The time-scale of nonlinear events driven by strong fields:
Can one control the spin-coupling before ionization runs
over?
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Abstract. An initially populated spin manifold interacting with antexnal field can decay

via spin-coupling or via ionization. Using a simple two-é¥amiltonian we investigate the
relation between spin coupling and ionization rate andtifieconditions for an efficient spin-

control by suppressing ionization. The results are confirinesolving the time-dependent
Schrodinger equation for the interaction of a laser fielthvéi spin-coupled model system
where two electrons and a nucleus move in a collinear cordigur. It is thus shown, that
guantum control of intersystem crossing can indeed betéféeif the intensity of the external

field and the accompanying Stark-shift is adjusted progertize spin coupling-strength.
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1. Introduction

With the development of ultrafast and ultrastrong lases@sil many nonlinear processes in
molecules have been observed and controlled experimgfiall]. Aside from enabling
multi-photon excitation pathways, a strong field inducegdaStark shifts that can deeply
alter the structure of the electronic potentials [3, 4, 5716, These effects have been used
to induce molecular alignment [8, 9, 10, 11, 12, 13, 14], teisisselective population
transfer between vibronic states [15, 16, 17, 18, 19, 20]cdotrol photodissociation
reactions [21, 22, 23, 24, 25], modify the rate of photocloainprocesses [26, 27, 28, 29]
or even change the bond length of molecules [30, 31, 32, 33, 34

We are interested in the control of spin transitions via di@paar optical control strategy,
based on the nonresonant dynamic Stark Effect (NRDSE) [2]L, By Stark shifting the
electronic spectra in the presence of a strong nonresoméhtdine can force the decoupling
of the singlet and triplet states on a system with othervaseihtersystem crossing. However,
the presence of strong fields triggers many other (unwantu)near processes, in particular
multi-photon absorption to excited singlet (and tripleégtes and, more importantly, multi-
photon ionization. In this work we characterize the cowdisi required to control the spin
transition on a time-scale shorter than the onset of iolwimatin particular we show under
what intensities one observes a change from Stark-shifedri.e. controlled) to ionization
driven driven dynamics, setting limits for the maximum \edwf the spin couplings under
which the system is controllable via an NRDSE process.

The accurate calculation of the rate of ionization undemsgifields, beyond perturbation
theory, is a difficult enterprise that, nonetheless, hasommec quite important with the
birth of attosecond Physics [2]. For two-electron systegnsl-based propagation schemes
using regularized soft-core Coulomb potentials [35, 36,i8Tew dimensions (for instance,
one dimension per electron) provide a reasonable grounth®evaluation of dynamical
processes where both multi-photon and tunneling ionimatam occur. In previous work we
have studied the interplay between nonlinear field prosgssmipled electron and nuclear
motion and singlet-triplet transitions. We have developesl extended Shin-Metiu model
(ESM) [47] based on the original Hamiltonian introduced thyrSand Metiu to study charge
transfer processes in solids with screened Coulomb patsi#8, 39, 40, 41, 42, 43, 44, 45].
The ESM model is a dynamical model incorporating three degmef freedom (3D) for
a proton and two collinear electrons moving between two fixew, allowing transitions
between the singlet and triplet components of the eleatraanve function. Although much
flexibility exists in the choice of parameters, for symmaedticouplings between all particles
(equal charges and screenings) the ESM favors symmetrieadgements where the moving
ion is placed in between both fixed ions and each electronbstiween one fixed ion and the
central ion. When the separation between the fixed ionsgeJ&.gR=R, — Ry > 10A, two
nuclear equilibrium geometries exist. In this regard, agoolar analogue of the present ESM
structure conceivably looks more like an isomeric systetimarathan a diatomic molecule.

In this work we do not incorporate effects associated with tbtational degree of
freedoms. An off-resonant field creates an angle-depernmgantial so that, in general, the
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angular motion should be included in a theoretical desonp46]. In neglecting rotations
we adopt the reasonable approximation that the latter arsltov in comparison with the
relevant time-scales (of ST-transitions and ionizati@gpectively) which here are in the
femtosecond regime for the large coupling case. It is thasaeable to treat the nuclear
frame as frozen with respect to the rotational motion. Qtfe one can consider the ESM
model as a prototype for systems with limited rotation.

