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ABSTRACT

Controlling electronic decoherence in molecules is an outstanding challenge in chemistry. Recent advances in the theory of electronic
decoherence [B. Gu and I. Franco, J. Phys. Chem. Lett. 9, 773 (2018)] have demonstrated that it is possible to manipulate the rate of elec-
tronic coherence loss via control of the relative phase in the initial electronic superposition state. This control emerges when there are
both relaxation and pure-dephasing channels for decoherence and applies to initially separable electron-nuclear states. In this paper, we
demonstrate that (1) such an initial superposition state and the subsequent quantum control of electronic decoherence can be created via
weak-field one-photon photoexcitation with few-cycle laser pulses of definite carrier envelope phase (CEP), provided the system is initially
prepared in a separable electron-nuclear state. However, we also demonstrate that (2) when stationary molecular states (which are gen-
erally not separable) are considered, such one-photon laser control disappears. Remarkably, this happens even in situations in which the
initially factorizable state is an excellent approximation to the stationary state with fidelity above 98.5%. The laser control that emerges for
initially separable states is shown to arise because these states are superpositions of molecular eigenstates that open up CEP-controllable
interference routes at the one-photon limit. Using these insights, we demonstrate that (3) the laser control of electronic decoherence
from stationary states can be recovered by using a two-pulse control scheme, with the first pulse creating a vibronic superposition state
and the second one inducing interference. This contribution advances a viable scheme for the laser control of electronic decoherence
and exposes a surprising artifact that is introduced by widely used initially factorizable system-bath states in the field of open quantum
systems.

Published under license by AIP Publishing.

I. INTRODUCTION

One of the greatest challenges in using molecules for quan-
tum technologies including quantum control and quantum infor-
mation is to overcome the deleterious effects due to decoherence.
Such decoherence arises from the unavoidable interactions of the
system of interest with environmental degrees of freedom and lim-
its the ability of quantum systems to fully exhibit their quantum
mechanical features. Developing methods to preserve coher-
ence of electronic, vibrational, and vibronic degrees of freedom
is essential to observe non-trivial quantum mechanical effects in
molecules, to enhance molecular function through coherence,

and to exert quantum control of chemical processes™ " as desirable
for femto- and attochemistry, quantum information sciences,
and the development of enhanced spectroscopies.

During decoherence, a system changes from a pure state
with density matrix o(t) = |y)(y| to a statistical mixture of states
o(t) = Zipilwi)(vi| (pi > 0) due to the entanglement of the system
(the degrees of freedom of interest) with the surrounding bath.
To quantify the degree of decoherence, it is useful to follow the
purity defined as P(t) = Trs[o*(t)] < 1, where the trace Trs[O]
is over the system degrees of freedom. Purity is a well-defined basis-
independent measure of decoherence™’ that quantifies the degree of
non-idempotency of the reduced density matrix of the system of
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interest. The quantity P = 1 for pure states and P < 1 for mixed
states.

A challenging and important problem in decoherence is
to identify viable methods to preserve electronic coherence in
molecules. Such decoherence arises due to electron-nuclear entan-
glement” and has a typical timescale of ~10 s. It accompanies
photoexcitation, passage through conical intersections, electron
transfer, or any other process that creates superpositions of elec-
tronic states. Its consequences can be monitored through purely
electronic observables such as currents as in Refs. 22-25 or
in laser spectroscopies that measure polarization response after
photoexcitation. This is because the photoinduced polarization
decays with the decay of electronic coherences. In fact, for a
general electron-nuclear state |W(t)) = Yi|yi(f))|¢:i), where {|¢i)}
are orthonormal electronic energy eigenstates and |xi(t)) are
nuclear wavepackets associated with the ith electronic state, the
time-dependent dipole that determines the polarization is (u(t))
= phe + pn) = Tij(Biluel i) (xiOxi (1) + Zilxi(O)|unlxi(1)), where
Ue is the electronic component of the dipole operator and u, is
the nuclear one. Thus, a decay in nuclear wave packet overlaps
[{(xi(t)|xi(t)}| for i # j leads to a decay in the coherences of the
electronic density matrix o = Y;,;(x;j()|x:(¢))|$i){¢j|, polarization
oc(u(t)), and electronic purity P(t) = ¥;; |()(J(1‘)|)(,(t))|2

In this context, a recently developed theory of electronic
decoherence revealed an opportunity to enhance electronic
coherence through the manipulation of initial phases in an elec-
tronic superposition state. Specifically, in Refs. and 27, it
was demonstrated that for molecular systems with configuration-
varying diabatic couplings, such as those that lead to conical
intersections in the Franck-Condon region that is accessed via
vertical photoexcitation, it is possible to manipulate the rate
of electronic decoherence by controlling the relative phase in
the initial electronic superposition state. This possibility of con-
trolling decoherence was subsequently numerically demonstrated
by Arnold et al.”" They found that the control of electronic
decoherence is possible, given that a coherent electronic wave
packet embodying the phase difference passes through a conical
intersection.

The initial theory """ and subsequent simulations™" suppose a
separable initial electron-nuclear state of the form
%) = (cglg) + cele)) @ [xo)s M

where y0(R) = (R|xo) is the nuclear state and |g) and |e) refer to
the ground and excited electronic states, respectively. By manipu-
lating the relative phase 6, cgc; = |cgfcele®, of this initial super-
position, it is possible to control the decoherence rate when pure-
dephasing and relaxation decoherence mechanisms, the latter being
opened by the diabatic couplings, are simultaneously at play.
The challenge then is to physically create such a separable state
with various relative phases before electronic decoherence takes
place.

In this paper, we investigate the possibility of using few-
cycle laser pulses to create such states and control electronic
decoherence in molecules. Recent developments in ultrafast laser
science allow for the production of laser pulses with just a
few cycles and a well-defined carrier envelope phase ¢cgp.
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The advantage of using few-cycle laser sources is that they
can be used to impulsively excite the molecule in an ultrafast
timescale such that the nuclear environment remains frozen dur-
ing photoexcitation, as is needed to create a state of the form in
Eq. (1).
Specifically, we first demonstrate that photoexcitation of a
molecular system initially prepared in a separable electron-nuclear
state |¥(0)) = |g) ® |xo) using a few-cycle laser pulse in the weak-field
limit leads to states as in Eq. (1) and to a decoherence dynamics that
can be manipulated by varying the ¢cep. Thus, such laser pulses, in
principle, offer a possible route to exert the laser control of electronic
decoherence.

Despite this progress, a key assumption in Refs. 26-28 and in
the above analysis is that the molecule can be prepared in an initially
separable electron-nuclear state. Such separable states are often-
invoked in the theory of open quantum systems ~ as they are con-
venient in theoretical considerations. However, they are clearly an
idealization. In fact, for molecules separable, electron-nuclear states
only arise in the limit in which the Born-Oppenheimer approx-
imation is exact.” Nevertheless, such states can be a very good
approximation to the true eigenstates, e.g., for an electronic ground
state that is electronically decoupled to higher lying electronic
states.

Below, we examine the influence of the initial state on the
laser control and show that, surprisingly, the one-photon laser con-
trol disappears when the molecule is initially prepared in a station-
ary molecular state. Remarkably, this happens even in situations in
which the separable state is an excellent approximation to the true
molecular eigenstate with fidelities above 98.5%. This is also sur-
prising from a coherent control perspective as subsystem purity is
beyond the scope of existing theorems that preclude the existence
of one-photon phase control. Thus, the often-invoked initially
factorizable state introduces spurious routes for the laser control.

Through a detailed analysis of the origins of these intriguing
observations, we demonstrate that the non-stationary character of
the initial separable state opens interference channels that can be
controlled through laser phases at the one-photon limit. We then
use these insights to develop a two-pulse laser control scheme of
electronic decoherence that can be used for arbitrary initial states.
In it, the first pulse creates a superposition state between the desired
levels, and the second pulse introduces the interference that can be
used for control.

