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ABSTRACT: Crossings of electronic potential energy surfaces in nuclear configuration
space, known as conical intersections, determine the rates and outcomes of a large class
of photochemical molecular processes. Much theoretical progress has been made in
computing strongly coupled electronic and nuclear motions at different levels, but how
to incorporate them in different spectroscopic signals and the approximations involved
are less established. This will be the focus of the present review. We survey a wide range
of time-resolved spectroscopic techniques which span from the infrared to the X-ray
regimes and can be used for probing the nonadiabatic dynamics in the vicinity of conical
intersections. Transient electronic and vibrational probes and their theoretical signal
calculations are classified by their information content. This includes transient
vibrational spectroscopic methods (transient infrared and femtosecond off-resonant
stimulated Raman), resonant electronic probes (transient absorption and photoelectron
spectroscopy), and novel stimulated X-ray Raman techniques. Along with the precise
definition of what to calculate for predicting the various signals, we outline a toolbox of

protocols for their simulation.
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1. INTRODUCTION

It has been widely believed that electronic states of the same
symmetry cannot cross. Hund, von Neumann, and Wigner first
realized " that the strict noncrossing rule for potential energy
surfaces (PESs) of the same symmetry only holds for systems
with one vibrational degree of freedom. Teller described these
degenerate points as double cones’ and coined the term conical
intersection (Coln). Colns in crossings are possible if there are
two or more vibrational modes. It was thought that such
electronic degenerate points between two PESs are very rare and

special cases. With the advent of modern quantum chemistry
methods and the computer age, it is now established that Colns
can be found in almost any molecule.” They are the rule rather
than the exception and play an essential role in photochemistry,
photophysics, and nature. Colns enable ultrafast, sub-100 fs
nonradiative relaxation pathways, which control product yields
and rates of a large class of photochemical processes (for a
general review of Colns see ref S). At a Coln, electronic and
nuclear frequencies are comparable and become strongly
coupled since the Born—Oppenheimer approximation,® which
normally allows their separation, breaks down.

The celebrated Woodward—Hofman rules’ in organic
chemistry relate the stereochemistry of pericyclic reactions to
orbital symmetry. The photoinduced reaction pathway involves
Colns, as has been shown on, e.g,, cyclohexadiene.s_ s Artificially
designed molecular systems like optical switches'”'® rely on
Colns as a basic functional principle. Many important light-
induced biological processes, like the photosynthesis of Vitamin
D,"” the main event of vision in retinal,"® photodamage of
deoxyribonucleic acid (DNA),"” and DNA repair,”’™>" are
decided by Colns. This review surveys the spectroscopic
techniques that can be employed for the monitoring of Colns
and outlines protocols for their simulation.

The strong mixing of the nuclear and the electronic degrees of
freedoms in the vicinity of a Coln affects vibrational and
electronic properties. Two strategies are possible for their
spectroscopic detection: One can either use transient vibrational
spectroscopy or probe properties which are attributed to
electronic states. Vibrational techniques rely mainly on the fact
that the shape of the potential energy is heavily affected by the
Coln, which results in a temporal variation of vibrational mode
frequencies of spectator modes. This can be probed by, e.g,
femtosecond stimulated Raman spectroscopy (FSRS), coherent
anti-Stokes Raman spectroscopy (CARS), or transient infrared
(IR). More subtle vibrational properties are the temporal change
of intermode couplings, which require multidimensional vibra-
tional probe schemes, such as transient 2D-IR, to observe.
Changes in the vibrational frequency, intensity of a vibrational
transition, or intermode couplings during the time evolution of
an excited state wavepacket can serve as signatures for a Coln.
The second major class of spectroscopic techniques detect
properties attributed to electronic states. As the system passes
through a Coln, population is transferred between the electronic
states involved in the surface crossing. The character of the
adiabatic electronic wave function changes rapidly, as do
properties such as transition dipole moments. The energy gap
between the electronic states varies strongly down to degeneracy
of both curves at the CoIn. These changes can be probed by
addressing the electronic degrees of freedom either by resonant
transient absorption with visual/ultraviolet (UV) light, in a
Raman process with extreme ultraviolet (XUV) of X-ray light, or
tracked by time-resolved photoelectron spectroscopy. Moreover,
the branching of the nuclear wavepacket creates a short-lived
electronic coherence that can be probed by sufliciently short
pulses. In a landmark femtosecond experiment, the population
dynamics of electronic states was spectroscopically observed by
Zewail®>™ in sodium iodide molecules and theoretically
described by means of wave packet dynamics.”**’ Since this
system only has a single vibrational degree of freedom, it
constitutes an avoided crossing”**’ rather than a Coln.

Commercial ultrafast laser sources with sub-100 fs pulse
lengths cover the IR to the near UV regime. More recent
developments™® pushed the limits further toward the attosecond

DOI: 10.1021/acs.chemrev.7b00081
Chem. Rev. 2017, 117, 12165—12226


http://dx.doi.org/10.1021/acs.chemrev.7b00081

Chemical Reviews

X-ray regime. The high-harmonic generation (HHG) technique
creates table-top light sources®' that can produce pulses as short
as 70 as,”>** while free electron lasers (FELs) provide ultrashort
subfemtosecond pulses®* ™ up a to a few keV in photon energy
with high photon fluxes that can cover the full range of all
relevant time scales from vibrational IR, vibrational Raman
spectroscopy over electronic UV—visual (VIS) spectroscopy to
X-ray electronic Raman techniques to time-resolved X-ray
diffraction. HHG can provide a versatile light source for the
pump, the probe,”’ ~** or both.*’

In this review, we review ultrafast time-resolved spectroscopic
techniques that can be used to detect the excited state
nonadiabatic dynamics in molecules. We will focus on the
detection of the dynamics in the vicinity of Colns, the theoretical
description, and simulation protocols for these signals.
Technological advancements and state-of-the-art experiments
will be surveyed. For a more general review on the spectroscopy
of reaction intermediates see ref 41. The influence of Colns on
photoinduced chemical dynamics has been reviewed in refs 42
and 43. An earlier theoretical review of femtosecond spectros-
copy and nonadiabatic processes can be found in ref 44. We will
introduce the general theoretical description of the spectroscopic
signals perturbative in the external field in terms of the loop
diagram formalism, along with a brief overview of the basic
simulation protocols for the signals. In the next sections, we give
amore detailed survey of different types of vibrational (sections 2
and 3) and electronic (section 4) spectroscopic probes. While
most transient vibrational detection techniques and transient
absorption spectroscopy have become well established during
the past decade, electronic detection techniques based on XUV
and X-ray pulses (section S) are more recent and have yet to be
established as standard experimental techniques.

