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Abstract

Photochemistry induced by phase-coherent laser light is an intriguing topic. The
possibility of weak-field (one-photon) phase-only control of photoisomerization is con-
troversial. Experimental studies on the weak-field coherent control of cis-trans isomer-
ization have lead to conflicting results. Here we address this issue by quantum dynami-
cal calculations, focusing on a mechanism where different “phase-shaped” wave packets
are quickly stabilized (“dumped”) in the trans configuration due to prompt energy dis-
sipation. We systematically investigate different relaxation rates with the system-bath
dynamics described within the time-dependent-Hartree approximation leading to a
friction-type force. We find evidence for phase control of trans-isomer yields (about

5%) in this model with pure energy dissipation given sufficiently strong dampening.
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Introduction. The phase coherence of laser light can lead to coherent excitation of matter
and hence control over the quantum mechanical interference effects in molecules.'® This is
an extension of traditional photochemistry with incoherent light. Control is exerted by laser
pulse shaping, e.g., by modulating the phases of each spectral component of an ultrashort
laser pulse.

Early theoretical considerations ruled out one-photon coherent control of photofragmen-
tation.? To be more specific, in the weak-field (one-photon) limit for gas-phase photofrag-
mentation of isolated molecules with the molecule initially in an eigenstate of the ground

electronic state, it has been shown that in the long-time limit all observables associated with



the fragments are independent of the spectral phases of the laser light.%'? That is, for this
particular scenario the phase coherence of laser light plays no role.

Although coherent control is not possible in the long-time limit where dissociation is com-
pleted, we have demonstrated that phase-modulation of the outcome of “early” dynamics is
possible. Thus, transient post-pulse phase effects on the total dissociation probability, the fi-
nal vibrational states of fragments, and electronic branching ratios have been predicted.!? 14
The transient effects are particularly “long-lived” for indirect dissociation where an inter-
mediate energized complex is formed, i.e., products may then continuously “leak out” of
the complex over an extended period of time and a phase dependence on the “early” prod-
ucts can be observed. Furthermore, it should be noted that coherent weak-field control of
photofragmentation out of nonstationary coherent superpositions of eigenstates is possible,
also in the long-time limit. 1516

Besides photofragmentation, weak-field phase control has been predicted to be possible in
the long-time limit, e.g., for photoisomerization. ! To that end, experimental studies on weak-
field (one-photon) coherent control of the cis-trans isomerization of the retinal chromophore
embedded in a protein environment (e.g. rhodopsin) have lead to conflicting results.”18
Thus, based on these experimental works the question as to whether the weak-field coherent
control of photoisomerization is possible, is still unclear. However, it should be added that
the observed effect was quite modest, about 4% yield difference upon changing laser phase.'”

Seminal experimental and theoretical studies on the femtosecond dynamics of cis-trans
photoisomerization includes Refs.'® 2 We note in particular that an appropriate theoretical
description of the photo-induced isomerization must account for (intramolecular) vibrational
cooling.?%?* In the absence of a cooling mechanism for the reaction coordinate, the molecule
will continuously oscillate back and forth between the cis and trans configurations.

On the theoretical side, substantial weak-field coherent control has been predicted for a
simple one-dimensional model of isomerization where the two isomers are represented by two

non-adiabatically coupled Morse potentials.?? Thus, it was suggested that if the timescale of



non-adiabatic population transfer between the isomers becomes comparable to the timescale
of environmentally assisted energy relaxation, an opportunity for coherent control emerges.
A quantum mechanical study based on a more realistic model Hamiltonian representing 26-
degrees of freedom in the retinal molecule® showed a small effect (less than 10%) of laser
chirp in a time window which was limited to 2 ps. To that end, it should be noted that this
time window did not allow for a complete stabilization of the cis/trans populations.

In the present work, it is not our intention to attempt exact numerical modelling of a
specific system (like retinal) but rather to study more generic dynamics using a model with
some physically reasonable parameters. We have used a generic two-degrees of freedom model
for the cis-trans isomerization.?? This model is extended by a friction-type interaction with
a heat bath. We present a systematic investigation of how the quantum yield of the trans
product depends on laser chirp (phase-only control) and on the rate of energy relaxation in
the reaction coordinate.

Theory. We model the cis-trans photoisomerization with a two-dimensional Hamiltonian
as originally suggested by Stock and Hahn.?? This semi-empirical model consists of two non-
adiabatically coupled electronic states Sy and S} with a reaction coordinate ¢, describing the
torsional motion of isomerization and a vibronically active vibrational mode ¢.2! This model
reproduces many salient features observed in the time-resolved experiments of the light-
induced photoisomerization of the retinal chromophore embedded in the protein environment
of rhodopsin.'?