The structure of this paper is as follows: In Sec. II, we briefly
summarize the theory of electronic decoherence timescales that
revealed the possibility of controlling decoherence via manipula-
tion of initial phases. Then, in Sec. I1I, we introduce our computa-
tional methods and the exemplifying (photoisomerization and dis-
placed harmonic oscillator) models employed to test the feasibility
of implementing such a theory through actual laser photoexcita-
tion. The achieved laser control of electronic decoherence from ini-
tially separable states in these models and its disappearance from
stationary states are discussed in Secs. and . Then, in
Sec. , we provide an analysis of these phenomena in the con-
text of a minimal analytical model that captures the essential fea-
tures of the problem. In Sec. , we summarize our main find-
ings and discuss the qualitative origin and the minimum require-
ments for the laser phase control of electronic decoherence. Based
on this analysis, in Sec. V, we propose a laser control strategy of

J. Chem. Phys. 152, 184305 (2020); doi: 10.1063/5.0002166
Published under license by AIP Publishing

152, 184305-2



The Journal
of Chemical Physics

electronic decoherence that can be employed for arbitrary initial
states.

II. THEORY OF ELECTRONIC DECOHERENCE
TIMESCALES

In the interest of clarity, we first summarize the theory of elec-
tronic decoherence timescales that forms the starting point of this
analysis. Consider a system interacting with an environment with
Hamiltonian H = Hs+ Hp + Hsp, where Hs describes the system, Hg
describes the bath, and

Hgp = Z Sa ® By (2)

describes their interaction. Here, Sy refers to an operator in the
Hilbert space of the system, while B, are operators in the Hilbert
space of the bath. To define a decoherence time, in Ref. 26, we
assumed that the system is initially in a pure state that decoheres as a
result of the dynamics. This implies that at initial time, the system-
bath state p(0) = ¢(0) ® pp(0) is not entangled and the purity
P(0) = 1, where pp(t) is the reduced density matrix for the bath.
To capture the early time purity dynamics, we performed a second
order expansion of the Liouville-von Neumann equation satisfied
by the composite system ih4p = [H,p] around initial time ¢ = 0,
p(t) = p(0) + t%p(t)‘t:o + g ;—;p(t)’t . By tracing over the bath
to obtain a short-time expansion of the density matrix of the sys-
tem o(t) and calculating purity, we isolated a general and simple
relation for the initial purity decay. The procedure revealed that for
early times, the purity decays like a Gaussian P(t) = ¢/ with the
decoherence timescale

-1/2
Tqg = h(z Z AaBﬂ X Aig) . (3)
op

Here, AS; = (SaSp) — (Sa)(Sp) and Ay = (BuBg) — (Bu)(Bg) are
the initial-time crossed fluctuations (covariances) of the system
and the bath operators entering Hgp. If the long time limit of
the system purity Poo = limy_.o P(t) is known, one can inter-
polate the short and asymptotic purity behavior as P(t) — Poo
~ (1 - Poo )87(1*7%)’l (/)"

The result in Eq. (3) is universal. It applies to any initially pure
system in interaction with a bath and does not invoke common
approximations employed in open quantum system dynamics, such
as Markovian dynamics, harmonic baths, or rotating-wave approxi-
mations. The physical idea conveyed by Eq. (3) is that the larger the
quantum fluctuations of the operators that enter into Hsz at initial
time the faster the decoherence. The Gaussian shape of the decoher-
ence decay is fundamental and can be regarded as a consequence of
the quantum Zeno effect.”” The often-assumed exponential coher-
ence decay arises in the particular limit in which the environment is
Markovian.” Such a limit is beyond the applicability of the early time
expansion.

Equation (3) makes it straightforward to calculate decoherence
timescales for any system-bath model. In particular, in Ref. 27, we
used it to develop a generalized theory of electronic decoherence in
molecules that we now summarize. Consider a general two-surface
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molecular Hamiltonian of the form

Hy = Hglg)(g| + Hele)(e] + Vee(R)[g) (el + Veg(R)[e){g]
= Hy ® Lo + Eeg(R)[e) (] + Vie(R)[g){e] + Veg(R)[e)(g]-  (4)

Here, |g) and |e) refer to electronic ground and excited diabatic
states (eigenstates of the electronic Hamiltonian of the molecule for
a fixed reference nuclear geometry Ry), respectively. The operators
Hy = Tx + Vg(R) and He = Ty + V.(R) denote the nuclear Hamilto-
nians in ground and excited electronic states, respectively, Z, is the
identity in electronic subspace, and &, (R) = H, — H, is the energy
gap operator between the ground and excited diabatic potential
energy surfaces (DPES). The quantity Vi (R) [: V;;,(R)] represents
the diabatic couplings between DPES caused by the electron-nuclear
couplings.

To apply the theory of decoherence timescales, the molecule
is taken to be in a initially separable electron-nuclear state
p(0) = (0) ® pg(0), where the electronic state a(0) = |y)(y]| is
a superposition |y) = (cg|g) + cele)). The electron-nuclear interac-
tion terms in Eq. are of the form in Eq. and thus can be
directly inserted into Eq. (3) to generate a timescale for electronic
decoherence,

1= %[\cg|2|ce|2<826eg> + (1~ 4leg[ee” cos® ) {6 Veg)

+ 2(|Cg|2 - |Ce|2)‘cg lce| cos 9<556g5V6g)]- (5)

Here, 0 is the relative phase in the initial superposition cc;
= |cglcele®, 60 = O - (0), and 6°0 = O* - (0)?, where (O)
= Tr{p(0)O} = Trz{pp(0)O} for O defined in the nuclear Hilbert
space.

The physical meaning of the terms in 7, is as follows: The
first term due to the quantum fluctuations of the energy gap
({0*E)) is the decoherence between two DPES that represent pure-
dephasing effects previously identified by Rossky.”” It is pure-
dephasing because it leads to decoherence without net exchange
of energy between the system and surroundings as it arises from
the E(R)|e)(e| term in the Hamiltonian. In addition, the theory
reveals that electronic transitions among diabatic states induced by
the nuclei introduce an additional important channel for electronic
decoherence quantified by the term proportional to (& Veg). Such
electronic transitions and the resulting energy exchange between
electrons and nuclei are necessary for the emergence of relaxation.
Surprisingly, contrary to Bloch equations ideas where dephasing and
relaxation effects contribute separately to decoherence,” we find
that these two contributions interfere as revealed by the third term
in Eq. (5). For definitiveness, Eq. (5) focuses on two-surface mod-
els. However, the theory has been extended to the many-surface
case.

Importantly, the theory reveals that when both relaxation and
pure dephasing effects are at play, it is possible to control the deco-
herence rate by simply changing the phase 6 of the initial super-
position, thus opening opportunities for the quantum control of
decoherence. Such 0 dependent terms arise when the diabatic cou-
plings Vg (R) vary spatially with R such that their initial-state fluc-
tuations are non-zero. This is the case, for example, in conical
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intersections and underlies the observations in Ref.
conical intersections are not a necessary requirement.

The phase dependence in the purity can be employed to
enhance or suppress the decoherence with respect to what would
have been obtained if such phase was uncontrollable. To see this,
contrast the purity dynamics for a given 6, P(6), with that obtained
by considering 6 as a uniformly distributed random variable,
Pin = i /g"dGP(G). Their difference

. However,

4
P(t) = Pun(t) = ﬁ[lcglzlcel2 c0s(20) (8" Vg) = (lcgl” = [eel*)
x |cgce| cos B(8E0Veg)] + O(1Y) (6)

can be positive or negative, indicating that the phase dependence can
be used to mitigate or enhance the decoherence.

11l. MODEL AND METHODS

To study the possibility of using lasers to control electronic
decoherence, we simulated the decoherence dynamics in a model
of internal torsion photoisomerization (Model I) and a displaced
harmonic oscillator model (Model II), which are two basic models
for the photoexcited dynamics of molecules. We focus on mini-
mal exemplifying models with two electronic states and one nuclear
degree of freedom. As shown in Ref. 35, one nuclear degree of
freedom is enough to induce the electronic coherence loss. The
models are generic enough to reveal the basic features of the laser
control.