1.1. Conical Intersections and Their Theoretical Description

We first briefly introduce the theoretical description of Colns in
terms of the diabatic and adiabatic electronic states. Atomic units
are used in the following (# = m, = 4me, = 1). The Born—
Oppenheimer approximation, which allows for the separation of
nuclear and electronic degrees of freedom, breaks down in the
vicinity of a Coln where electronic and vibrational frequencies
are not well separated (see Figure 1). A common approach to
account for coupled nuclear and electronic degrees of freedom
begins with the adiabatic electronic states. The total wave
function can be expanded as a sum of products of the nuclear
wave function y(q) and the electronic wave function ¢.(r; q)

¥(q, r) = y (@) (r; 9) (1)

where q = (qy,,qy) denotes the set of nuclear coordinates, r =
(r1,--y) are the electronic coordinates, and the index k runs over
all electronic states. The adiabatic electronic wave function ¢ (r;
q) is obtained by solving the electronic Schrédinger equation for
fixed nuclear geometries (e.g, by means of common electronic
structure methods like post-Hartree—Fock or time-dependent
density functional theory methods, etc.***). This results in the
adiabatic potential energy surfaces V; = (dHaldp), which are the
eigenvalues of the electronic Hamiltonian H, (V indicates that
V(q) is an operator with respect to the nuclear coordinates q).
Note that the matrix of potential energies is diagonal in this
representation. The off-diagonal nonadiabatic couplings between
the adiabatic states arise from the nuclear kinetic energy
operat0r5’47’48

a) EnergyA
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3

Figure 1. Schematic representation of a Coln in the adiabatic
representation: (a) Potential energy surface (PES) in the branching
space x,/x, spawned by the gradient difference vector and the derivative
coupling vector. Any motion along x, or «, lifts the degeneracy and
generates the cone shape. (b) Space of the radiationless decay
coordinate x,, which is part of the branching space, and the adiabatic
path coordinate x;, which is part of the seam space. Adapted with
permission from ref 4. Copyright 2014 Elsevier.
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where m; is the mass of the ith nucleus. In the next step, the matrix
elements

~ (ad) S
Hy = ((q, NIT + Hy¥(q, r)), (3)

are calculated by integrating over the electronic coordinates r.
Letting T act on the nuclear—electronic product wave function
W(q, r) creates new terms due to the product rule of
differentiation. The matrix elements of the adiabatic electronic
states then read

~@{) 0

7y (ad)
1_ fa a_ql

N N 1 1~03)
Hy "= 6yT + 6yV, + z — + Ehkl
P ™ )

where } and fi are the derivative coupling term and the scalar
coupling, respectively

i @ = @ o) “

HORAOIAION ©

Here, (), denotes integration over the electronic coordinates.
The scalar term A} is usually dropped and approximated by
taking a Hermitian average
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I:I(ad) — %(I:\I(ad)'*' + I:I(ad))

)
which leads to the approximate Hermitian Hamiltonian®’
6 w9 L 90
Hy ' =61 + 6V + Z ( f %, 0_‘11 W
(8)

The adiabatic description is characterized by a diagonal
potential energy operator and electronic states, which change
their electronic character abruptly as the nuclear coordinate is
varied in the vicinity of a Coln. This is a convenient
representation since more than two electronic states can be
readily handled and the coupling between electronic states is
highly localized. One difficulty is that the nonadiabatic coupling
matrix elements diverge at degenerate points.

The diabatic representation is an alternative description in
which the PES are allowed to cross. For a system with a Coln
between two adiabatic electronic states y; the diabatic states y; are
obtained by a rotation

%(a, 1) _[cos(G(q)) sin(G(q))] w (g, t)
%(q,t) —sin(6(q)) cos(6(q))

where the mixing angle #(q) is obtained by requiring the
derivative coupling fu to vanish

<¢k(q)| |¢l(q)>

w(q, t) (9)

9(q) =0
dq, (10)

and y;(q, t) are the diabatic nuclear wave functions. Applying the
rotation eq 9 to the adiabatic PESs ylelds the dlabatlc PESs §,, Sz
along with the diabatic couplings S, (note that S,i = S,](q))

S, S, =[cos(9(q)) sin(ﬁ(q))] 14
S —sin(0(q)) cos(6(q))

>

12 SZ

(11)

The molecular Hamiltonian in the diabatic basis then reads
A (dia) ~ Sl(‘i) Slz(‘J)
H =1T +
Si(q) Sy(a) (12)

The potential energy matrix now has smooth off-diagonal
elements and is free of the derivative couplings. In contrast to the
adiabatic representation, the couplings are now significantly
delocalized. Note that, in general, eq 10 is only guaranteed to
have a solution for two electronic states,”” whereas the adiabatic
representation can be easily used with more than two states. In
practice, the conditions in eq 10 are approximated to yield a
quasi-diabatization.>” The choice of the mixing angle is then not
unique and depends of the employed method. For a selection of
possible quasi-diabatization methods see refs 5 and 51-55. A
system where the electronic populations follow the adiabatic
states during the time evolution is commonly labeled adiabatic,
while a system that preserves its electronic character by following
a single diabatic state is called diabatic.

The reduced electronic density matrix in the adiabatic basis is
obtained by integrating over the nuclear degrees of freedom ¢

AARUAY
loel = Trnuc(p
VAZARRUATY (13)

where p; = (y; ;) is the population of the ith electronic state and
P12 = Pi = (w1 ly), ie, the nuclear wavepacket overlap, is the
electronic coherence between the two states. The wave functions
W12 =W1,,(q) are the nuclear wave packets on the adiabatic PESs
1 and 2, respectively (see eq 1). From eq 13, it becomes clear that
the electronic coherence depends on the overlap of the nuclear
wavepackets in different electronic states. Note that the reduced
density matrix elements depend on the choice of basis, i.e., they
will differ in the adiabatic and diabatic representations. A proper
description of electronic coherences (off-diagonal elements) is
important to properly reproduce the dynamics of the system. For
the simulation of spectra, which involve broad-band XUV or X-
ray pulses, electronic coherences and their proper description
may also be important for accurate reproduction of the signal. If
the probe pulse has a sufficiently broad bandwidth to cover
several electronic states, electronic coherences p, can be utilized
for the detection of Colns (see section 5.2).

1.2. Nuclear Dynamics Simulation Protocols

The simulation of transient spectra requires one to calculate the
time evolution of the electronic and nuclear degrees of freedom
after photoexciation. Two basic routes are available for the
simulation: Semiclassical methods, which treat the nuclei
classically, and wavepacket dynamics, which provide a fully
quantum description of the nuclear degrees of freedom. A
prominent example of semiclassical methods, which is used to
simulate the excited state dynamics in systems with Colns, is
Tully’s fewest switching surface hopping (FSSH) algorithm.‘%’57
The basic idea is that the dynamics of the nuclei is described by
classical mechanics coupled to the electronic degrees of freedom,
which in turn are described quantum mechanically as a multilevel
system (see refs 58 and 59 for recent reviews). A swarm of
classical trajectories is launched on the adiabatic electronic
surfaces, requiring only local information, such as single-point
energies and nuclear gradients. When a trajectory reaches a
region of nonzero nonadiabatic coupling, it may jump to another
electronic state and continue its time evolution there. This
method is computationally very efficient and allows one to
include all nuclear degrees of freedom. However, special care has
to be taken to account for the electronic coherences and its
consequences for the hopping dynamics. Modern extensions of
this algorithm address this problem by, e.g., introducing phases
between different trajectories.”” An  alternative semiclassical
approach is ab initio multiple spawning (AIMS).°" Here, the
nuclei are described by frozen Gaussian wavepackets whose
equations of motion are also dictated by locally derived quantities
(ie., single-point energies and nuclear gradients). When a
wavepacket reaches a region of nonzero nonadiabatic coupling, it
spawns a new wavepacket on the approaching surface, intrinsi-
cally describing the electronic coherence properly.