In addition, because of the large separation between theskgairons in average, the
energies of the here relevant singlet and triplet statealarest degenerate, specially around
the equilibrium geometries. Since the electronic wave tions come on pairs of symmetric
(singlet) and antisymmetric (triplet) states under exgeaof electron coordinateg; and
Z», any extra term in the Hamiltonian that is an odd functionzpf- z, acts as a very
effective source of spin-coupling between the near degémettates. The spin coupling is
then essentially that of a two-level problem.

In our former work [47, 48] we tuned the parameters of the ESaiiHtonian to force
spin switching from the ground electronic singlet state tiegenerate electronic triplet state
in 120 fs. We then showed that it is possible to control tha $@insition, locking the spin
populations, while at the same time minimizing multi-phot@bsorption [48]. However,
by solving the time-dependent Schrodinger equation (TD&Ea 3D grid we also found
that the rate of ionization is much faster than the natuesdeg(l-free) duration of the spin
transition, making the whole NRDSE scheme finally ineffee{é 7]. In this work we analyze
the conditions that are required to turn around this commtus The solution of the TDSE
with the ESM Hamiltonian involves cumbersome numericatgiations that do not permit
an easy evaluation of the interplay of different Hamiltenjgarameters, particularly when
they lead to opposite effects that are important in contr@lithe dynamics. In Section 2 we
build a minimal Hamiltonian for a two-level system with pokable spin states (Stark effect),
intramolecular spin couplings and effective ionizatiororf this so-called 2-PSI Hamiltonian
we obtain analytical expressions for the time-scales oizaiion and spin-transfer, using
a simple model for the ionization as a function of the field &mge. We show under
what conditions, that is, for what spin-coupling strengthss possible to decouple the spin
transition before the onset of ionization. In Section 3 we & numerical calculations from
the ESM dynamics to fit the parameters of the 2-PSI model ierotal obtain reasonable
estimates of the ionization rates within the framework & simple model. The analytical
expressions are then used as a guide to find the laser imsrsit a given spin coupling that
allow to decouple the spin states before substantial itioizaccurs. The actual test whether
control is possible is then carried out in Section 4 usingftitlg numerical ESM model for
different coupling strengths. Finally, Section 5 contaims conclusions.

2. The 2-PSI Model

In order to understand the control of the spin transfer viresonant Stark effect and the role
of the ionization, we first propose a simple two-level Haamian which includes the effect
of Stark shifts on a singlet and a triplet state coupled tt edlser via a spin interaction term
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Vsr. This model is the same as used in [48] but we include herefaatigk ionization raté
that we regard, for simplification, equal for the singlet amglet states

[ =il (g) V.
HEff_( Var A(s)—STiF(s)> @

where the Stark-shift is
Ae) = A(0) — (ar — ag)e?/2 )

and we will makeA(0) = 0 as in the ESM, where the ground singlet and triplet states ar
degenerate. Atomic units will be used throughout unlessrotise stated. To simplify the
notation we write = |a — dgl.
The characteristic time for the spin transfer in the absendee field is defined by

Tt
Ner 3)
In the presence of an external field, assuming for simplecitpnstant envelopg integrating
the time-dependent Schrodinger equation for the aboveilkteman [Eq.(1)] gives for the
triplet population:

2
Prt)=e <\£2—ST) sir? Qet (4)

e

TsT =

with Qe = ,/VSZT +A(g)2, and we assumed that initially, only the singlet state isutated,
i.e. Ps(t = 0)=1. The latter can be depopulated via ionization and spirsfea. The NRDSE
gives a prescription to avoid the spin transfer: Use a fietahst enough thah(g) > Vsr.

For instance, defining a maximum threshold value for thelatripopulation, Pf",
provides, via Eg.(4), the minimum (threshold) for the Stahkft, Ay,. Let us first neglect
ionization. From

m_ V&
Ph=_ST 5
T V2 03 ®)
we obtain
_ pm
Am = Vst || == = Vsrx¥/? (6)
Pr
where
X = PE/PF ™

is the relative singlet to triplet conversion at the thrddharhen the singlet population is the
minimum allowed. Clearly the control is possible as longhessgolarizabilities of the singlet
and triplet states are different enough;> 0. Since the Stark-shift is a quadratic effect in the
field, the threshold value for the field intensity is, from €.