A. Model I: Photoisomerization

Model I describes photoisomerization along a torsional coordi-
nate ¢ with DPES shown in . It is adapted from the model
in Ref. 36 for the cis-trans photoisomerization of rhodopsin. Here,

in the notation of Eq. (4), Hy = _%ddT; + 3 We(1 - cos¢) and
H, = —%dd—(; + hwo — W, (1 - cos ¢), where fwy denotes the ver-

tical transition energy of ¢ = 0, 7, I is the moment of inertia, and
W, (n =g, e) denotes the first coefficient of the Fourier series expan-
sion of the periodic torsional potential. As diabatic couplings, we
choose Vg = Ve = Ao — A1 cos ¢, where Ao and Ay characterize the
strength of the constant and space-dependent diabatic couplings,
respectively. This type of coupling respects the periodic nature of

Ag ‘ Model | ‘ B 16

‘ Model 1l ‘
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the DPES. Furthermore, for A; # 0, the fluctuations (8°Ve) and
(SEeg(? Veg) in Eq. (5) are non-zero, and coherent control of electronic
decoherence should, in principle, be possible (Sec. I1).

Contrary to the rhodopsin model in Ref. 36, for simplicity, this
model only has one nuclear degree of freedom, and the diabatic
coupling is taken to be along the torsional coordinate. In the simu-
lations, we employ the same parameters identified for the rhodopsin
model with Aiwy =2.48 eV, "' =4.84 x 107* eV, W =3.6 eV, and
We =1.09 eV. The laser control of electronic decoherence for molec-
ular systems with space-dependent (Ao = 0 eV and A; = 0.19 eV),
constant (A9 = 0.19 eV and A; = 0 eV), and zero (Ao = A; = 0 eV)
diabatic couplings are studied in Sec.

B. Model II: Displaced harmonic oscillator

Model II is a one-dimensional displaced harmonic oscillator
model with DPES shown in . In this model, H, = —% ;—;
+ %Kg(x - xg)2 and H, = —%j—; + hwy + %Ke(x - xe)z, where x
is a dimensionless nuclear coordinate. Here, m is the nuclear
effective mass, K, (n = g, e) is the force constant, and x, (n = g,
e) indicates the equilibrium nuclear geometry of the nth diabatic
potential energy surface. As diabatic couplings, we choose Vg = Vg
= Ao + Mix, where Ag and A, characterize the strength of the con-
stant and the space dependent diabatic couplings, respectively. For
A1 # 0, the fluctuations (6% Veg) and (8€,0Veg) in Eq. (5) are non-
zero as required by the theory for the emergence of quantum control
of electronic decoherence. In this model, the values of parameters are
chosen as m = 86.65 eV s, hwy = 0.44 eV, Kg,e=0.02eV, x, = —8.67,
and x, = 5.62. The molecular systems with the space dependent
(Ao =0eVand A; =0.02 eV), constant (g =0.19 eV and 1; =0 eV),
and zero (Ag =, = 0 V) diabatic couplings are studied in Sec. [V. As
described below, for these parameters, the decoherence process can
be slower than the photoexcitation process as required to generate
states of the form in Eq.

C. Laser induced dynamics

To photoexcite the model molecules, we employ a 2 fs few-cycle
Gaussian laser pulse. Such a short laser pulse enables impulsive exci-
tation and generating states of the form in Eq. (1). Through such
excitation, we assess the possibility of enacting the theory of elec-
tronic decoherence through actual laser photoexcitation. The vector

potential A(t) associated with the electric field F(¢) = —A(t) of such

energy (eV)
N

o}

FIG. 1. The diabatic potential energy surfaces of (a) Model
| describing photoisomerization along a torsional coordi-
nate ¢ and (b) Model Il describing a displaced harmonic
oscillator model. The blue (green) lines refer to the ground
(excited) electronic diabatic state.

—05 00 05 1.0 15 —30 —20 —10 0
o/ X

20 30
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laser can be described as
A(t) = é(Fo/w) exp[-(t — t)* [ta] sin(w(t — ) + pcep).  (7)

Here, € is the unit polarization vector, t, = 2 fs is the pulse width,
Fy is the pulse amplitude at pulse center t. = 7 fs, w is the cen-
tral frequency, and @cgp is the carrier envelope phase (CEP). This
form guarantees that the electric field F(t) = éF(t) is an ac source as
I2F(t)dt = A(=00) — A(0) = 0. In this case,

(=t)?

F(t) =—Foe % cos(w(t—t)+@cep)

Fo - (t=t)?

9 2t -t
+ € i s1n(w(t7tc)+(chp)%, (8)

where the second term in the expression of F(t) guarantees that the
pulse remains as an ac source even in the few-cycle limit.

The light-matter interaction Hgym is described in dipole
approximation where Hrm = —i - F(t). Assuming that the neutral
molecular system does not have a permanent dipole moment, Hrym
= —F(t) (ugelg) (el + pegle)(g]) with pge = peg = (glii - €le) and pge = pee
= 0. The total time-dependent Hamiltonian Hr(¢) = Hm + HrMm(t) is

Hr(t) = Hylg) (gl + Hele)(el + (Vie(R) — pge F(£)) 1) el
+ (Veg(R) = pegF (1)) ]e) (8- 9)

The central laser frequency hw = (V(Ry) — V¢(Ry)) = 2.48 €V is
chosen to be at resonance with the energy difference between the
two surfaces at the ground-state nuclear equilibrium geometry R, in
both cases. Here, R refers to the ¢ coordinate for Model I and the x
coordinate for Model II. Furthermore, throughout, we choose a laser
amplitude such that |Fopug| = 0.09 eV. This guarantees that the laser
is in the weak-field limit, where the magnitude of the excited state
amplitude |c.| increases linearly with the laser amplitude |Fo| (see
Fig. S1 of the )-

The quantum dynamics is propagated using a multi-state split
operator method in the Condon approximation.” We employ a time
step propagation At; = 0.0005 fs during the laser excitation and
Aty = 0.001 fs after the laser pulse. For Model I, periodic boundary
conditions are used with a period range of [-7/2, 37/2] and N = 1024
grids points. For Model II, the grid is defined in the [-24.38, 35.62]
range with N = 1024 grid points. Results were checked for con-
vergence by checking for energy conservation after the laser pulse
(Fig. S2), and invariance of the results by decreasing the time step
(Fig. S3) and the number of grid points N (Fig. S4).

IV. LASER CONTROL WITH A FEW-CYCLE LASER
PULSE

A. Laser control starting from initially separable states

We first focus on the laser control of electronic decoherence
when the system is initially prepared in a separable electron-nuclear
state of the form

[¥sp (0)) = |g) ® [x0)- (10)

While clearly an idealization, initially separable system-bath states
are often assumed when dealing with open quantum systems as they
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simplify theoretical considerations and can be an accurate represen-
tation to the true eigenstates. In particular, they are the starting point
of previous analyses that showed that electronic decoherence can be
controlled by manipulating the relative phase of the model superpo-
sition in Eq. Here, we study the possibility of generating the
state in Eq. (1) through actual laser photoexcitation from Eq.
as needed for the physical realization of this possible route for the
coherent control of electronic decoherence.

The initial vibrational state is taken to be the ground state of the
ground diabatic surface for both models. In particular, for Model I,

it is given by
Wel 1 ' /el 8
xg<¢>:<¢xg>:(\/;n) NEE

This state is obtained by performing a harmonic approximation of
the ground torsional potential around ¢ = 0. Similarly, for Model II,
the initial state is

LY sy
Ke) = i) = (5 ) e P, (12)

In the photoexcitation, we employ a few-cycle laser pulse of width
tw = 2 fs of the form in Eq. (8). Such a short laser pulse is expected
to create an exact replica of the vibrational wavepacket in the
excited state potential energy surface leading to a state as that in
Eq.