The second strategy for obtaining the molecular dynamics is a
full quantum description of the nuclear and electronic degrees of
freedom. Since the size of the nuclear wave function grows
exponentially with the number of vibrational modes, this method
is limited to small molecules or a subset of reactive
coordinates.*”**~** This requires evaluation of the global PES,
either by fits to analytlcal functions,” in terms of a vibronic
coupling Hamiltonian,™® or explicitly. The coupled nuclear—
electronic wavepacket dynamics can be then obtained by solution
of the tlme -dependent Schrédinger equation on, e.g., spatial
grids,* or multiconfiguration time-dependent Hartree
(MCTDH).®® The methods address the problem of the
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electronic coherences with high accuracy and further include
quantum effects of the vibrational motion.

In the following sections, we survey a broad range of possible
spectroscopic techniques and their numerical simulation.
Starting with vibrational techniques in sections 2 and 3 that
rely on detection schemes with short IR and optical pulses, we
continue with optical valence electronic techniques (section 4).
Finally, we describe cutting edge electronic Raman techniques
performed with X-ray pulses (section S) that carry higher levels
of information®’~® ? through the use of core electron excitations.
While the vibrational techniques monitor the vibrational
frequency shifts during the nonadiabatic dynamics, the optical
detection of electronic degrees of freedom offers a different
window into the nonadiabatic dynamics in the vicinity of Colns.
This inherently benefits from the large pulse bandwidth and
temporal resolution down to the attosecond time scale. The
theoretical formalism of electronic probe techniques is closely
related to the vibrational (IR or Raman) probe techniques. For
example, the X-ray Raman scheme is conceptually closely related
to a vibrational Raman scheme but differs in the participating
intermediate states (Figure 2). Core excited states rather than

a) b)
—_e)

@ i core hole states
A

== € %
I 7 ' |!'):)

valence states]
— |a)

Figure 2. Schematic of vibrational (optical) Raman spectroscopy (a) vs
electronic (X-ray) Raman spectroscopy (b).

‘-q-"!"l"['TT
o
|

low-lying valence excited states serve as intermediates. For
clarity, we present below the various simulation protocols for
infrared signals and comment when appropriate about how they
can be adapted to other signals.

2. SIMULATION PROTOCOLS FOR UV-VIS PUMP AND
BROAD-BAND IR PROBE (UV/IR) SIGNALS

We start by discussing theoretical aspects of nonlinear optical
signals that can be employed for capturing nonadiabatic
processes. Various simulation protocols are presented for the
simplest and most intuitive UV—vis pump IR probe (UV/IR)
signal. The different protocols offer a hierarchy of approx-
imations that start from a quantum treatment of electronic and
nuclear degrees of freedom, moving on to semiclassical models
where only a few degrees of freedom treated quantum
mechanically are modulated by a classical reaction coordinate,
to incoherent averaging over contributions arising from different
product states. We note that the formalism is applicable to a
variety of vibrational detection modes, like stimulated Raman
spectroscopy (SRS) probe signals, covered in detail in section 3
where the initial preparation by an actinic pulse and the genuine
time-frequency resolution of these measurements are addressed.
Our analysis is based on a perturbative expansion in the external
fields in which the signals are expressed in terms of response
functions. A different and powerful approach is based on a
nonperturbative propagation of the driven system”® which will
not be reviewed here. It has been widely and successfully

employed to FSRS”' and 2D-UVvis”>~"* techniques. An in-
depth discussion of the different possible detection modes and
their formal theoretical description can be found in ref 75.

The formalism outlined in this section allows one to consider
the entire detection process, including the actinic pump pulse
and the IR or Raman probe sequence, as a single four-wave or six-
wave mixing event, respectively. In general, the actinic pump can
impulsively create coherences in the vibrational state manifold. In
that case, the preparation process due to the actinic pump pulse
has to be explicitly considered in the description of the n-wave
mixing process. If, in contrast, the actinic pulse is short enough to
impulsively trigger bath dynamics but long compared to the
vibrational periods, the limited bandwidth can only create
populations but not coherences in the relevant vibrational
modes. We can then exclude the actinic pump from the
description of the optical process, and the process can be viewed
as a four-wave-mixing (FWM) experiment from a nonstationary
state created by the actinic pump and characterized by a
generalized susceptibility. This simpler, widely used approach
only holds in a limited parameter regime. If no dynamics is
launched and the prepared state is stationary then the pulsed
experiment can be viewed as many stationary IR or Raman
experiments done in parallel and the pulse duration becomes
immaterial.

2.1. Loop Diagram Representation of Frequency-Dispersed
Transmission Signals

Stimulated optical signals are defined as the energy change of the
detected electromagnetic field. The radiation—matter interaction
Hamiltonian is

H'(t) = VIOEWR) + V()E(t) (14)

where V(t) = V(t) + V'(#) is a dipole operator in the Heisenberg
picture and E(t) = &(t) + 8}-(1&) is the electric field operator.
Both V and E are separated into positive (V' (£)E(t)) and
negative (V(t)fj(t)) frequency components (annihilation and
creation photon operators, respectively). The dipole operator is
further given by the sum of the electronic and nuclear dipole
moments V(t) = V,(t) + V,(t). Various optical signals can be
defined as the change of the energy of the electromagnetic field

© d
s:[magmm@mt s

The Heisenberg equation of motion for the field operator

Lot = 1,80 + (%)
dt h ot )y (16)
then gives for the above integrated signal
an:ij'wnwmmo
il il [p *
/ (0)&E(@) -

where we replaced the field operators with their classical
envelopes after evaluating the commutator in eq 16, I
collectively denotes a set of parameters that characterize the
various laser pulses, 7 denotes the imaginary part, and

mwy=[zdwaym ”
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where P(t) = (V(t)) is the nonlinear polarization that arises from
the interaction with the pump and the probe pulses. The angular
brackets denote (...) = Tr[p(t)...] with the density operator p(t)
defined in the joint field—matter space of the entire system. In
practice, the temporal or spectral range of the integrations in
eq 17 is restricted by the response function of the detector. If the
detector contains a narrow time gate with nearly 6 function
response 5(t' — t), eq 17 yields

2 *
Sto(t; T) = =ITP(t)E(t
Similarly, if the detector consists of a spectrometer with narrow
frequency response 6(w’ — w), we obtain the frequency-gated
signal

2
Seg(w; T) = %IP(w)S*(w) (20)
Note that the two signals of eqs 19 and 20 are different and are
not related by a simple Fourier transform. A Wigner spectrogram
representation’’~” with arbitrary temporal and spectral gates
was developed in ref 80 for the integrated pump—probe signals
eq 17.