Z\/S_l_xl/Z

2
€ =
m a

(8)
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Additionally, the field changes the time-scale of the spamsfer. If we defing, as the first
time the triplet population is maximal, for large(Am > Vsr) one obtains

n._, 1l
Te= §Qe Sy
Now we go back to the ionization problem. The goal of the aanis to avoid losing
population from the singlet state neither from a spin tamsinor from ionization. Given
the above Hamiltonian [Eq.(1)] the task is difficult, as asty field is needed to avoid spin
transfer while the strong field immediately induces ioriaviarl (¢). The key here is to find
under which conditions the time-scale of the ionization iechmslower than the time-scale of
the spin-transfer, such that one can maintain the populatithe initial state in the presence
of the field for a time longer tharsr.
We use here a simple but very general equation for the idoizais a function of the

=X st 9)

field
M =Ce", (10)

In a strong approximation the parametecan be related to the field frequency (twice the
number of photons required to reach ionization). We simpgjard Eq.(10) as an empirical
model. Under this view the model is in fact quite general aodghly reproduces the
ionization rate in the ESM Hamiltonian at short times, as vk show in the next section.
Thus, the parameters of Eq.(10) for the PSI-model will beaimietd by fitting the results of
the numerical simulations using the ESM Hamiltonian. Thedeli@llows a simple relation
between the time-scale of ionization and the field amplitiRifining the characteristic time
of ionization as the lifetimaio, = In2I 1, and inserting the threshold field given by Eq.(8)
for a fixedy we obtain

In2 a n/2
0= ¢ () 4
The relation between the characteristic times of the ginsfer and ionization is
s TC (2\"? s -2/2  onjay(n-2)/2
Ton _ 2In2 <6) X""Ver 77 = KX Ver 12)

whereK depends only on the non-spin-coupled part of the Hamiltothat gives the spectra
of the singlets and triplets and the ionization potentifiked for a certain set of parameters
in the ESM model, for instance) and is thus approximatelepehdent oVsr. Although
one can change the valuekfoy playing with different pulse frequencies (thus changimg
dynamic polarizability differenca) for the ESM model we have found that it is clearly larger
than 1 K ~ 40) [49]
The same result with an extga /2 factor is obtained by comparingg, with the time-
scale for the spin transfer in the presence of the field
Te _ Kx(n—z)/4vs(_rr\f2)/2 (13)
Tion
Clearly if n = 2, thentsr /Tion = le/z, and the time-scales for ionization and spin transfer
will be fixed by the non-spin-coupled part of the Hamiltoniakvith K > 1 this makes
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ionization the dominant process. However, for values different than 2, it will be possible

to privilege one process versus the other. We will show inntévet section that for the ESM
with symmetric parameters,> 2. Thus the spin-transfer can be controlled before the onset
of ionization in the regime of weak spin couplings or snviy.

3. Fitting the 2-PSI parameters with the ESM model: the ioniation rate

Following the simple 2-PSI model, the most relevant parantetdetermine if one can control
the spin-transfer by a quadratic field effect (the Starktsb#éfore the ionization takes place,
is the exponent that measures the dependence of the ionization rate on lthevileich will
depend on the Hamiltonian model.

We now turn to the full ESM Hamiltonian. The ESM couples theg&t manifold
(symmetric wave functions) with the triplet manifold (@ymmetric wave functions). In

matrix form:
H(z1,22,Z2) MNzn—2)
H = 14

ESM ( }\(Zl — 22) H (Zl, 22, Z) ( )

The coupling is chosen as the simplest antisymmetric forth tie spin coupling strength
given byA. The diagonal part is the 3D Hamiltonian for the collineattioi of two electrons
(z1 andz) and one proton4) with massm

102 10> 1 0
202 202 2moz2
under an effective (screened) Coulomb type poteMia,z,Z). In what follows, In this
work we varyA. As a reference value, we use the coupling streAgti 1.028- 103 eV/A
that was recently tested to control the spin-transfer dyosijd7, 48]. For this choice of
parameters we observegr o = 120 fs. Here and in the following, a subindex "0” refers to
results obtained with this set of parameters.

In order to fit the parameters of the 2-PSI model we solve thee-lependent
Schrodinger equation on &3yrid with the ESM Hamiltonian [47, 48] using the split openat
with fast Fourier transform [50, 51]. The spatial grid foethuclear coordinate ranges from
-4 A to +4 A, whereas the spatial grid for the electron coordinatesyisied into an inner
region(|x| and|y| < 10A) and an outer region| or |y| > 10 A) where the wavefunction is
damped by an absorbing boundary. Assuming that ionizasi@ffective in the outer region,
the non-ionized population corresponds to the norm of theefumction in the inner region.