In the diabatic electronic-state representation, the system Hamiltonian in mutually or-

thogonal coordinates, ¢ and ¢ reads (atomic units are used unless otherwise stated):

. . Voo Vo
H(s) =TI+ , (1)

Vio Vi



where s = {¢, ¢} and the kinetic energy operator

R 1 0% w, 0
T="20p2 " 2 8¢ @

with the reduced moment of inertia I. The elements of the diabatic potential matrix repre-

sented in a basis spanned by the diabatic electronic wave functions are

1 1
Voo = §W0(1 — cosyp) + §wqq27 (3)
1 1,
Vii =By — §W1(1 — cosp) + kq + Wl (4)
and
Vor = Vio = Alsin ¢]’q, (5)

where w, is the frequency of the vibrational mode, x introduces a shift in the excited-state
potential energy surface with respect to the ground-state geometry at ¢ = 0, and \ is the
vibronic coupling constant of the diabatic coupling. The diabatic potentials Vo and Vi,
intersect at ¢ = m/2. Figure 1 shows the corresponding adiabatic potentials with conical
intersections at ¢ = 7/2 + nm,q = 0. In the present study, we have slightly modified the
original model potential by introducing a ¢-dependent coupling in Vj; = Vi such that now
the coupling is largest at the conical intersections. The parameters of the model Hamiltonian
in Eq. (1) are chosen similar to Refs.??3

The state of the system as a function of time is expressed in terms of the diabatic nuclear

wave functions xo(p, ¢;t) and x1(p, q;t) as,

Xo(, g; 1)
X (¢, q:t)) = : (6)

x1(p, q;t)



which is obtained by solving the time-dependent Schrodinger equation,

i—|X (0, q:1)) = H(s)|X (0, q;1)). (7)

The interaction of the molecular system with the radiation field is described within the

0.15

0.1

V (au)

0.05 —

Figure 1: The adiabatic potential energy surfaces for the cis (¢ = 0) to trans (¢ = )
transformation. The nuclear wave packets are sketched for the initial state, a state shortly
after vertical excitation, and a fully relaxed trans configuration.

electric-dipole approximation,

Hr = _E(t> ) (8>

where the electric transition-dipole moment function is assumed to be constant (ug; = po

= 1 au) as a function of the nuclear coordinates (Condon approximation). The electric field



of the laser pulse can be represented by

E(t) = EjRe { /_ N A(w)ew(w)e—iwtdw} , 9)

[e.e]

where A(w) is the amplitude and ¢(w) the phase of the frequency component at frequency w.
For later reference, it is instructive to consider the interaction with such a field in the weak-
field limit. The nuclear state |y;), created in a weak-field bound-free transition (described
by first-order perturbation theory) from the initial stationary nuclear state |yo) in the lower

electronic state with energy e, is®!

a(0) = Ein/m) [ Alwop)e e (El6) By iE, (10)

for times t where the pulse has vanished, where |¢) = p1]x0) With ug; being the projection
of the electronic transition dipole moment on the polarization vector of the electric field,
and wg = (E — ¢)/h. Thus, the energy as well as the energy spread of the wave packet
is controlled by the frequency distribution A(w) (bandwidth) of the laser pulse whereas
the phase of each spectral component of the field translates directly into the phase of each
expansion coefficient of the wave packet. That is, phase-only laser pulse shaping leads to
the creation of a “phase-shaped” wave packet. We note that subsequent non-adiabatic wave-
packet transition probabilities are independent of the phases ¢(w) (see, e.g. Ref.?).
Energy relaxation or dissipation leading to (intramolecular) vibrational cooling can be
described as being due to coupling to secondary degrees of freedom, i.e., a bath. For a
sufficiently small number of degrees of freedom, a numerically exact approach like MCTDH
(MultiConfigurational Time Dependent Hartree) can be applied to the entire system includ-
ing the bath.3%32 Typically, however, approximate approaches like the Redfield description
are applied.?*33 The Redfield approach is based on several approximations (like second-order
perturbation theory for the interaction between the system and the bath and the Markov

approximation) and we note in passing that the validity of the Redfield approach has been



examined in direct comparisons with MCTDH calculations.3? Note also that previous work
suggests that the possibility of weak-field control is destroyed by the Markov approxima-
tion.30:34