We shall use loop diagrams®' to describe the more detailed
time- or frequency-gated signals, eqs 19 and 20, respectively. For
clarity, we focus on the frequency-gated expressions in the
following. The corresponding time-gated signals are given in the
Appendix, Time-Gated Signals. We start with the UV/IR signal
as sketched in Figure 3. Considering frequency dispersed infrared
detection (FDIR), the pump pulse centered at time 73 = 0
promotes the system from its ground electronic state g to the
vibrational state a of an excited electronic state and launches the
vibrational dynamics. The IR probe pulse centered around 7, =T

(& ]
" 0]
Q e : ; T‘” T, Y
d 4+——
L] ]
1 1
] § g L]
an By o [Nl
L] ]
L] ]
] L]
v ¥
g= 9= "
1 1n
(a)
/)*\ ()~\ y
U Wt
\d) la)
‘\ \ ¢ 4
flera. ol
| 7 " |e} .
W+ / 9
Vo
. 7 ) (@l , y 75 |a") (all
el w7 = 07
A Y ~ Y
l9) (gl lg) {g]
i ii
(b)

Figure 3. UV/IR signal with FDIR detection: (a) Level scheme
indicating the excitation pathways on the ket side (solid arrows) and the
bra side (dashed arrows). (b) Loop diagrams describing the UV/IR
technique; for details see text. Reproduced with permission from ref 76.
Copyright 2013 Royal Society of Chemistry.

can then either stimulate emission that couples the vibrational
state a and lower vibrational state d (cf. level scheme (i) in Figure
3a) or an absorption to higher vibrational state ¢ (level scheme
(ii)). The transient absorption (TA) signal is defined as the
change in probe intensity and is either time gated, eq 19, or
frequency gated, eq 20. Both can be represented by the loop
diagrams shown in Figure 3b which contain four field—matter
interactions—two with each pulse—and are thus somewhat
simpler than SRS (see section 3.3) that involves six radiation—
matter interactions. Loop diagrams are pictorial representations
of Hilbert-space expectation values (¥ ()|V(£)I¥(t)). They differ
from the Feynman ladder diagrams (which are representations of
the Liouville-space expectation value {({1lp(t))}) in that field—
matter interactions on the ket and bra are no longer relatively
time ordered. This is easily understood since both ket and bra are
then just copies of the same perturbatively expanded state |¥(t))
and allows signals of nondissipative systems to be represented
more compactly. Diagram rules are given in ref 81. Note that the
signals given by egs 19 and 20 are expressed in terms of &, which
makes the arrow corresponding the last interaction pointing to
the left. We further choose the last interaction to occur on the left
branch, which corresponds to the ket part of the density matrix.
This arbitrary choice removes any ambiguity in the diagram rules
without loss of generality.

The electric field consists of the pump field 1 and a probe
field 2

E) =& +&E(t—-T) (21)

where T represents the delay of the probe pulse relative to the
pump. The signal is given by the two loop diagrams shown in
Figure 3b, plus their complex conjugates. These give for the
frequency-gated signal eq 20
© dA =
Su(@, T) = T [ 285080 + A)S(, T )
—oo 2T

(22)
where the auxiliary A-dispersed signal is given by the two
diagrams Si(w, T; A) = S2(w,T; A) + 3i(w, T; A)

- s3] t t [z
59w, T; A) = %/ d [ an [ 4 [
% ST(TS)Sl(Tl)eiw(t_T3)_iA(T3_T)
X (VeG+(13, Ts)VIGT(t: 7)V,G(t, Tl)VD

(23)
~(ii) 2 oo t t 7
55w, T; A)=E/: dtf_ drlf_ dr3/_ dr,
% SI(TS)ST(TI)eia)(t—'r3)—iA(13—T)
X (V,G'(t, 1) V,G(t, 7,)V.G(13, 7)V))
(24)

Note that in eqs 23 and 24 the A-dispersed signal S(w,T; A)
accounts for the interaction with the pump pulse &, while the
observable UV/IR signal S(w,T), involves two additional
interactions with &,. S(w,T; A) represents the contribution of
the @ and @ + A frequency components of &, to the signal,
where @ is the detected frequency. S(w,T; A) contains more
information than the experimental observable signal and
demonstrates the conjugate time—frequency resolution inherent
to the UV/IR experiment, in detail analyzed in sections 2.3 and

3.3.1. The observable signal is obtained by integration over A.
G(tyt,) = (—i/h)O(t, — t,)e ™" =5 denotes the retarded

DOI: 10.1021/acs.chemrev.7b00081
Chem. Rev. 2017, 117, 12165—12226


http://dx.doi.org/10.1021/acs.chemrev.7b00081
http://pubs.acs.org/action/showImage?doi=10.1021/acs.chemrev.7b00081&iName=master.img-003.jpg&w=165&h=264

Chemical Reviews

Green’s function. Even though this Green’s function only
depends on the difference of its two time arguments, we retain
both arguments and write G(t,,t,) rather than G(t, — t,). This is
done since in the reduced (semiclassical) description developed
below (cf. section 2.2.2) if the system is coupled to some
stochastic bath degrees of freedom, time-translational invariance
is lost and G then depends on both time arguments rather than
on their difference. The corresponding time-gated signal (eq 19)
is given in the Appendix (eqs 86 and 87). Equations 23 and 24
may be simplified further under the condition of an impulsive
pump. We can then set §,(r) = §,6(z), and the 7; and 7
integrations can be eliminated.

Diagram (i) (eq 23) represents a forward and backward time-
evolving vibrational wavepacket. First, the pulse &, electronically
excites the molecule via V. The wave function then propagates
forward in time from 7, to t. Then the IR probe pulse &, de-
excites the vibrational transition to the lower vibrational level via
V., which then propagates backward in time from t to 75. Pulse &,
excites the vibration via V{, and the wave function propagates
backward in time from 7; to 75. The final de-excitation by pulse &,
returns the system to its initial state by acting with V.. Diagram
(i) (eq 24) can be interpreted similarly: following initial
electronic excitation the wave function propagates forward in
time from 75 to 7;. At this point a vibrational excitation promotes
it to the higher vibrational state and the wave function propagates
forward in time from 7 to t. After vibrational de-excitation it then
propagates backward from t to 7; where an electronic excitation
brings the system back into its initial ground state.

2.2. Simulation Toolbox for Nonlinear Optical Signals with
Broad-Band Probe Pulses

We now present a general analysis of the central microscopic
matter quantity, i.e., the 4-point matter correlation function of
eqs 23 and 24, and derive closed expressions that can be used for
microscopic quantum simulations of UV/IR signals. In section 3
we adopt the same techniques to Raman probe signals. Three
representations for these correlation functions, each suggesting a
different simulation strategy, will be presented.

2.2.1. First Simulation Protocol: Numerical Propaga-
tion of the Wave Function. The first protocol includes all
relevant electronic and nuclear (including bath) degrees of
freedom explicitly and involves the numerical propagation of the
wave function. This is the most general, expensive, and accurate
method.*”** The central molecular quantity for microscopic
simulations of UV/IR signals, eqs 22—24 (and, as will be
demonstrated in section 3.3, for the SRS technique as well), is the
4-point matter correlation function given in the time domain

FiIR(Tv t, 13, Ts) = <VeGT(731 TS)V;GT(t’ Ts)VnG(t: 71)V2->
(25)

F;R(Tl) t, 73, Ts) = <VeGJr(t1 Tl)VnG(tJ T3)VXG(T3: Ts)V:>
(26)

The frequency domain form is given in the Appendix, eqs 95 and
96. The observable UV/IR signal can be obtained from eqs 25
and 26 by a convolution with respective pump &, and probe
fields &, at the interaction times 7, 73, and 75, respectively (cf. egs
22—-24). Equations 25 and 26 can be understood using a forward
(G) and backward (G") time-evolving vibrational wavepacket.
The free-evolution periods can be directly read from the
diagrams and are separated by interactions with the laser pulses,
mediated by respective dipole operators V.. For illustration, let
us describe eq 25 and diagram (i) of the UV/IR technique

12171

(Figure 3 b): First, the UV—vis pump pulse SP(a)l) brings the
molecule via V! to an electronic excited, vibrational state la),
followed by forward propagation of the wave function in time
from 7, to t. The resonant IR probe pulse &, then de-excites the
system to a different vibrational level Id) via V,, which then
propagates backward in time from ¢ to 7; on the other branch of
the loop. Pulse &, further excites the vibrational mode via V}, to
la’), followed by the third free-evolution period backward in time
(75 to 7). Finally, interaction with the optical pulse &; via V,
returns the system to the final state. Diagram (ii) can be
interpreted similarly (eq 26) but corresponds to IR absorption
and excitation to a higher vibrational state vibrational level Ic)
with two forward evolution periods on the left branch of the loop.