Since we are interested only in the rate of ionization as atfon of the field, the spin
coupling is set to zero\(= 0) in these simulations in order to avoid spin transfer. Thepe
of the electric field is a sfafunction which rises from timé = 0 to 50 a.u. (1.21 fs) to its
maximum and is then kept constant at the latter value. Thaireéng, non-ionized population
Pni(t), which corresponds tes(t) in the 2-PSI model, was calculated for different values
of the field amplitudee sampled over more than one order of magnitude at a frequency
w = 0.06 a.u. The frequency was chosen following the analysis 8f here efficient
control of the spin-transition was observed for frequenidielow and above some possible

H(Zl,Zz,Z) = —l—V(Zl,Zz,Z) (15)
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Figure 1. (a) Logarithmic decay of the remaining (non ionized) pogiataIn(Py) as a
function of time, for different pulse amplitudesfrom 0.01 to Q03 a.u. andw = 0.06 a.u.
The solid lines show the best linear fits at short times up ®f&0 (b) Logarithmic fit of the
population decay due to ionization with respect to the fielghtude giving a slope af = 2.6.

one-photon electronic resonances in a simplified ESM Hamidin obtained by truncating
the electronic basis to the first 6 Born-Oppenheimer staissggarding ionization and non-
adiabatic transitions. Then(IR,) ~ —I't was linearly fitted to obtain the rate of ionizatibn
Fig.1 (a) shows that the linear fit is reasonably good as seaarsdzation sets in, i.e., when
the wave packet leaves the edges of tBegsid.

In Fig.1 (b) we show the results of fittifg to the field amplitude in logarithmic scale
(because we are only interested in the slope of the curvesarfuments of the logarithms
are the rates in fst and field strengths in a.u., respectively). With amplitudesging
approximately from 0.002 to 0.030 a.u. the behavior is axiprately linear with an exponent
of n= 2.6. Deviations occur for lower intensities i.e. longer i@tion times because the
simple 2-PSI model fails to take into account the dependehitee rate with the ion’s motion.
However, the exponential model still provides a reasonedtienate. Power-law dependencies
of the ion signal on the laser intensity with exponents betwene and two are familiar from
1+1 photon resonance enhanced multiphoton ionizatiorudsest, e.g., in the case of the NO
molecule, see Ref. [52] and references therein.
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Figure 2. Triplet state population (a) and probability of ionizatidr) as a function of the time
scaled with respect to the spin-flipping tint¢tsr) for different spin coupling strengths, given
as multiples of a reference inverse strenggho. The results are obtained from the numerical
solution of the time-dependent Schrodinger equationerESM-model and show that for
Tst ~ 251gr g it is already possible to control the spin transition befsignificant ionization
occurs.

4. Control of spin-transfer before the onset of ionization

As shown in the previous section, can be fitted with the form given by Eqg.(10) with an
exponent close to but larger than 2. Thus, one expectg ¢hahay become smaller tham,,
for weakVsr. However, the small departure from the quadratic deperedienglies that large
changes inVgr (or correspondinglytsr) will be needed to observe a shift from ionization
driven to Stark-shift driven dynamics, where the spin tfans controlled before ionization
takes over.

For instance, taking the results of [47] as a reference, ggith 0.017 a.u. we obtained
X ~ 10 (this is a rough estimation, since due to the fast ioromaitiis difficult to assess the
decoupling between the spin states) anpdo ~ 22 fs, which is about 6 times shorter than
Tsr 0. With n= 2.6, in order to make;jon ~ Tsr while keepingy, we would need to work with
a Hamiltonian with a much weaker coupliNgr

N 7 RN ) R S
Vsro Tion TsT,0 TsT0 6 390

Thus, only when the spin coupling is roughly 400 times wedlkan the reference result is it
possible to avoid the spin transition before substantiaization occurs working with fields
of an amplitude an order of magnitude weaker. In fact, asEgt{ows, it will be possible to
observe the effect on the spin decoupling before, stga@n be easily 3- 10 times shorter
thantsr.