In this exploratory study, we want to investigate whether pure energy dissipation can lead
to phase control in the weak-field limit. To that end, we start from the Time-Dependent
Hartree (TDH) approximation for the system-bath coupling which is also often referred to
as the Time-Dependent-Self-Consistent-Field (TDSCF) approximation.353¢ This approach
omits effects of quantum entanglement between the system and the bath due to the enforced
product form of the total wave function. However, it leads to a qualitative correct description
of pure energy dissipation allowing us to make contact with a simple physical picture of the
mechanism. As detailed in the Supporting Information (SI), dissipation is described by the
addition of an appropriate time-dependent potential to each of the diabatic potentials. Thus,
to Voo and Vi in Eq. (1) we add, respectively, Vy(p,t) = Fo(t)Q(v) and Vi(p,t) = F1(1)Q(p),
where the time-dependent function Fj(t) is chosen such (see Eq. (S7) of the SI) that energy
dissipation is obtained in each electronic state and Q(¢) is the ¢ dependence in the system-
bath interaction potential.

As a simple example, consider the dynamics in a single electronic state (without non-
adiabatic coupling) and a linear interaction in the system coordinate, Q(s) = s. Then (see
Eq. (7) of the SI) F(t) = Ay(p)/m and the time-dependent potential becomes V (s, t) =
F(t)Q(s) = Xa({p)/m)s, where Ay > 0 is a free parameter which determines the strength
of the system-bath coupling. This result is similar to the classical frictional force —Agv de-
pendent on the velocity v. Applied to a harmonic oscillator, it shows that efficient energy
dissipation is obtained for a time-dependent force with a frequency which matches the os-
cillator frequency, but is out of phase with the vibrational motion. Note that the energy
dissipation is determined by the expectation values of the velocity, i.e., independent of the
detailed shape of the wave packet.

Computational Details. The numerically exact ground-state wave packet corresponding



to the initial state of the system is first prepared in the cis-configuration (¢ = 0) of the
Sp-state by the imaginary time propagation method.3” A regular grid of 2!° = 1024 grid
points are taken for both ¢ and ¢ coordinates; where ¢ varies from zero to 27 and the range
of oscillations along the g coordinate was found to be accurately described within |¢| < 6 au.

We photoexcited the molecule with a linearly chirped Gaussian femtosecond pulse, E(t),
as described in Refs.'®31:3® The phase function in Eq.(9) is ¢(w) = Bo(w — wp)?/2, i.e.,
quadratic around the central frequency wy. The corresponding wavelength is choosen to
be 500 nm. The peak intensity of the laser pulse was varied from 1.0 x 10° to 1.0 x 10
Wem™2 to ensure the linear excitation regime. With intensities within the linear (one-
photon) regime, we obtain excitation probabilities around 1%. We then introduce dissipation
in the ¢ coordinate by the addition of the F;(t)Q(y) potential in each diabatic state. For
the system-bath coupling, we choose Q(¢) = 2.0 + sin(p) + cos(p) (see also Ref. 21).

Upon photo-excitation, the S; — S transition is induced, creating a non-stationary
excited-state population. The time-evolution of the wave packet is calculated by the split-
operator method®® in combination with the fast Fourier transform (FFT) algorithm. The
FFT is exploited both along the ¢ and ¢ coordinates, the former satisfying the periodic
boundary condition ®(p) = ®(¢ + 27). The relation between the associated transforms
along ¢ and ¢ can be obtained from Ref.*!

The nonadiabatic numerical simulation is carried out by analytical diagonalization of the
2x2 potential matrix in addition to the forward and backward transformation of the wave
packet from position and momentum representations for the evaluation of the kinetic energy
operator, for each coordinate and at every time step.*? Convergence of the results is ensured
by choosing a time step of 0.125 au.

The time-dependent photoreaction quantum yield of the trans isomer is then calculated

from the fraction of the initially excited population which is accumulated in the ground



adiabatic state in the long-time limit as,

P (¢
Y =— rans ()1) (t = o0) (11)
Pcis (t) + Ptrans(t)

where, Pc(ios) (t) and E:(rla)ns(t) refer to the time-dependent populations of the cis and trans iso-
mers associated with the diabatic electronic states Vo and V7 in the regions of the potential
surface ¢ € [—7/2,7/2] and ¢ € [r/2, 37 /2], respectively, as indicated in Figure 1.

Results and Discussion. The Franck-Condon wave packet is born at (¢ = 0, ¢ = —0.5)
close to the saddle point of the upper adiabatic state and the initial motion along the ¢
angle is due to wave packet spreading. At the same time, the wave packet oscillates in the ¢
coordinate with a period of around 20 fs. For short-pulse excitation, the intersection region
is reached in less than 100 fs and the wave packet splits into two with one part showing
up in the “trans-well” of the lower adiabatic state. It should be noted that due to the
rotational symmetry of the potential, the wave packet enters the “trans-well” simultaneously
at p = —7m/2 and ¢ = 7/2. The first maximum in the trans population is reached after
about 170 fs. This part can now oscillates back and forth and visit either the “cis-well” of
the lower or upper adiabatic state.