The simulation protocol based on these equations involves
both the forward (G) and the backward (G") propagation of the
entire wave function in the space of all electronic and nuclear
degrees of freedom. This task can be carried out by numerically
exact propagation techniques, based on the split-operator
Fourier transform, the short iterative Lanczos method, or a
Chebyshev expansion,*”** where the wave function is commonly
expanded in the set of orthogonal eigenstates of H. Nonadiabatic
effects can be accounted for either in a diabatic or in adiabatic
basis of the participating electronic states.’* The major drawback
of this numerically exact treatment is that the computational
effort and storage requirements grow exponentially with the
number of degrees of freedom, which limits their application to
molecular systems composed of only a few degrees of freedom.
The change to a nonorthogonal representation of the time-
dependent wave function allows one to evaluate the Trotter
expansion analytically, avoiding the unfavorable scaling behavior,
which is accordingly not an intrinsic property of the powerful
propagators.*>®* The approximate MCTDH method®® formally
still scales exponentially, but superior scaling and low memory
requirements compared to the exact propagation methods can be
achieved if the number of degrees of freedom and contraction
coeflicients is large. A major drawback of all propagation
methods is that the global multidimensional PES has to be
known a priori. Approximate direct quantum dynamical
approaches like, e.g,, the variational multiconfiguration Gaussian
wavepacket method®”~*” or AIMS,”*~** which rely on Gaussian
functions as a basis set, circumvent this shortcoming as the PES is
only sampled on-the-fly in the part of space where it is actually
required.

In some applications, it may be desirable to only consider a few
vibrational modes explicitly and treat the remaining ones
classically. Even in this case, we may use the Green’s functions
expressions, eqs 23 and 24, propagated forward and backward
along the loop under an effective time-dependent Hamiltonian.”
This method is a compromise between a full quantum and a
classical dynamical description. Its numerical implementation
was developed in ref 94 and demonstrated for the calculation of
FSRS spectra of acrolein subject to nonadiabatic relaxation. A few
spectator, e.g.,, C—H stretch modes are chosen as marker bands,
which are then treated by direct propagation under the influence
of a time-dependent potential. First, the molecular dynamics is
calculated semiclassically within the framework of surface-
hopping methods.’®*’ Each trajectory is then used to provide
an effective potential for the marker bands. The global subspace
potential in the active marker bands is calculated explicitly for
each time step of the trajectory. The inclusion of anharmonicities
and intermode couplings is then straightforward.

DOI: 10.1021/acs.chemrev.7b00081
Chem. Rev. 2017, 117, 12165—12226


http://dx.doi.org/10.1021/acs.chemrev.7b00081

Chemical Reviews

The separation into quantum and classical subsystems, where
the classical subsystem imposes time-dependent fluctuations of
the Hamiltonian along a collective bath coordinate, provides a
microscopic way for incorporating non-Gaussian fluctuations
and respective line shapes. It is commonly employed for the
simulation of 2D spectroscopic signals in the IR spectral region
by direct propagation of a time-dependent Hamiltonian along
the configurations imposed by a classical trajectory.”>”>"® For
electronic excited states, limitations arise from the absence of
back coupling between the quantum system and the classical
system. Thus, nuclear relaxation effects like the dynamic Stokes
shift are not accounted for. Moreover, thermal equilibration of
the branching of populations, ie., the detailed balance limit
between reaction channels, is not guaranteed. Section 4.2
provides an overview of recent efforts to address these limitations
by combining Tully’s surface-hopping methodology with direct
propagation algorithms of a time-dependent Hamiltonian along
classical trajectory configurations.

2.2.2. Second Simulation Protocol: Snapshot Limit;
Sum Over States (SOS) Approximation. An alternative
simulation protocol is based on an expansion of matter
correlation functions (egs 25 and 26) in the eigenstates of the
total system. If all bath degrees of freedom are included explicitly,
the approach is formally equivalent to the numerical propagation
of the wave function described in section 2.2.1. Again, in this
approach bath degrees of freedom cannot be eliminated and
must be included explicitly. The resulting sum over states (SOS)
expansion of the signal then requires diagonalization of the total
vibrational Hamiltonian. Starting with eqs 23 and 24, the
frequency-gated UV/IR signal can be expressed

* ok — (i@ +7,,) T
/{ga’ﬂugﬂa/d'%de

w_wad+iyad

a,a’,d
X 8;!((0))82(0) = Wy + i}/aa')sik(a)a’ + i}/a’)al(wa - i}/a)
(27)
* ok —(iw, +v, )T
i 2i ’ua"ua ﬂu’c"/fzce o
S(u) o, T) = -T2 ga " ag
i ( ) nt z o — @, +iy,
a,a’,c a'c
x E(@)&y(w — o, + ir, )& (w, + iy )E\(w, — ir)
(28)

The corresponding time-gated signals are given in the Appendix,
eqs 90 and 91. The frequency-dispersed UV/IR signal, eqs 27
and 28, depends on the product &1 (@)E,(w — @, + iy,
This creates an uncertainty during the interaction time with the
probe pulse which is governed by the inverse time scale of
vibrational dynamics (i.e., the spectral width of w,,) and bath
dephasing rate y,,. The quantum pathways selected by the
dynamics yield therefore the effective bandwidth of the probe
pulse that interacts with the system. This introduces uncertainty
to the interaction time 7 (cf. Figure 3b) stemming from the finite
bath’s dynamics time scale. The corresponding measurement
cannot be viewed as a stroboscopic snapshot of the system but is
determined by the vibrational dynamics represented by the
coherence between a and a’. The bandwidth of the pump pulse
which prepares the vibrational coherence of the system is crucial.
The energy spread of @, is controlled by the pump bandwidth
and is also a measure of the inverse time scale of the matter
dynamics initiated by the pump. If a single state is selected (a =
a’) then there is no dynamics and the same signal can be
generated by a continuous wave (CW) pump tuned generally to

level a, and the pump duration then becomes immaterial. A broad
distribution of vibrational states will result in a fast dynamics that
is affected by the pump duration. The broad-band technique
amounts to multiple CW experiments in parallel, which is
experimentally convenient since it does not require one to scan
the frequency but reveals no additional information beyond the
two-mode experiment. With initiation by an actinic pump pulse,
which prepares a wavepacket with different a, a’ pairs, the
technique may be viewed as many FWM experiments done in
parallel, it is essentially a broad-band FWM which only has three
modes (note that CARS is a four-mode process).

In the SOS protocol, the basis set expansion has to cover the
complete vibrational dynamics under investigation, which can be
tedious or even impossible for complex reactive systems or
nonadiabatic relaxation via multiple electronic states. Diagonal-
ization of the resulting Hamiltonian is a nontrivial task. Model
Hamiltonians may be used to reduce the system size and provide
an affordable simulation. For example, exciton Hamiltonians are
commonly used to describe multiple excitations in chromophore
aggregates.”” Here, the resulting SOS expansion of the signal
only requires the diagonalization of an effective vibrational
Hamiltonian. This offers a numerically more tractable algorithm
when it is possible to truncate the relevant phase space and
provides useful insights and a convenient computational
algorithm. Once the eigenstates in the reduced dimensional
model space are obtained, this protocol allows the straightfor-
ward interpretation of the signals. We note that this highly
intuitive snapshot limit simplifies the calculation but is not always
satisfied when we have continuously evolving states (e.g., the
modulation of a vibrational mode along a reaction coordinate, cf.
section 2.2.3). We can then define distinct evolution and
detection segments where, during the latter, the system
eigenstates are assumed to be frozen. Employing an X-ray
Raman detection mode that monitors the electronic degrees of
freedom, this protocol was successfully applied to investigate the
nonadiabatic ring-opening dynamics of furan (cf. section S.1).