1. Intersection model (Ao =0and ; # 0)

We first focus on the laser-induced dynamics when Ag = 0 and
A1 # 0. In this case, both Model I and Model II have space-varying
diabatic couplings as needed for the emergence of relative-phase
control of electronic decoherence in Eq. (5). These models develop
conical intersections in higher dimensional configurational space.

and 3 show the decoherence dynamics during and after
photoexcitation for Model I and Model II, respectively. At initial
times, the curves coincide as all cases start from a pure state. How-
ever, the early time dynamics where the decoherence decays like a
Gaussian strongly depends on the CEP. As shown, changing the CEP
of the laser pulse leads to significantly different rates of electronic
coherence loss and can be used to suppress or enhance the decoher-
ence rate. Note that the net energy absorbed by the system during
photoexcitation also depends on the CEP (see Fig. S2). However,
once the diabatic couplings are turned off and the dynamics becomes
pure dephasing (Ao = A; = 0), all decoherence dynamics coincide and
the phase control is lost. This behavior is consistent with Eq. (5) that
indicates that for pure dephasing dynamics, only the first term due
to the quantum fluctuations of the energy gap ((3°E.)) determines
the electronic decoherence between two DPES, and such a term does
not depend on the relative phase.

Thus, the laser control of electronic decoherence can be
achieved in both models when the dynamics starts from a sep-
arable state and the diabatic couplings are non-zero and space-
dependent. This observation is what would have been expected
from the theory of electronic decoherence timescales summarized in
Sec.

We note that due to the low dimensionality of the mod-
els employed, here and throughout, partial revivals of purity are
observed at longer times (see Fig. S5). Such partial revivals have
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’ — cep=07 ¢cep =057 PCcEP = T

$CEP = 157

Model | with Mg = \; = 0eV

Model | with A\p = 0 eV, \; = 0.19 eV B

1.00
FIG. 2. [(a) and (b)] Laser control of elec-
0.95} tronic decoherence in Model | starting
- from a separable electron-nuclear state.
£ 0.0l The plot shows the purity dynamics dur-
=] " i itati i e
3 ing and after photoexcitation with a few:
cycle laser pulse with various CEPs. The
0.85f top panels contrast the purity dynamics
with non-zero (A4 = 0.19 eV) and zero
0.80 (A1 = 0 eV) space dependent diabatic
0.09r . . . . couplings, while Ay = 0. The bottom pan-
< ¢pcep =0 pcep =0 els show the employed 2 fs laser pulse
E 0.00 for PcEp = 0.
W _o.00t ‘ ‘ ‘ 1 L ‘ ‘ ‘ ]
0 50 100 150 200 0 50 100 150 200
time (fs) time (fs)

been described in details elsewhere™” and are not expected in higher
dimensional systems where the electronic decoherence dynamics is
dominated by the initial Gaussian purity decay.

2. Avoided crossing model (1o + 0 and A; = 0)

The theoretical analysis in Sec. 1] indicates that the laser control
of electronic decoherence requires space-dependent diabatic cou-
plings for which §V,; # 0 (or A; # 0 in this case). To determine if
the control survives even when A; = 0 (but A9 # 0), we computed
the decoherence dynamics with A; = 0 in both models. In this case
( ), changing the CEP leads to significantly different rates of
electronic coherence loss for both Model I and Model II that go
beyond the theory in Sec. II. Here, to make these models compa-
rable, the constant diabatic coupling strength is set as Ao = 0.19 eV
for both models.

To demonstrate that this feature is inherent to the sys-
tem and not to the photoexcitation process, we propagated the

dynamics of both models starting with an initial superposition

[¥) = (\/gei9|g) + \/g\e)) ® |x0). The results, shown in Fig. S6,
show clear modulation of the purity dynamics by changing 6, which
demonstrates that this is an effect that goes beyond the early time
expansion in Refs. 26 and

B. Laser control starting from eigenstates

The results above indicate that it is possible to use few-cycle
laser pulses to create states of the form in Eq. and control the
electronic decoherence by varying the CEP. Despite these encour-
aging results, one important assumption thus far has been the use
of a factorizable initial electron-nuclear state Eq. . The impul-
sive excitation of such a state retains the initially factorizable form
to generate a state like that in Eq. used in previous theory
and simulations. We now investigate how the laser control is
modified when the system is initially prepared in a stationary state of

— ¢cep=0m — ¢cep =057 — PcEP=T — cep =157
A Model Il with Ay = 0 eV, \; = 0.02 eV B Model Il with A\ = Ay =0eV
1.00 ‘ ‘ ‘ ‘ 1 ‘ ‘ ‘ ‘
0.95} I
2
S 0.90 F FIG. 3. (a) and (b)] Laser control of elec-
o tronic decoherence in Model Il starting
0.85| | from a separable electron-nuclear state.
The organization of the plot is identical to
that in
0.80 . . . .
0.09F ; ; on | T ; ; on |
g $pcep =0 ¢pcep =0
= 0.00
W _o.09t ‘ ‘ ‘ ‘ 1 L ‘ ‘ ‘ ‘ ]
0 20 40 60 80 100 0 20 40 60 80 100
time (fs) time (fs)
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state |¥4(0)) obtained by directly diagonalizing the molecular
Hamiltonian. In the diagonalization, the Hamiltonian in Eq. (4) is
represented in the tensor product basis of diabatic electronic states
and a grid representation for the nuclei by

Hu = 3 [((RITN|R) + Vg (R)Srer)[g){g]

RR’

+ ((RITx[R) + Ve(R)dre)le)e]

The Journal
of Chemical Physics ARTICLE scitation.orgljournalljcp
’ — PCEP = 0r — $CEP = 05w —— (WCEP =T ——  (PCEP = 15« ‘
A Model | with X = 0.19 eV, A = 0 eV B Model Il with X = 0.19 eV, A = 0 eV
1.00 ‘ ‘ ‘ 1 ‘ ‘ ‘ ‘ ‘
0.95! FIG. 4. [(a) and (b)] Laser control of
: electronic decoherence starting from
> a separable electron-nuclear state for
‘S 0.90f models with space-independent diabatic
o couplings (g # 0, Ay = 0). The plot
0.85| shows the purity dynamics during and
after photoexcitation with a few-cycle
laser pulse with various CEPs when
0.80 Ao =0.19 eV and A4 = 0 eV. The bot-
0.09F o on ] —on | tom panels show the employed 2 fs laser
< #eep =0T #cep =0T pulse for gcep = 0.
2 0.00
W _o.09L ‘ ‘ ‘ 1 1 ‘ ‘ ‘ ‘ ‘ !
0 50 100 150 200 O 10 20 30 40 50 60
time (fs) time (fs)
the molecular Hamiltonian. Such states are readily available through ~ with
cooling or laser purification. K
Specifically, as an initial state, we choose the ground vibronic (R|Tn|R') = > (RK)( \—|k M K'[R")
Y

(14)

2.2
expzk (R- R)]hk.
2m

=25

k

The exact decoherence dynamics for Model I and II induced via
resonant photoexcitation with a 2 fs laser is shown in (lo=0
and A; # 0) and (Ao # 0 and A; = 0), respectively. In strik-
ing contrast with the observations in Sec. , changing the CEP
of the laser pulse has no significant influence on the purity dynam-
ics in all cases. This is particularly surprising when one realizes

+ Vee(R)Sgrrr|g) (€] + Veg (R)Srrr e} {g|]IR)(R'], (13) that the factorizable initial states | (0)) used in Sec. closely
| — cep=0m — @cep =057 —  PCEP = — @cep=15m7
A Model Iwith Ao =0eV, A\ =0.19 eV B Model Il with Ao = 0 eV, Ay = 0.02 eV
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’ ] FIG. 5. [(a) and (b)] Electronic deco-
0.98} 2.0f herence dynamics during and after pho-
£ 15F toexcitation starting from a vibronic
> 0.96} g eigenstate. The plot shows the purity
= 101 dynamics during and after photoexcita-
3 0.94f 0 20.05 40 2001 | tion with a few-cycle laser pulse for vari-
0.92 time (fs) time (fs) ous CEPs. The bottom panel shows the
ver 2 fs laser pulse employed for photoex-
0.90| citation with phase gcep = 0. Note that
) there is no appreciable laser phase con-
0.09F : : - trol even for A4 # 0 as all curves essen-
— : pcep =07 pcep =07 tially overlap. A magnification of the plots
< (inset) reveals that the control is negligi-
; 0.00 ble but nonzero.
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Model | with A\p = 0.19eV,\; = 0eV B

Model Il with Ao = 0.19 eV, A\ =0eV

FIG. 6. [(a) and (b)] Electronic decoher-
ence dynamics during and after photoex-
citation starting from a vibronic eigen-
state for space independent diabatic

couplings (A9 # 0, Ay = 0). The plot
shows the purity dynamics during and
after photoexcitation with a few-cycle
laser pulse for various CEPs. Note that
there is no appreciable CEP control. The

bottom panel shows the 2 fs laser pulse

pcep=0m | employed for photoexcitation with phase

¢cep = 0.