Here we investigate a mechanism similar to the one proposed in Ref. ?° Thus, a short
pump-pulse creates either a focused or de-focused wave packet at the crossing - depending
on the sign of the chirp.3® This wave packet is subsequently stabilized (“dumped”) in the
trans configuration due to energy relaxation. In order to demonstrate phase-only control,
the energy relaxation has to act on a fast timescale (comparable to the timescale of the non-
adiabatic population transfer) and discriminate between the focused and de-focused wave
packets.

We consider two pulses with linear temporal chirp: (I) a pulse where the pulse duration
of the chirped pulse is less than the time it takes to reach the intersection; the peak intensity

is Iy = 4.0 x 10° W cm™2 with a full-width-half-maximum (FWHM) of the transform-limited
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pulse of Towy = 20 fs and a quadratic spectral chirp of By = 4200 fs* leading to a
pulse duration of Tewpy = 59.0 fs, and (IT) the pulse considered previously by Arango and
Brumer?®® where the pulse duration of the chirped pulse is Trwmn = 200 fs with a quadratic
spectral chirp of By = +2512 fs? corresponding to a transform-limited pulse of Towim = 75.2
fs, and for the peak intensity of the transform-limited pulse, we choose Iy = 8.9 x 108 W cm 2.
For pulse (I) compared to the unchirped pulse, the negative chirp leads to a focused wave
packet at the intersection whereas the positive chirp leads to a defocused wave packet. Note
that only the phases of the wave-packet expansion coefficients are affected by the chirp (see
Eq. (10)) whereas the energy and energy spread remains unchanged.

The quantum yields obtained for pulse (I), do not differ appreciably between the chirped
and unchirped pulses. Thus, we focus on pulse (II). Figure 2 shows the quantum yield for
the undampened system (note that the reported yields are meaningful only after the laser
pulse has vanished, i.e., for ¢ > 200 fs). For the transform-limited pulse, we see fairly regular
oscillations in the yield with a period of about 275 fs corresponding to motion along the ¢
coordinate. We observe a substantial effect of the chirp. The yield for the negative chirp is
relatively constant within the first ps, in contrast to the yields obtained with the unchirped
or positively chirped pulses. Note also that the initial rise in the quantum yield is delayed
for the negatively chirped pulse in agreement with the focused nature of this wave packet.
Figure 3 shows a contour plot of the wave packet at ¢ = 250 fs right after the (chirped) pulse
has vanished. The (instantaneous) yields ¢t = 250 fs are 0.25 and 0.41 for the positively and
negatively chirped pulses, respectively. It is clear that the structure of the wave packet is
complicated. To that end, it must be recalled that the non-adiabatic coupling depends on
the fast motion in the vibrational coordinate ¢ and that wave packet interference is created
due to the rotational symmetry. Furthermore, the wave packet motion is unbound in the
rotational coordinate.

Next we consider the curve crossing coupled to a heat bath, i.e., including energy dissi-

pation. It is clear that if we could “freeze” the instantaneous populations at t = 250 fs by a

11



1 L DL L L IBI:IOI Tt
By = +2512
By=-2512 —

Quantum Yield

N I R B R
0 500 1000 1500 2000

t/fs

Figure 2: The quantum yield of the trans isomer calculated with the two-dimensional Hamil-
tonian in the absence of the heat bath. The yield is shown for the transform-limited pulse
(Bo = 0) as well as for two chirped pulses with the electric field peaked at t = 0 (shown for
the chirped pulses).

prompt energy dissipation such that the wave packet gets trapped below the barrier for the
cis-trans isomerization of the Sy state, then weak-field (one-photon) coherent control would
be demonstrated. We consider the chirped pulses described above for different strengths of
the energy dissipation. Figure 4 shows the quantum yield when Ay = 0.05 (in Eq.(7) of the
SI). Compared to Figure 2 for the undampened system, we observe a clear stabilization of
the yields, especially after around 1 ps. The fast small-amplitude oscillations are related to
the dampening mechanism, similar oscillations have been observed previously.?’ Clearly, the
quantum yield of the trans isomer is not fully converged on the timescale of 2 ps and the
dependence on the chirp is small and without a systematic trend. In practice, the yield will
be detected with a finite time resolution. To that end, we show in Figure 4 also the yields

convoluted with a 100 fs (FWHM) Gaussian probe pulse. Again, a systematic dependence
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Figure 3: The probability density for the wave packet excited by the transform-limited pulse
(Bo =0) at t = 250 fs. For ¢ < 7/2 we have the excited-state cis configuration whereas the
ground-state trans configuration corresponds to ¢ > 7/2.