2.2.3. Third Simulation Protocol: Frequency Modu-
lation Induced by Coupling to a Classical Bath. An
alternative simple and intuitive description can be developed by
treating some (bath) degrees of freedom as classical and
assuming that they modulate the vibrational frequencies of
interest. We start with the UV/IR signal employed to detect
excited vibronic states. Starting from eqs 23 and 24 and assuming
that the pump pulse &, is impulsive, the semiclassical A-
dispersed (eq 24) signal reads

S (o, T; A):—%/ d13/ dt

2 iw(t—T) ~H@+A)(5=T) 2 oyt
X 18" De D e
a

t
2 =i [ @ (t)d 2 i [fay(t)dr
xlz%u : + )l e
c d

(29)

where @w,; = low, — wyl. Ensemble averaging (...), over the
classical set of trajectories is performed at the signal level
Si(®,T). Similarly, one can derive the corresponding SRS result
when the extra Raman pump pulse is a narrow band and can be

approximated as E,(t) = 83e_iw3(t_ ) (cf. section 3.3). Equation
29 involves a path integral over the stochastic vibrational
frequencies w, (t) and @ 4(t). The signal depends not only on
the initial and final value of the vibrational frequency w,, but also
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on the entire pathway from time T to the time when the
polarization decays to zero. In the semiclassical protocol of eq 29,
the system is partitioned into a classical bath while retaining the
quantum character of only a few vibrational modes (@,.(t) and
@,4(t)). The time-dependent frequency ®,,(t) in eq 29 can be
calculated by running classical molecular dynamics trajectories.
For nonreactive systems (i.e., no chemical bonds are broken or
formed) evolving on a single adiabatic PES (i.e., the Born—
Oppenheimer approximation remains valid), common molecular
dynamics simulations can be used which scale by N* if all pairwise
electrostatic and van der Waals interactions are explicitly
accounted for. The computational cost can be further reduced
to linear scaling by suitable cutoffs. The quantum character of the
vibrations under investigation can be retained by collective
solvent coordinates which allow one to map the classical
dynamics onto ab initio-derived electrostatic maps.”*™"%

If the process under investigation is characterized by ultrafast
relaxation in the vicinity of a conical intersection, as commonly
observed in photoreactions, the breakdown of the Born—
Oppenheimer approximation requires that one treats the system
by nonadiabatic on-the-fly molecular dynamics.'”" On the basis
of the independent trajectory approximation, the nuclear
wavepacket is approximated by a swarm of independently
evolving trajectories where, within the framework of Tully’s
tewest switches trajectory surface hopping,‘%’57 relaxation
between different electronic states is induced by the nonadiabatic
couplings. Here, the numerical effort of the dynamics is shifted to
the calculation of excited state gradients and nonadiabatic
couplings. The construction of global PESs is avoided as only the
relevant configuration space is explored during the dynamics.
The quantum character of the vibrations is reconstructed by
evaluating the excited state Hessian. The restriction to a few
vibrational degrees of freedom allows for an efficient algorithm
for the calculation of the semiclassical signal which is based on a
mode-tracking procedure'®” where only the desired frequencies
and normal mode vectors are obtained. As the construction of
the complete Hessian matrix is avoided, linear scaling with the
number of considered vibrational modes can be achieved.'"®
Employing C=0O and C—H stretch vibrations as spectator
modes this protocol was successfully applied to investigate UV/
IR and FSRS signals of nonadiabatic relaxation of the ribonucleic
acid (RNA) base uracil (cf. sections 2.4 and 3.3).

2.2.4. Fourth Simulation Protocol: Stochastic Liouville
Equation (SLE) for Vibronic Line Shapes. The three
protocols presented so far target the wave function and operate
in Hilbert space. Reduced descriptions that eliminate bath
degrees of freedom can often be more conveniently described in
terms of the density matrix in Liouville space. Here we develop
such a semiclassical protocol that assumes some fluctuating
Hamiltonian parameters due to coupling to a bath described by
collective coordinates. Unlike the Hilbert space protocol (section
2.2.3) in which a frequency trajectory is inserted into the wave
function description of the signal and the bath degrees of
freedom are not explicitly included, the SLE acts in the E’oint
system-plus-bath Liouville (rather than Hilbert) space.'*~'% It
assumes that the system is affected by the bath but the bath
undergoes an independent stochastic dynamics that is not
affected by the system, and system/bath entanglement is thus
neglected. If the bath is harmonic and only modulates the
transition frequencies, one can solve the dynamics analytically
using the cumulant expansion,'”” since the fluctuations are
Gaussian, and avoid the SLE. The SLE can describe a broader
class of models with continuous or discrete collective coordinates

which may be coupled to arbitrary Hamiltonian parameters (not
just the frequencies). Adding the bath makes the calculation
more expensive but still less demanding than the complete
microscopic simulation involving all relevant degrees of freedom.
The SLE, originally develoged by Kubo and Anderson in nuclear
magnetic resonance,'**”""® thus provides an affordable and
practical level for modeling complex line shapes.

The SLE assumes that the bath dynamics is described by a
Markovian master equation and the joint dynamics of the
system-plus-bath density matrix p is given by

dp - i A

& Lp(t) P [H, p(t)] + Lp(t) (30)
Here, the superoperator L describes the stochastic Markovian
dynamics of the bath, H is the system Hamiltonian that depends

parametrically on the bath, and the Liouville operator L is
diagonal in the vibrational space.

We shall apply the SLE to the two-state jump (TSJ) model,
which is the simplest stochastic model for line shapes. In this
model, the bath has two states that, adopting spin terminology,
are denoted “up” + and “down” —. The system has two
vibrational states a and ¢ with @, being the vibrational frequency
unperturbed by the bath. The TSJ coupling to the vibrations is
introduced by assuming that the vibrational frequency depends
on the bath states: w, =@, + 6 for + and w_ = w,. — 0 for —. The
TSJ model is a special case of the semiclassical expressions given
earlier. It yields simple closed expressions for the Green’s
functions. We first note from eq 30 that, unlike the UV/IR signal
(eqs 22—24) that has been written using loop diagrams in Hilbert
space, the TSJ model requires a fully time-ordered description in
Liouville space. Each of the loop diagrams in Figure 3b should be
split into several ladder diagrams.'” However, in the case of an
impulsive actinic pulse &.(t) = E(t), each loop diagram
corresponds to a single ladder diagram and the total number of
diagrams will remain the same. Second, in Liouville space the
signal may be recast using the matter quantity given by eqs 25
and 26, where we assume that excitation by the actinic pulse
prepares the state u.