A
1.00 ]
0.95} | |
>
S 0.90| I
o
0.85} E 3
0.80 : : :
0.091 " ; ; 1 r .
g wcep =07
= 0.00
W _p.09L ‘ ‘ ‘ |
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resemble the stationary states [¥g(0)) used in and 6 with
a fidelity |(Wsp(0)|¥g(0))|* of 0.9942 for Model I and 0.9873 for
Model II. That is, even when the initial separable state is an excel-
lent approximation to the true molecular ground state, it leads to
qualitatively different behavior under laser excitation.

C. Minimal theoretical model

The simulations above demonstrate that when the dynamics
is initiated from a separable electron-nuclear state, it is possible
to exert laser coherent control of the decoherence. However, all
laser control dies when a vibronic eigenstate is employed as the
initial state even in cases where the factorizable initial state is an
excellent approximation to the true eigenstate. To understand the
physical principles behind these observations, we analytically study
the laser control in a minimal model that captures the essential
physics.

1. Hamiltonian

For simplicity, we focus on a minimal vibronic system with
a Hilbert space spanned by two states |g)|y,) and |e)|y.), where
|xe) and |y.) are purely nuclear states. In this basis, the molecular

Hamiltonian in Eq. (4) is
_[Eg A
Hu = (A Ee)’ (15)

where Eg = (xg|Hglxg), Ee = (xelHelxe), and A = (x¢|Veelxe)
= (Xe|Veglxe)- The eigenstates of this Hamiltonian are

[Eo) = cos aleg)xg) + sin afec)xe),
|E1) = = sinaleg)[xg) + cos aec) xe),

with corresponding eigenenergies Ey = E — v/A2+A? and
Ey = E+V/A? + A? with E= (Eg + E.)/2 and A = (E, — E;)/2. Here, the
mixing angle « is defined as sin(2a) = —A/V/A? + A% and cos(2a)
= A/ A% + A% Conversely, the separable states can be represented

(16)

80 80 100

time (fs)

in the basis of eigenstates as

leg)|xg) = cos a|Eo) — sin a|Ey), )
|ee)|xe) = sin a|Eq) + cos a| Ey).

The electronic purity of an arbitrary state |¥(¢
+ b(t)|ee)|xe) in this model is given by

) = a(t)leg)|xe)

P(t) = la()[* + [b(t)[* + 2la()b(1)IS]", (18)

where S = (xg|xe) # 0 is the overlap between nuclear states.

2. First order perturbation theory

We are interested in the electronic purity after photoexcita-
tion. Since the control is in the weak-field one-photon limit, we
limit our considerations to first-order perturbation theory in the
laser-matter interaction. Let Hr(t) = Hv + Hgrwm(t), where Hrym
= —ji- F(t) is the perturbation due to the laser. To the first order in
[¥(0) = ¥ ) + [¥D(0)), where [¥ (1))
= ¢ 11! \y(©(0)) represents the perturbation-free evolution of the
system and

perturbation theory,

v (1) = [ dt' e D e (D) O () (19)
is the photoexcited component. The state at t = 0 can be represented
in the basis of eigenstates of Hy as [¥#(?) (0)) = ¥ ¢4|Ex). In this basis,

v (1)) = Zf A F(E ) e 35 | By

~ E Z[/ dt/F(t/)eiw,mrt’]ﬂn,ne_;fE,,rtCAEn,), (20)

where pir, = (E|fi - €|Ey) is the transition dipole between states |E,;)
and |E,/) and w,w = E“'h_ Er is the transition frequency. For simplic-

ity of presentation, we take t. = m2m/w,,. with positive integers m
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such that f. — 2t,, > 0. In this case, the lower limit of the integral in
the above equations can be extended to —co as the amplitude of the
electric field is negligible for t < 0. Similarly, the upper limit can be

Fo/7

(@) = f dt’F(t/)eiw""'t, _

where we have used Eq.

2 (oo, )%
Tt nnre_%e“”w’ FO\/_
2w

ARTICLE scitation.orgljournalljcp

extended to +oo as we are only interested in t > f. + 2t,, when the
pulse is over. Under such conditions, the time integral in Eq.
becomes

2 2
_ ’w(“”“’nn’>

e_i‘pCEP’ (21)

Titw
Wypr€
2w

. For absorption (or stimulated emission), @ & @wusr > 0 (Or @ & —wny') and the system picks a phase —e e

(or —€"*) during photoexcitation, i.e., €(wuy) = —|e(@Wnn )|e % [or e(Wn) = —|e(@nn )|€¥], where |e(wp)| = % Thus, the

photoexcited state after the pulse is

|‘I’(1)(t)) _ LY |e(wm,f)|eii‘”CEPyn/,nefﬁE"’tcn\Enf), for wy, > 0 (absorption)
_é Zn,n’ |€(w”l”')|el¢cEPHl’l’,ne_EEn,tCVI'Eﬂ')’

For the two-level model,

O ) = - FleCwnle " poe” e |E)

iQcEp

- é\e(w10)|e pore” ' ;| Eo) (23)

so that the molecular state after photoexcitation is

() =[O () + v (1))
=(co - %|€(w10)|ei¢cEPM0]C1)|E0>e_rixEDt

i . _i
X (Cl - E\e(w01)|e Z(P(‘EP‘uloCo)|E1>e ﬁElt. (24)

Note that the relative phase between the initial and excited state
can be controlled by CEP as after photoexcitation matter picks up
the CEP of the laser; e during absorption and e#“* during
stimulated emission.

Using this setup, we are in a position to study the dependence
of decoherence on CEPs for different initial states.

3. Decoherence dynamics: Initially separable state

Consider the case in which the system is prepared in an initially
separable state |eg)|yy), as numerically investigated in Sec.
Expanding this initial separable state in the eigenstates basis as in
Eq. and employing the results of first order time dependent per-
turbation theory in Eq. , the total state after photoexcitation is

(1)) = (cos(ax) — isin(a) Qe )e™ 75| E)

+ (—sin(a) +icos(a)Qe " )e 1 E).  (25)

Here, the parameter Q) is defined as Q = 7% and |e(wor)|

= |e(wi0)|- In addition, as in the simulations, we choose po1 = pio-

. R (22)
for w, < 0 (stimulated emission)

To calculate the purity of state Eq. , it is convenient to express
the total state |¥(t)) in the basis {|g)|xe) |e)|xc)} as this facilitates

taking the trace over the nuclei. In the notation of Eq. , in this
case,
a(t) = e PP (Ay + Age 0y,
,. | (26)
b(t) = e 7 (By + Bye M),
with
in(2 ‘
Ay = cos’(a) - i@ﬂe"”m,
in(2 y
A, = sin’(a) — i#ﬁe Heer |
(2 (27)
B = Sm(z O _ isin® () Qe
sin(2a)

B, = icos” (&) Qe e — 5

We are interested in systematic changes in the purity that survive
time-averaging. We thus focus on

P = lim

t—o0

t Idl
P i 27O G 0T+ T OFBORS @s)

for t after photoexcitation, where the overbar denotes time-
averaging and ¢, is an arbitrary time after the laser pulse.
Proceeding in this way, we find that
la(OF = |Ai]* + 4] + 4|41 4o,
[b(DF = |Bu" + [Ba|" + 4[B1[’|Baf’, (29)
la(OPb(OP = (JAs]* + |42 ) (1Bi[* +|Bal)
+ (A1A3 BBy + A{A;B1B3).