Quantum Yield
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t/fs

Figure 4: The quantum yield of the trans isomer calculated with the two-dimensional Hamil-
tonian including dissipation Ay = 0.05. The yield is shown for the transform-limited pulse
(Bo = 0) as well as for two chirped pulses with the electric field peaked at ¢ = 0. The inset
shows the yields convoluted with a 100 fs (FWHM) Gaussian probe pulse.
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on the chirp cannot be identified.
Figure 5 shows the quantum yield for the stronger dampening Ay = 0.5, again convoluted

with a 100 fs (FWHM) Gaussian probe pulse. We observe that the larger dampening leads

1 T T —T T T T
Bg =V —
By =+2512 -
|300 =-2512
0.8 ;
0.6 ;

Quantum Yield

0 500 1000 1500 2000

t/fs

Figure 5: The quantum yield of the trans isomer calculated with the two-dimensional Hamil-
tonian including dissipation Ay = 0.5. The yields are convoluted with a 100 fs (FWHM)
Gaussian probe pulse and shown for the transform-limited pulse (5 = 0) as well as for two
chirped pulses with the electric field peaked at ¢t = 0.

to a faster stabilization of the branching ratio but it hardly affects the final quantum yield.
This is in agreement with previous work in the Redfield description for the system-bath
coupling.?* After 300 fs, the quantum yield for the unchirped pulse is larger than the yields
for the chirped pulses and when the yields have stabilized for times longer than about 1.5 ps,
it is observed that the quantum yield for the unchirped pulse is about 5% higher compared to
the chirped pulses. This demonstrates coherent control in the weak-field limit. We could not
identify larger effects in the present model. A similar small dependence on laser phase was
suggested by a computational study of one-photon phase control of the cis-trans isomerization

in retinal.®® It is interesting to note that the time dependence in Figure 5 is very similar to
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that obtained from a description of the reaction kinetics of cis & trans isomerization.

Concerning the mechanism leading to a dependence on the laser chirp, we note that
from the topology of the potential energy surface (see Figures 1 and 2) it is clear that a
prompt stabilization of the (ground-state) trans configuration is possible, i.e., to trap this
part of the wave packet below the barrier for the trans-cis isomerization. On the other hand,
the part of the wave packet corresponding to the excited-state cis configuration cannot
be directly trapped below the barrier for trans-cis isomerization but, at best, at the conical
intersection or indirectly to the ground-state cis configuration via transfer through the conical
intersection. Thus, the cis/trans populations of the adiabatic ground state cannot settle
before the excited-state (S7) cis population has fully decayed. This explains why the effect
of chirp is small in the present case.

Finally, we note that a recent experimental study on retinal photoisomerization used
transform-limited pulses with durations 75 ~ 20 fs leading to chirped pulses with durations
of the order of 2 ps.'® We found that for the mechanism discussed above, such pulses are
too long compared to the timescale of dissipation.

Summary. Substantial weak-field coherent control has been predicted for a simple one-
dimensional model of isomerization where the two isomers are represented by two non-
adiabatically coupled Morse potentials.?? The opportunity for control emerges when envi-
ronmentally assisted energy relaxation is sufficiently fast, such that, the phase-shaped wave
packet can be trapped below the barrier for isomerization (i.e., the crossing of the Morse
potentials). In that model, both isomers are described only by bound states. This facilitates
the prompt trapping of the isomers.

We have investigated a similar mechanism for weak-field (one-photon) coherent control
of cis-trans photoisomerization using a well-established model Hamiltonian. Thus, we have
studied whether different phase-shaped wave packets, corresponding to different instanta-
neous yields, can be quickly stabilized (“dumped”) - with some selectivity - in the trans

configuration due to prompt energy dissipation. We have presented a detailed investigation
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of this mechanism and did find evidence for phase control in the model given sufficiently
strong dampening. The addition of quantum entanglement between the system and the
bath can further influence the outcome. We note, however that the magnitude of our pre-
dicted phase effect is similar to what has been suggested by a computational study using the
MCTDH approach for a similar model Hamiltonian including explicit “bath modes”.?°
The smallness of the phase effect for the photoisomerization described in the present

work will obviously make experimental verifications challenging, the identification of a suit-

able molecule and solvent allowing for prompt energy dissipation seems to be crucial.
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