The generalization to n states (multistage jump model)
and after evaluating the time integrals in eq 153 (cf. Appendix),
we obtain

109,110

~ (i —2i .
39w, T; A) = h—leSIIZ Y 21V, AT

a,c

X (UG, e @) Gra,aa( = D) ))s (1)

Following eq 144 (cf. Appendix), we introduce the population of
state a after interaction with the UV—vis pump pulse

pu(;)(t) = lallzl‘ftzglzgxaa,aa(t)lp()))S (32)

Substituting eq 32 into the signal expression eq 152 and eq 153
gives

—2i
SIR(G)) T) = I?é;;k(a)) Z ,Ll;; Z gac,ac,s(a))

© dA AT (s)
x [0+ 2)eATp0(-A
o 2 A AT () (33)
where p,,(—A) is the Fourier transform of the population time

evolution of state a, G, (@) is a frequency-domain Green’s

function, and ), represents the sum over bath states. It follows
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from eq 33 that the A integration represents an integral over the
bandwidth corresponding to the inverse dephasing time scale.
This integral is generally a complex number. Therefore, the signal
(eq 33) is governed by both real and imaginary parts of the
coherence Green’s function G,_ (@) and thus contains both

absorptive and dispersive spectral features. Dispersive features
observed in SRS''°™''® can arise when the dynamics under
investigation proceeds on a comparable time scale to the
vibrational dephasing. We note that the electronically off-
resonant SRS signal, discussed in detail in section 3.3, is formally
analogous to the UV/IR signal. Even though these signals
represent different physical processes and even involve different
numbers of field—matter interactions, they can be described
using very similar diagrams. By substitutions of operators V,, —
a, and the infrared detection frequency w by the Raman shift @ —
@3, the 4-point matter correlation function expression of the UV/
IR signal (eqs 22—24) can be transformed to the respective
correlation function of the SRS technique (cf. eqs 48—50).

‘When fluctuations are slow one can neglect the jump dynamics
during the dephasing time. We can then replace
E,(w + A) =~ E,(w), the integral over A yields p,,(T), and
we obtain the static averaged signal

S(@, T) = D Y S8 (@)pl(T)

a

(34)

with

s 2
SR (@) = —REISZ(a))PlSIF 312G @) -

where R denotes the real part. Unlike the general UV/IR signal,
eq 33, the static averaging limit, eq 34, only describes absorptive
line shapes since the bath dynamics is neglected during the
dephasing time. Furthermore, the time evolution in this case is
governed by a snapshot of the populations of the excited states.
Therefore, eqs 33 and 34 are expected to be different at short
times and to become more similar at longer time. This was
demonstrated for the FSRS signal in refs 109 and 110. Note that
since the signal (eq 33) is written in terms of Green’s functions
expanded in SOS, it can be applied to complex systems with
multiple vibrations and various baths coupled to these vibrations.
In a typical chemical reaction, such as isomerization, very few
collective coordinates are involved. These degrees of freedom are
typically treated explicitly, while the remaining vibrational and
bath degrees of freedom can be approximated as harmonic
vibrations.

2.3. Interplay of Temporal and Spectral Resolution in UV/IR
Signals

The picture emerging from the loop diagrammatic representa-
tion (Figure 3b and eqs 22—24) is that the effective temporal and
spectral resolution of the UV/IR technique is affected by but not
solely controlled by experimental knobs. This holds for any
broad-band probe detection,” such as the Raman-based schemes
discussed in section 3.3. Formally, the uncertainties AT and Aw
associated with the delay time (ie., pulse duration) and the
frequency resolution of a spectrometer can be independently
controlled. This suggests that there is no lower bound to the
product AwAT; the measurement can apparently be interpreted
in terms of instantaneous snapshots with high spectral resolution.
This apparently contradicts the uncertainty for the Fourier
conjugate variables for, e.g., Gaussian pulses AwAT > 15000
cm™' fs.''* However, this argument is false for the following

reason. Achieving ultrafast resolution requires the active
involvement of the entire probe bandwidth. This is eroded
when a narrower slice of the pulse is selected by the system.

We now discuss how the Fourier uncertainty relation between
spectral and temporal resolution appears in the signal. Nonlinear
multidimensional spectroscopy signals depend on several time
intervals, and there is no problem in having simultaneous high
temporal and spectral resolutions in different independent
dimensions.'*”"'® This is not the case when both dimensions are
associated with the same probe pulse. The combined spectral and
temporal resolution of the UV/IR technique stems from two
interactions with the same probe pulse. The issue was addressed
for Raman detection in ref 112 using a semiclassical treatment of
bath degrees of freedom.

To pinpoint the factors that determine the genuine resolution,
we note that in the most general form the UV/IR signal is given
by the two loop diagrams presented in Figure 3b where a sum
over paths spans both branches of the loop. Naively, one can
argue that a short pulse must interact impulsively with the system
at a sharply defined time. However, this is not necessarily the case
for the following reason: a pulse is a superposition of modes with
well-defined phases. The broader the bandwidth, the shorter the
pulse can be. Equations 23 and 24 show that the relevant range of
frequencies that actually contribute to a given signal is given by
the variable A associated with the 7, integration (A = 0 implies a
CW probe). Thus, when only a fraction of the probe modes
contributes to a given signal, the full bandwidth of the pulse
becomes immaterial and the effective relevant pulse is longer
than the actual pulse. The number of contributing modes is
governed by the width of the relevant spectral features of the
system and can be easily rationalized by the selection of the
relevant pathways in the joint field-plus-matter space. Therefore,
the resolution in eqs 23 and 24 is controlled by a combination of
the pulse, the measuring device, and the system itself that
determines A. In both diagrams (i) and (ii), the probe is
frequency dispersed by the detection (spectrometer). If only a
single mode is selected for detection, one may wonder why does
the probe duration matter at all? This is apparent from the
diagrams, which show that the signal involves two interactions
with the probe. Frequency-dispersed detection only selects the
frequency of the last interaction Bj(a)), whereas the other
interaction &,(@ + A) can still involve other modes, making the
signal depend on the probe bandwidth. The temporal resolution
is eroded if the second interaction also selects a single mode so
that A = 0.

To better illustrate this important point, we examine the A-
dispersed, time domain UV/IR signal dressed by the probe pulse

I . — & _ 3 X i(w+A)T
S(t, T; A) [ _dey( = TS, T 0)e o)

(cf. Appendix, eq 85). We reiterate that this is not an observable
but serves as an auxiliary quantity used to compute the signal. For
clarity, we omit the subscript for 7; in the following. Note that in
contrast to the 7-dispersed signal S(t,T;7), S(t,T; A) depends on
the probe pulse envelope &,. As discussed above, A may be
broadened due to finite time scale of the bath dynamics. The
respective frequency-domain signal, eq 22, can be calculated
using eq 36
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Flgure 4. (a) Continuous, nonexponential switch of transition frequency (eq 41) and (c) corresponding 2D representation of the Fourier transform
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200 fs. Reproduced with permission from ref 76. Copyright 2013 Royal Society of Chemistry.