Substituting Eq. into Eq. yields
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P="P+ [Ko((x)Q(l - 0%) sin gcgp + 1 (2)Q* sin’ (chP](l - Sz),
(30)

where

xo(a) = (2 cos® () — 2sin’(a) — g sin” (2a) cos(Zoc)) sin(2a«),
(31
r(a) = (2 cos*(a) + 2sin* (a) — 2sin2(20c)) sin®(2a).

Here, Py is a term independent of ¢cgp. This equation reveals that
the electronic decoherence depends on CEPs, and this dependence
varies with sin gcgp and sin’ @cep, in agreement with Eq. (5). The
above equation can be further simplified by substituting sin(2a«)

= —A/VA? + A? and cos(2a) = A/V' A + A? to yield
(207 - AH)AQ(1 - §%)
(A +A2)2(1+Q2)?
X [A(Q2 — 1) sin gcgp + AQ sin’ (pCEp], (32)

T):'Po+

where the factor 1/(1 + Q*)? takes into account the normalization
of the state to first order in perturbation theory. To test the valid-
ity of this equation, we contrasted the predictions of Eq. with
numerically exact computations showing identical behavior (see
).
In the following, we discuss several physical limits and features
of Eq.

a. The coherent advantage. A basic question here is if there is
any advantage in using coherent lasers with well-defined phases to
control decoherence. To address this question, we contrast Eq.

0.96

— Theory
»—+  Simulation

0.94}

0.92f

0.90}

average purity

0.88(

0885 0.5 1.0 15 2.0
pcep/™

FIG. 7. Laser control map of the minimal vibronic model. The plot compares
the control map (time-averaged purity vs ¢cep) predicted by Eq. against
the numerical results obtained by solving the time-dependent Schrodinger equa-
tion, showing excellent agreement. The dotted line indicates the average purity
expected when the laser phase is uncontrollable. Simulations were performed by
propagating the two-level vibronic system in Eq. with Eg =0eV, Ec =2.48 eV,
and A = 0.19 eV. The laser parameters employed were Aw = E4 — Eq, ty = 2 fs,
|Fotge| =0.09 eV, and t; = 207/w. The P, value for the theory was taken from the
numerical simulation for ¢cep = 0 as P = P, in this case.

ARTICLE scitation.orgljournalljcp

with the average result expected when the laser phase is uncontrol-
lable between realizations Py, = ﬁ fgnd(pCEPP((PCEP),

BB - (2047 - AP)AQ(1 - §2)
(A2 + A2)2(1+Q2)?

AQ
X [A(Qz - 1) sin ¢cgp — 7 COS(Z(pCEp)]. (33)

Since this quantity can be positive or negative depending on laser
phases, thus, the laser control can mitigate or enhance the deco-
herence with respect to the case in which the laser phases are
uncontrollable (see ).

b. Diabatic couplings. For null diabatic couplings (A = 0), the
laser control of purity disappears. In agreement with Eq. (5), the
laser control only emerges when electronic transitions due to dia-
batic couplings play a role. However, beyond Eq. (5), these diabatic
couplings A do not need to be spatially dependent, in agreement
with the results in

c. Energy gap dependence of the control. Given a fixed diabatic
coupling constant A, the larger the energy gap A the smaller the
range of control. The reason for this is that the larger the energy gap
the closer the initial separable state becomes to the ground vibronic
eigenstate for which there is no control.

d. Nuclear overlaps S. The range of control is maximum when
there is zero overlap between nuclear wavepackets (S = 0). By con-
trast, for S = 1, the laser control disappears as there is no decoherence
in this case.

e. Dominant phase dependence of the control. The control
depends on @cgp as sin gcgp and sin” gcgp. To determine which
phase dependence dominates, consider the ratio of the coefficients
in front of them, r( S5#e2.) — 2(Q-3). With |Q[> 1and |Q| « 1,

sin? gcpp
the dominant phase dependence is sin ¢cep. However, with |Q| » 1,

both sin ¢cgp and sin® gcep play a role in determining the decoher-
ence timescale. In the specific case in which |Q| = 1, the control only
depends on sin* gcgp.

f. Central time of laser pulse t.. We note that the above analysis
is based on t, = m27m/w,, with positive integers m such that . — 2t,,
> 0. For t. # m2m/wuyr, there is an extra phase term that depends on
tc in the calculation of the integral in Eq. . In fact, with different
te # m27/wyn, the laser control of electronic decoherence P(¢cep)
is shifted because the phase that is picked up by the molecule during
photoexcitation can be modulated by t.. Nevertheless, the range of
control of P remains unaffected. To exemplify this, Fig. S7 shows
simulations with different central time ¢, for Model I (Ao =0, A; £ 0).
As shown, the control map P(¢cgp) is rigidly shifted by changing ¢,
but the range of control remains unaffected.

4. Decoherence dynamics: Initial stationary state

We now focus on the dependence of decoherence on the CEPs
when the system is initially prepared in a vibronic eigenstate, i.e., a
stationary state of Hy. Choosing the ground eigenstate |Ep) as the
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initial state, the state of the system after photoexcitation is obtained

from Eq. by setting ¢c; =0and ¢ = 1,
(1)) = e +5|Eo) + iQe 156 #emr | ). (34)
In this case,
Ay = cos(a),

Ay = —isin(a) Qe e

B; =sin(a), (39)

B, =icos(a) Qe eer

where we have substituted Eq. and used the notation in Eq.

The average purity can be calculated by substituting Eq. into
Egs. and . Note that in this case, because there is no initial
population on the |E;), all the coefficients A1, A,, By, and B, only
include one term as Eq. shows. Because of this, the CEP depen-
dence gets canceled when calculating purity. That is, all the terms in
Eq. become independent of the CEP, and the laser control of
decoherence dies as observed in Sec.

D. Discussion
1. Summary of observations

To summarize, we have observed laser control of electronic
decoherence when the system is initially prepared in a separable
electron-nuclear state and has non-zero diabatic couplings. This is
consistent with the theory of electronic decoherence timescales and
the perturbative analysis in Sec. , which shows that few-cycle
laser pulses with definitive CEP can be used to create superpositions
of the form in Eq. with the relative phase that can be manip-
ulated through the CEP. Beyond the theory of electronic decoher-
ence timescales, we have observed that the effect can survive even
in cases where the diabatic couplings have no space dependence. A
discussion of the origin of this effect is included in Sec.

While these results suggest that the laser control of electronic
decoherence is possible, a more detailed investigation reveals that
such laser control essentially disappears when the system is prepared
in a stationary state. Thus, the observed laser control is an artifice of
the assumed initially separable state. This artifice arises even in cases

Initial Stationary State

I | Zo)

[W(t)) = boe™ * ot Ep)

—i _ i
+ ble YPCEP o ﬁE1t|E1>

Initial Separable State

I (£ )

e~ ipcEP I 1 glpcEp

I |Eo)

(1)) = (c1 + cae™omr)e™ i 70t | Ey)
+ (dy + dae™ PP ) e~ m 1t By

ARTICLE scitation.orgljournalljcp

where such a state is an excellent approximation to the true ground
state.

Below, we introduce a qualitative picture of the control that
clarifies all these observations. As discussed, the non-stationary
character of the initially factorizable state opens interference chan-
nels at the one-photon limit that lead to spurious laser control. We
then use these insights to develop a laser control scheme of electronic
decoherence that survives for arbitrary initial states.

2. Qualitative origin of the control

To develop a basic qualitative picture of the observations, it is
useful to take advantage of the theoretical analysis in Sec. and
view the control in the molecular eigenstate basis |Eo), |E1). When
the system is prepared in an initial stationary state, the laser pulse
induces a transition of the form

‘Eo) - boeiﬁE0t|Eo) + bleiwcweiéElqu); (36)

see . During resonant photoexcitation, the system picks a
phase e”*° from the laser. However, the population of the eigen-
states |bo|* and |b)|* is independent of the CEP. In other words, no
one-photon control of the eigenstate population is possible.