In Fig.2 we show how the probability of ionization and the ragge spin angular
momentumS,, = v/2Pr vary as a function of the scaled time/{sr) for different choices
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of the spin coupling, here written as different multiplestioé reference time for the spin
transition,Tsr o. In the absence of an external control fie®)y rises toy/2 (not shown in
the figure) while in the strong coupling cas®y, reaches a plateau of 0.6. The curve
shows many oscillations due to numerical instabilitiespectically all population ionizes
and thereforé, get close to zero aftér~ 0.21sr o = 24 fs. With a coupling ten times weaker
(tst = 101sr 0), Using a fielct = 0.00537 a.u~ 1/1/10- & the ionization dominates{50%)
beforetsr. However, as the relation of singlet to triplet state popatais x ~ 10 andte ~ Tjon
one can observe the first attenuated coherent oscillatiéh,diefore ionization takes over
the system. For even weaker couplings one can clearly abs$eevprocess of spin locking
with minor ionization & 20%) at times smaller or even of the ordertgf. For instance,
with tst = 25tsr0 we have used = 0.0034 a.u. ~ 1/\/?3- go While for 1st = 501s7 0
we usede = 0.0024a.u. ~ 1/4/50- €. These results show that for a coupling strength
of Vgt < 1/25-Vsr o efficient spin locking can be achieved before significanization
occurs. The rough guess given by Eq.(16) underestimatesothii@ing strength required for
an efficient control, but gives the right order of magnitudedonvenient parameters.

5. Summary and Conclusion

In this work we show that spin locking with the help of extdrmlactric fields can, in principle,
be achieved under certain conditions. We first analyze aeabnization and control of spin
transfer via the nonresonant dynamic Stark Effect (NRDSfBgse in a very simple, but
general, two-level approximation of a non-resonantly elnigystem with strong internuclear
(singlet-triplet) couplings. It is found that the key fewdthat determines if optical spin
control is possible or notis the dependence of the ioninaite on the control field amplitude.
In a simple empirical model this dependence can be appra&tnas a power law with
the exponent deciding if ionization or control is the prediwant process for a given set of
parameters.

The 2-PSI model reduces the electronic active states torthend manifold (the singlet
and triplet quasi-degenerate states) and lacks any nutyeamics. However, it can be used
a guide to find suitable regimes or ranges of parameters vamerean achieve the control of
spin coupling in more complex systems. This requires theipus fitting of the parameters
of the model with respect to the dynamics of the complex systet is being approximated.

As a numerical study, in this work we have investigated th&rod of the spin state in a
coupled two-electron-nucleus motion under a strong fiedahely the ESM Hamiltonian. It
was found that the analytical estimates for the optimalesiof spin coupling versus electric
field strength are useful to establish an efficient quantuntrobof spin transitions before
ionization is effective. Thus the competing processes wi-spnsitions and ionization can,
within certain limits, be influenced. In particular, for aglvely weak spin couplings and
control field intensities we could achieve efficient spirking in an initial singlet state.

It has to be noted that our conclusions rest on the particutatel (the ESM Hamiltonian)
that we employ in the calculation. However, the coupledted@cnuclei model contains many
essential ingredients for the description of the dynamicsiolecules in laser fields. For
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example, it incorporates not only the ST-coupling but ateinfluence of vibrational motion
on the accompanying transitions being important in, eigadicals which exhibit crucial ST-
interactions [53]. Also, with respect to the electroniwsture, the entire manifold of singlet-
and triplet-states is included [47]. Within the ESM modesipossible, by a proper choice of
parameters, to increase the density of electronic stateshywhevertheless, is enough in the
present study to allow a very efficient ionization.

Indeed, one may claim that the ESM Hamiltonian poses verlferiging conditions for
the control of the spin state. Namely, one observes onesphresonant enhanced ionization
and, on the other hand, the spin-coupling is very effectigethe singlet and triplet states are
resonant or quasi-resonant for most nuclear geometriggcdte nuclear dynamics does not
reduce the efficiency of the singlet-triplet transitionyamild be expected in other systems.

Therefore, although we emphasize the model character opriagent study, we are
confident that our main point, namely that it is possible totoa the ST-transitions in the
presence of ionization, is still valid if the dynamics of thgstem is more complicated,
i.e., when the numbers of nuclear degrees of freedom anukadensity of electronic states
increases. In each case, the spin-flip time is modified sotlteafield parameters have to
be adjusted accordingly to achieve a successful controprdwee this definitely, much more
elaborate studies are necessary which provides a challentie future.
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