.0505, andFi; 25 = 0.0628. The frequency, the sequential transfer cannot be achieved because
sequential transfer is performed by first applying a pulse that all transitions are exactly on resonance with a single amplitude.

shifts Vr(x) (preparingUr(x;e)), making'g11(x) on resonance The advantage of the sequential scheme is the higher degree
with 3dg(x;€) and switching the population with = 108.3 of control that can be achieved since now more lasers and thus
MV/cm andt = 14 ps, then applying a second pulse that shifts More parameters are manipulating the dynamics. In fact, even
into resonancégio(X) with 3d,7(x:€) with € = 108.0 MV/cm when the energetics of the system do not allow an independent
andt = 15.5 ps, and finally applying a third pulse that puts in transfer for each wave packet component, it is in principle

resonancégo(X) with 3®,¢(x;€) by usinge = 107.7 MV/cm possible to find optimal parameters that compensate the interfer-
andz = 20 ps. ences at each transition so that the overall sequence maximizes

the population transfer for each component. However, finding
the optimal pulse parameters in this general case requires the
use of a more sophisticated procedure such as a learning
m34

Although each successive pulse in the sequence generates
Stark shift that induces the crossing of the remaining levels to
be transferred at the switch on and off, the transitions are ;
approximately independent because the transfer is very sensitive?/90mth
to strict resonance conditions and the pulses can be shaped witr}l
fast slopes before and after the plateau region. Therefore, the™
method is not very sensitive to the pulse order. However, itis  The different transfer schemes suggested thus far were based
convenient to choose a pulse sequence of decreasing puls®n the possibility of applying a simple extension of the two-
amplitudes. Then the pulse acting on thié transition does level Rabi formula (eq 1) to the strong pulse dynamics. The
not affect any of the previous ones (the induced Stark shift is choice of target state and strategy (selective, parallel, or
smaller than what is needed for resonance), and by choosingsequential transfer) was suggested by knowledge of the vibra-
an adequate time duration, it can maximize the transfer by takingtional eigenstates and the FrangRondon amplitudes that
into account the possible flow of population induced by the depended on the molecular model. In this section, we show that
previous pulses at the switching on and off periods. In Figure the previous strategies can be applied to different scenarios that

Applications of the Selective Spin-Switch in Rp
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Figure 11. Possible implementation of the NRDSE in Rietween Figure 12. Possible implementation of the NRDSE in Rietween
DI, (Vs) and 3  (V5) using the auxiliary triplet 1y (Ve) with a D1, (Vs) and 211, (V1) using the auxiliary triplet d1g (Ve) with a
laser of carrier frequenay = 8800 cnt! ande ~ 77 MV/cm (implying laser with carrier frequencwy = 9900 cmi! and e ~ 77 MV/cm
a peak intensity of~7.9 TW/cn?). (a) Ab initio electronic curves (implying a peak intensity of-7.9 TW/cn#). (a) Ab initio electronic
adapted from ref 29. The auxiliary triplet which is used to create the curves adapted from ref 29. The auxiliary triplet, which is used to create
necessary Stark shift is shown with the energy shifted by the laser the necessary Stark shift, is shown with the energy shifted by the laser
frequency. (b) LIPs. (c) FranekCondon map (in gray scale) showing  frequency. (b) LIPs. (c) FranekCondon map (in gray scale) showing
the overlap between vibrational eigenstates of the sing)etr(d those the overlap between vibrational eigenstates of the sing)etr(d those
of the triplet ¢'). of the triplet ¢'). The symbols in the plot show different conditions

. . . . that imply an overall shift oAv = —3,0,2,6 vibrational quanta (from
occur in molecules. Ultimately, the validity of the schemes relies the crosses to the diamonds, respectively) in the wave packet transfer.
on the structure of the FranelfCondon maps (as shown in  For Av = 0 maximum parallel transfer is achieved. The results under
Figure 7), which are rather general, and not on the specific these conditions are explored in Figure 13.
details of the potentials, where the simplifying assumptions of
the model (based on identical but displaced Morse potentials) initial wave function (between = 7 andv = 12 in Vs). While

seems more questionable. in Figure 7, there are clearly different regions (diamonds and
To show the possible applications of the previous schemessquares) that allow parallel and sequential transfers, in Figure

to a specific molecule, we consider two cases in:Rthe 11, itis not possible to distinguish these regions in the Franck

transfer of population from the singlet'I, state ¥s) to the Condon map. Certainly, it will not be possible to transfer the