By contrast, when starting from a separable electron-nuclear
state, one begins in a superposition of eigenstates |¥(0)) = co|Eo)
+ do|E1). Upon photoexcitation, both absorption and stimulated
emission events occur. As a consequence, the laser pulse induces a
transition of the form

C()|E0> + d0|E1> - (Cl + CZei‘P(:EP)e—;EOqEO)

+ (dy + dae ) e 1B Ry,

where we have taken into account that a phase e ¥ (g#c#r) jg
picked up during absorption (emission), see . In this case, the
population of the eigenstates can be manipulated by simply varying
the laser’s CEP as |¢; + c2¢* | and |d) + dae™ "9 |* depend on the
CEP.

This laser phase control of the eigenstate populations for sep-
arable states ultimately leads to the control of the average purity at
the subsystem level. To understand this, it is useful to note that for a
general state after photoexcitation

FIG. 8. Qualitative origin of the laser con-
trol of decoherence. The average purity
depends on the populations of eigen-
states. (a) When the system is prepared
in an initial stationary state, there is no
dependence of the eigenstates popula-
tions on CEP after the photoexcitation.
Thus, no laser control of electronic deco-
herence is possible. (b) However, for ini-
tially separable states, the system is pre-
pared in a superposition of eigenstates.
This makes the eigenstates populations
dependent on CEP after the photoexci-
tation, thus opening routes for the laser
control of electronic decoherence.
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[P (1)) = aoeféE"t\Eo) +are PR, (37)

the eigenstate populations |ao|* and |a;|* are related to the coeffi-
cients A1, Az, By, and B, that determine the average purity as in
Egs. and in the following form:

A = ag cos(a),
A; = —aysin(a),
Bi = ag sin(a),

B, = a; cos(a),

where we have used Eq. . Substituting Eq. into Eq. ,itis
found that the eigenstate populations determine the dependence of
average purity on the CEP. Therefore, the laser phase control of the
eigenstate populations for separable states leads to control of purity
and thus of the electronic decoherence.

Summarizing, the basic requirement for the CEP control of
electronic decoherence is that the molecule is initially in a super-
position of eigenstates that are resonantly connected by using the
laser ( ). For vibronic models, this can occur when the sys-
tem is initially in a separable electron-nuclear state, and the diabatic
couplings V,, are non-zero. If Ve, = 0, the separable initial state
becomes a molecular eigenstate and the situation reduces to that
schematically depicted in

3. Is this no one-photon coherent control?

At first glance, the lack of laser control at the one-photon limit
appears to be a particular case of the no one-photon coherent con-
trol theorem. Such theorem states that the coherent control of
eigenstate populations—and any other observable that commutes
with the Hamiltonian—is impossible to first order in perturbation
theory when the system is initially prepared in a stationary state.
Even for observables that do not commute with the Hamiltonian, the
theorem applies when one is interested in time-averaged quantities

ARTICLE scitation.orgljournalljcp

and the observable has no intrinsic time-dependence” (i.e., when
the operator O in the Schrédinger picture has no time-dependence).
In the minimal model, the calculation reveals that the purity depends
on the eigenstate populations, and therefore, if such populations are
not controllable, the purity is also not controllable. Thus, the time-
averaged purity for the minimal model clearly satisfies the no one-
photon coherent control theorem. In addition, the numerical results
in two generic models show that the control essentially disappears
when the system is prepared in an eigenstate.

However, at least formally, the electronic purity should be con-
trollable at the one-photon limit. This is because the electronic den-
sity matrix o(t), which is the observable associated with electronic
purity, does not commute with the Hamiltonian and has an intrin-
sic time dependence. Subsystem purity is thus beyond the scope of
the one-photon theorem of coherent control. In fact, the numeri-
cal computations show that the laser control is technically non-zero,
albeit small (see insets in ).

V. TWO-PULSE COHERENT CONTROL
OF ELECTRONIC DECOHERENCE

From the analysis above, it becomes clear that to exert active
control of electronic decoherence through laser phases starting from
an eigenstate, one can propose the following two-pulse scenario: (1)
First, a few-cycle laser pulse with fixed CEP (i.e. goélE)P = 0) is used to
resonantly photoexcite the system and create a superposition state of
the form

“Y(t)) = ColEo) + d()|E1>. (39)

(2) Subsequently, a second few-cycle laser pulse resonant with the

same two levels with varying CEP (pé?P can be employed to generate
interference in the eigenstate populations and thus the control of the
electronic decoherence.

To demonstrate this, and show the decoher-
ence dynamics starting from the ground nuclear eigenstate under

I gog)gp =0m _— gog)gp =057 I <p(czép =7 I Lpg)EP =157
A 11 Model | with A\g = 0eV,\; =0.19 eV B Model | with A\g = A1 =0eV
FIG. 9. Two-pulse laser control of elec-
1.0 tronic decoherence in Model | starting
from the ground stationary state. The plot
0.9l shows the purity dynamics during and
%‘ after photoexcitation with two few-cycle
3 osl laser pulses. The CEP of the first pulse is
fixed at ¢$) = 0, while that of the sec-
07} ond one () is varied. The top panels
contrast the purity dynamics with (a) non-
0.6 zero (Ag = 0 eV, Ay = 0.19 eV) and (b)
0.09 0 P 7 o " zero (Ag = A4 = 0 eV) diabatic couplings.
= cep = weep =07 Peep = wcep =07 The bottom panels show the train of laser
2 000 pulses employed for ¢} = &) = 0.
g
—0.09H! ‘ ‘ ‘ ‘ ‘ 1 L ‘ ‘ ‘ |
0 50 100 150 200 250 300 350 400 O 50 100 150 200
time (fs) time (fs)
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(2)

(2)

2 2
— <pgép =0x _— cpg:ép =057 — Pegp =T — pegp =157
A 1.1 Model Il with A\g = 0 eV, \; = 0.02 eV B Model Il with A\g = Ay =0eV
1.0
- 0.9}
’g FIG. 10. [(a) and (b)] Two-pulse laser
2 0.8} control of electronic decoherence in
Model Il starting from the ground station-
0.7} ary state. The organization of the plot is
identical to that in
0.6
0.09F 0 @ ] 0 @
< ¥cep = Pcep =0 ¥cep = Pcep =0
= 0.00
irg
—0.09L ‘ ‘ ‘ ‘ i L ‘ ‘ ‘ ‘ i
0 20 40 60 80 100 0 20 40 60 80 100
time (fs) time (fs)

the influence of this two-pulse control scheme with varying ‘sz)P of
the second pulse. details the dynamics of Model I, while

focuses on Model II. For both models, the width of employed
laser pulses is tv(vn) = 2fs (n = 1, 2) and the pulse center of the
first laser is tgl) = 7fs, while t§2) = 14fs. As shown, the purity

dynamics can be strongly manipulated by varying (p(CZE)P in both cases.

This type of control emerges even without diabatic couplings [see

and ]. The reason why the diabatic couplings are not

needed is that the first laser pulse creates the superposition of eigen-

states required for the emergence of the control. This two-laser pulse

control scenario is reminiscent to pump-probe and bichromatic
control strategies.

To understand if this laser control arises due to the control

of the populations (oo, 011) or the coherence (oo1) in the elec-

tronic density matrix expressed in the basis of diabatic states, we

decomposed the purity dynamics P = agy+07; +2|001 |* into these two
contributions. and 12 show this decomposition for Model
I and II, respectively. As shown, the laser control scenario manip-
ulates both the populations and the coherences. After the laser, the
coherences decay and the asymptotic purity is due to the populations
of the diabatic states.

The next question that arises is the extent to which the two laser
pulses can be separated in time while still maintaining the laser phase
control. To test this, we performed simulations with pulses separated
by increasingly longer times At. In Model I ( ), we observe
that the effect survives for pulses separated by At = 0 fs, 4 fs, 143 fs,
and even 223 fs! By contrast, in Model II ( ), we observe that
the control is lost when the pulses are separated even by just 13 fs.
We observe that to generate control, the two pulses need to interact
with the system before the coherences in the diabatic basis induced
by the first pulse disappear. While for Model I, such coherence

(2)

(2)

J— Apg)_:P =0x I cpg)_:,, =05 — PCEp =T — pegp=15m
A11 Popu!ation B 0.5F Coherence
1.0 0.4]
% 0.9) < 0.3} FIG. 11. Model |. (a) Population (0%,
+ E + 02,) and (b) coherence (2|ogs) con-
oS 0.8} ~ 0.2f tributions to the purity dynamics in the
two-pulse laser control of electronic
0.7¢ 0.1} decoherence (A = A1 = 0 eV). Model-
ing conditions are identical to those in
0.6 0.0/
_. 00f " m @ | I M @ |
< ¥cep = Pcep =0 ¥cep = PCep =07
= 0.00
“ —0.00L ‘ : ‘ | L ‘ : ‘ |
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time (fs) time (fs)
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(2)

— ‘Pgl)ap =0 — ‘Pg)ap =05m — ‘Pgl)sp =T — $eep =157
A1 Population B 05 Coherence
1.0 0.4} 0.1
¢ 0.9¢ < 0.3f = FIG. 12. Model Il. (a) Population (o2,
+ S b 2
© \- 5 ~ + o7,) and (b) coherence (2|og1|) con-
S 0.8¢ \ o~ 0.2} 1 tributions to the purity dynamics in the
0'00 10 20 30 40 two-pulse laser control of electronic
0.7} 0.1f time (fs) 1 decoherence (A = A1 = 0 eV). Model-
ing conditions are identical to those in
0.6 0.0
~. 0097 W _ @ ] | W _ @ ]
< #cep = Peep =0T ‘eep = wcep =07
2 0.00
& _o.09L ‘ ‘ ‘ ‘ ] L ‘ ‘ ‘ ‘ ]
0 20 40 60 80 100 0 20 40 60 80 100
time (fs) time (fs)
persists for ~200 fs [see ], in Model II, they decay in ~20 fs by considering the two-pulse photoexcitation using second order
[see ]. Such coherences are essential for the emergence of ~ perturbation theory.
the effect. While this route to control was exemplified in low-dimensional
In tbe single pulse sch.emes in Sec. IV, the control map is shifted models, the basic strategy is expected to work in higher dimensional
b}' changing the turn-on time of the laser pulse (see Sec: an.d systems too. This is because the low-dimensional models contain all
Fig. 7). By contrast, here, the control depends on relatlzzle) quar(lg— the decoherence channels for a generic molecule”** and the con-
ties that are simpler to manipulate: the phase difference ¢spp — ¢cgp  trol does not rely in recurrences in wavepacket motion that are not
and the time delay between pulses £ — ¢ This result follows typically observed in systems of higher dimensionality.
— <pgép =0 _— wgép =05« I (pgép =7 I (pgép =15=«
1.1 ‘ ‘ ‘ ‘
A At=0fs B At=4fs
1.0
> 0.9}
3 o8}
0.7}
0.6 FIG. 13. Two-pulse laser control of elec-
’ tronic decoherence for varying laser-
I 0.18f m & ] 0.09F o @ ] pulse time separation At in Model |
S o0.00 Peep = eeep =07 | g g9 A“ Pepp = @eep =07 (Ao =0€V, 14 =0.19 eV) starting from the
£ _o1sl ‘ ‘ ‘ ‘ 1 _o0.09ol ‘ ‘ ‘ ‘ ‘ ground stationary state. The plot shows
w 0 50 100 150 200 250 0 50 100 150 200 250 the purity dynamics and the correspond-
c ™ ‘ ‘ mi=1a3s ] D ‘ ‘ Af—2237s ing laser pulses with At (a) 0 fs, (b)
1.0 1 1 4 fs, (c) 143 fs, and (d) 223 fs. Note
- 09| | | . that the laser control persists even with
g7 At =223 fs.
3 o8} ] I 1
0.7} ]
0.6
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3 osl
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06 FIG. 14. Two-pulse laser control of elec-
: tronic decoherence for varying laser-
I 0.18f o = 0.09f : s = . pulse time separation At in Model Il
S o0.00 eeep =@ =0T | 00 M Peep = Plep =0T (Ao =0eV, A4 =0.02 eV) starting from the
£ _o.18l ‘ ‘ ‘ ‘ 1 _0.00L ‘ ‘ ‘ ‘ ] ground stationary state. The plot shows
w 0 20 40 60 80 100 0 20 40 60 80 100 the purity dynamics and the correspond-
1.1 : : : : : : i i
c Al 131s D AIC731s ing laser pulses with At (a) 0 fs, (b) 4 fs,
1.0 | (c) 13 fs, and (d) 73 fs. Note that the
- 0.9 \ | _\ | laser control disappears when the At is
g7 \ beyond 13 fs.
3 08| 3 U
0.7}
0.6 .
= 0.09f ‘ ‘ 1 0.09F ‘ ‘ .
<
E 0.00 M sog,)w = 4P£~2|)=p =0x 0.00 W (Pg.):p = Soﬂp =0x AM\
£ _g.00L ‘ ‘ ‘ 4 —0.09} ‘ ‘ ‘ ! E
w 0 20 40 60 80 100 0 20 40 60 80 100
time (fs) time (fs)

VI. CONCLUSION

In this work, we investigated the possibility to achieve laser con-
trol of electronic decoherence using ultrafast few-cycle laser pulses
with well-defined carrier envelope phase (CEP). This possibility was
opened by recent advances in the theory™"’ and simulations™ of
electronic decoherence, which indicates that it is possible to manip-
ulate the rate of electronic coherence loss via the control of the
relative phase in the initial electronic superposition state. How-
ever, the actual laser implementation of such a concept is an open
challenge. By computing the purity dynamics in two exemplify-
ing molecular models (photoisomerization and displaced harmonic
oscillator) through actual laser photoexcitation, we found that such
initial superposition state and the subsequent laser control of elec-
tronic decoherence can be created using a few-cycle laser pulse with
various CEPs in the weak-field limit, provided that the system is
initially prepared in a separable electron-nuclear state. This one-
photon laser control, however, disappears when the molecule is ini-
tially prepared in a stationary molecular state. Through a detailed
analysis of the origins of these intriguing observations, we found that
the non-stationary character of the initial separable state is essential
for the laser control. That is, the one-photon laser control of elec-
tronic decoherence is an artifice introduced by the often-used initial
separable state. This artifice emerges even when the initially separa-
ble state is an excellent approximation to the eigenstate of the com-
posite system with fidelities above 98.5%. The fact that we observe
similar behavior in two different exemplifying models highlights the
generality of the observations.

To better understand these observations, we introduced a min-
imal theoretical model that showed that the reason why initial sep-
arable states open one-photon control pathways is because these
states are superpositions of stationary molecular states. Such a

superposition opens interference channels even at the single-photon
limit that can be manipulated through laser phases.

Based on this theoretical analysis, we designed a two-pulse con-
trol scheme that enables the laser control of electronic decoher-
ence even when the molecule is initially prepared in a stationary
molecular state. In this scheme, the first pulse is used to create a
vibronic superposition state and the second one to generate phase-
controllable interference. By varying the relative carrier envelope
phase between the two pulses, it is possible to suppress or enhance
the purity decay.

These results identify a viable scheme for the laser control of
electronic decoherence and expose a surprising artifact that is intro-
duced by often-used initially factorizable system-bath states in the
field of open quantum systems. The control scenario is based on
impulsive excitation with lasers with a well-defined carrier envelope
phase in the weak-field limit. Future prospects include determining
the utility of other strategies such as chirping ~" and strong field
strategies for the laser control of electronic decoherence beyond the
impulsive limit.

SUPPLEMENTARY MATERIAL

See the for additional figures testing
the convergence of the method and further exploring the parameter
space of the identified phenomenology.
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