triplet 3* , potential ¥/7), or from DI, to 2211, (V). In the wave packet in parallel.
first case, we use a laser with carrier wavenumber 8800'cm The second chosen transition in Rb a good candidate to
to induce closely off-resonant interaction with the potentfalb apply the proposed schemes, with a FranClondon map (panel
(Ve). In the second case, the sam@l5 potential causes the ¢ in Figure 12) similar to that of the general model (Figure 7).
Stark shift by using a pulse with carrier wavenumber 9900'cm  On the other hand, the different vibrational quant&#x) and
Figures 11 and 12 show the potential energy curves and Vr(x) (33.4 and 41.8 crt, respectively), is quite large. The
Franck-Condon maps obtained for the chosen transitions in difference in the vibrational quanta affects the transfer in the
Rb,. The electronic states were obtained by ab initio calculations same way as the anharmonicity, enabling the sequential transfer
by Park et al2? whereas the FranekCondon amplitudes (panel  (Section 3.3) but reducing the efficiency of the parallel transfer.
c) were calculated by numerically integrating the overlap ~ We have further estimated the expected maximum yield of
integrals of the vibrational eigenstates obtained by the Fourier- spin transfer oftyy(X) from the DI, to the 2I1, potentials.
grid Hamiltonian techniqué® In the figures, we also show the  Figure 13 shows the maximum population transferred during
triplet light-induced potentials that are formed wétke 77 MV/ 20 ps at different laser intensities. At low intensities, we observe
cm (implying a peak intensity of7.9 TW/cn?, panel b). clusters of peaks that imply the sequential transfer of adjacent
As we have explained before, the important parameters to eigenstates ofiy(X). For instance, at ~ 92.5 MV/cm (with
control the spir-orbit coupling are the FranekCondon am- ~11.4 TWicn? peak intensity), the Stark shift induces the
plitudes and the energy difference between the vibrational statesresonance between tHeg(x) component of the initial wave
in Vs(x) and V+(x). Comparing Figure 7 of the general model packet and the targé#;4(x) wave function; around this value,
in Section 3 with panel c in Figure 11 for the first application the different peaks reflect the transfer of the other vibrational
to a Riy transition, we can easily infer that it will not be possible components so that more than 90% of the initial wave function
to apply a similar strategy to both cases. The structure of the is sequentially transferred to the triplet potential with an energy
Franck-Condon maps are very different in the region of the displacement of approximately 6 vibrational quanta. That is,
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Figure 13. Maximum population transferred from'0, to 2°[1,, after

20 ps for different laser amplitudes. With~ 100 ande ~ 104 MV/

cm, the transfer can proceed in parallel, with an overall shithof=

2 and 0 vibrational quanta, respectively. Whereas with92 and 110
MV/cm, the transfer can proceed sequentially, with an overal shift of
Av = 6 and—3 vibrational quanta, respectively.

the switching occurs fromg,(X) — 3¢,(X) with o/ = v + 6

(Av = 6). The similar cluster structures at moderate intensities
show that the initial wave function can be sequentially trans-
ferred to different target triplet vibrational states, implying
different shifts in the vibrational quanta of the overall wave
packet.

However, as the laser intensity increases, the structure of a

cluster of distinguishable peaks collapses into a broad band
This fact reflects that the FranelCondon amplitudes are

increasing so that the detuning is not large enough to avoid the
transfer of adjacent vibrational components: that is, the transfer
is no longer independent for each component. At the highest

value (fore ~ 103.8 MV/cm), the overall population transferred
is ~70%. This is the highest efficiency that one can achieve by
parallel transfer otyy(x) from DI, to 2°I1,. At this amplitude,
Us(X) is practically in resonance witl+(x) and the spin switch
involves no energy shift in the transfer &)4(X) (Av = 0).
Finally, at larger pulse intensities, the FrargRondon ampli-

tudes decrease again and some partial sequential transfer ca

be again achieved, but with lower efficiency. Additionally, since
Us(x) is now belowU+(x), the vibrational displacement in the

transfer involves a negativ&v, and some components of the
initial wave packet cannot be transferred.

5. Conclusions

The numerical results presented in this work, both for the
general simple model and for the implementation in,Rhow
that it is in principle possible to achieve vibrationally selective
population transfer between electronic states of different

multiplicity by using strong nonresonant pulses. Quantum state ,, ,

selectivity imposes very restrictive conditions on the required
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mental test of the scheme is feasible, particularly to reduce the
role of multiphoton ionization of the molecule.

The intensity requirements are given by the need of strong
Stark shifts. IfVr(X) is closer toVs(x), then one will need less
intense pulses. Additionally, one can tune the laser frequency
closer to resonance betwedh(x) and Vg(x). Then the Stark
shift will depend quasilinearly oainstead of quadratically (eq
3). However, this will make more difficult the adiabaticity of
the population transfer to a single vibronic triplet state because
more population will temporally excitég(x), and additionally,
the state-selective transfer will be more sensitive to instabilities
in the energy of the field. For other singtdriplet transitions
in Rby, it might be possible to reduce the laser intensity needs
to one-half or one-quarter of those used here.

The time needed for the spin switch depends inversely on
the spin-orbit coupling (eq 6) so that, for larg®¥ko, one could
reduce the laser duration. However, in order to guarantee state-
to-state selectivity, the target state (and tRilsmust be chosen
so that the final time is solely fixed by the vibrational energy
structure of the initial singlet and target triplet wave packets.
The time constraints are given by the energy difference between
adjacent vibrational states (in the state-to-state selective transfer)
or, even worse, by the energy difference between the vibrational
guanta in the singlet and triplet potentials (in the sequential
transfer). For Rp these constraints will put the time duration
of the spin switch in the 1620 ps regime. Only in the parallel
transfer one might be able to use femtosecond laser pulses.

Other than disregarding multiphoton ionization and assuming
the molecular alignment with the field, which may hamper or
make difficult the success of the experiment, it is the laser
stability requirements of the field that will really affect the
outcome of the state-selective spin transfer. Using the simple
model of Section 3, we have observed that one needs a laser
stability in the pulse amplitude quite better than 2% in order to
ensure the state selectivity in the sequential transfer. This can
also be inferred from Figure 13. Small variations in the field
amplitude lead to different resonances (different spikes in the
maximum population transfer in Figure 13). However, the

tability is much larger in the region of parallel transfer.

Ithough the fidelity of the transfer and the degree of quantum
control are weaker in the parallel scheme, we expect this strategy
to be ready for experimental test with available laser facilities.
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