Sr(w, T) = I/ / / deel®(t-T)=iAz

x EX(w)S(t + 7, T; A)
(37)

2.3.1. Linear Matter Chirp. We first consider the simplest
example for the bath effect by assuming that it causes a linear time
variation of the matter transition frequency (linear “matter”
chirp: @,.(t) = 0 + at where a is the chirp rate). Even though
the linear matter chirp model is not realistic since the transition
frequency is changing in an unbounded fashion, this example
provides basic insight from an analytical treatment. A more
realistic situation with continuously switching transition
frequency will be described in section 2.3.2. We shall calculate
the effective bandwidth A within a semiclassical approximation
(cf. section 2.2.2). Taking eq 29 into account and assuming a
harmonic potential with states g, ¢, and d such that @, = @,4 and
setting 4,4 = ji,, we obtain

t .
5(t, 75 8) = 00) [ &,(c = )
0

x |Mag|2|/tm|2|81|2[€lw‘“ )(t—1)+i/2a(t*—7%) +ec e ] (38)

Assuming a Gaussian probe pulse centered at T

Ze—(‘r— T)* /Zoﬁr—iwu‘r

E(x-T)=& (39)

where ), is the central frequency and
pulse, we obtain

0, is the duration of the

S(t, T; A) ~ e (A=00)"/20% (40)
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Here, the effective bandwidth is affected by Ay = @, — o9 +a(T

P,ya) and 62 = Oyt 24 azaz Note that A, is determmed by two
factors, the inverse of pulse duration 6, and the characteristic
time scale o of the matter dynamics. This effect is similar to the
broadening of a chirped pulse compared to the transform-limited
pulse with the chirp attributed to the matter instead.

We wish to capture the matter dynamics on a given time scale

!. For a long pulse, the dominant contribution to 6.4 comes
from the matter which ensures high-frequency resolution. In the
limit of resonant CW excitation (@, = @'?), eq 40 gives 5(A).
The latter implies that the original A-dispersed signal (eqs 23 and
24) has no time resolution with respect to 7. Furthermore, this
result is independent of the probe time delay T. In the opposite
limit, when the pulse is short, the leading contribution comes
from the pulse and o4 =~ Pr Therefore, high temporal
resolution must be accompanied by low spectral resolution and
vice versa. In both limits, the time and frequency resolutions are
not independent, since they are not solely controlled by the
external manipulation of pulse parameters. Rather, they are
governed by a combination of pulse and matter parameters.

2.3.2. Continuous Frequency Switch. We next turn to a
different model where the transition frequency varies continu-
ously between two values during a finite time interval (Figure 4a
and 4b). This model can represent, e.g, a spectator mode
modified by passage through a Coln or photochemlcal reaction
with nonexponential, ballistic dynamics.*® We assume

1 £ ty—t
0= Ll ) o)
2 o, o,

t 2
where F(t) = =N / dxe™ is the error function. The transition

(41)

frequency sw1tches from its initial value @9 to its final value (¥
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Figure S. A-Dispersed signal (eq 36) for fast (6, = 20 fs, blue) and slow (o, = 200 fs, red) switchover of the vibrational frequency as depicted in Figure
4a and 4b, respectively. We assume resonant excitation @, = 9. Various panels represent different values of the pulse duration o, = 400 (a), 200 (b), 50
(c), and 20 fs (d). Reproduced with permission from ref 76. Copyright 2013 Royal Society of Chemistry.
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Figure 6. Schematic of UV/IR detection of uracil employing carbonyl C=0 marker bands: (a) Chemical structure of uracil. (b) Frequencies and
relative intensities of C=0O marker bands calculated on the CASSCF(14/10)/6-31G* level of theory in the electronic ground state Sy (Zc—o, = 2012

em™, Do, = 1971 em™), the excited states S, (nor*; Uo—o, = 2059 ecm ™, De—o, = 1706 cm ™) and S, (7o7™; Do, = 2028 em™, Deo, = 1929

em™). (c) Schematic of the electronic states involved in the femtosecond excited state relaxation of uracil: direct zz* — gs channel (left) leads to
ultrafast repopulation of the electronic ground state, while indirect zz* — noz* channel (right) involves an optical dark noz* intermediate state.
Reproduced with permission from ref 103. Copyright 2013 American Chemical Society.

+ a during time interval o,, = 20 fs around f, (cf. Figure 4a).
Employing the semiclassical simulation protocol (section 2.2.2)
the Fourier transform of the A-dispersed signal is depicted in
Figure 4c as two-dimensional plot of @ vs 7:

S, T30 = [ %§(w, T; A)e i@+d)r "

At T = 500 fs, the pattern evolves with dominating emission peak

at initial frequency a)(o) = 2000 cm™ for short times 7 < 500 f,
turning into the final frequency o +a= 2200 cm™! for longer
times 7 > 500 fs. For times shorter than 7, = 1 ps the oscillatory
region of the plot shows frequency beating and matter chirp. At
longer times, the signal decays exponentially ~e™"". For slower
dynamics, 0,,, = 200 fs (see Figure 4b) the A-dispersed signal (eq

42) is plotted in Figure 4 d, which is similar to Figure 4c but
stretched according to the longer time scale oy,

To determine the joint temporal and spectral resolution for
the system dynamics given by eq 41 with ¢,, = 20 fs and ¢,, =
200 fs, we examine the A-dispersed, time domain signal (eq 36)

for different values of the probe pulse duration

0, (cf. Figure Sa—

d). For long probe pulses (Gpr = 400 fs, Figure Sa), the slow
matter dynamics appears as a single peak at the final frequency @
+ A = 0 + a, whereas fast dynamics gives two peaks which
correspond to the initial and final frequencies (red line), which
demonstrates that high-frequency resolution is accompanied by

poor time resolution in this case. For a shorter pulse (o,

=200 fs,

Figure Sb), both fast and slow dynamlcs give a smgle emission
peak centered at final frequency % + a.. However, fast dynamics
yields a larger bandwidth due to combined pulse and matter
bandwidths. Further decrease of the pulse duration (6, = 50—20

12176

DOI: 10.1021/acs.chemrev.7b00081
Chem. Rev. 2017, 117, 12165—12226


http://dx.doi.org/10.1021/acs.chemrev.7b00081
http://pubs.acs.org/action/showImage?doi=10.1021/acs.chemrev.7b00081&iName=master.img-005.jpg&w=402&h=219
http://pubs.acs.org/action/showImage?doi=10.1021/acs.chemrev.7b00081&iName=master.img-006.jpg&w=369&h=161

Chemical Reviews

fs, Figure Sc and 5d) shows that the fast dynamics converges and
becomes indistinguishable from the slow dynamics. In this case
the frequency resolution is eroded and the spectrum does not
carry any matter information. It simply gives the Fourier
transform of the probe pulse. Therefore, for a long probe pulse,
the spectrum has a perfect frequency but a poor time resolution.
This corresponds to a CW experiment in which the actinic pulse
prepares the system in an equilibrium population state described
by ... In this case, time translation invariance via eq 94 yields
= w| (see Appendix, Frequency-Domain UV/IR Signal
Expression) and consequently @ = @’. In the opposite, short
pulse limit, the high time resolution is accompanied by poor
frequency resolution. The resulting spectrum will not contain
any relevant matter information and will be given by a Fourier
transform of the probe pulse. In both limits the temporal and
spectral resolutions are not independent and are governed by a
combination of matter and field parameters.

2.4. Frequency-Dispersed Infrared Detection of
Nonadiabatic Relaxation

In the following, we survey several techniques that employ an IR
probe pulse for monitoring the vibrational degrees of freedom
and their frequency shifts during the nonadiabatic dynamics. We
start with the UV/IR setup in section 2.4.1. Nonadiabatic
simulations of the RNA base uracil will serve to demonstrate the
information content of the vibrational detection scheme. The
numerical example is followed by a brief review of transient two-
dimensional infrared spectroscopy (T-2DIR) (section 2.4.2), a
nonlinear detection technique with the ability to reveal additional
information, and a novel two-dimensional electronic—vibrational
spectroscopy (2DEV) technique (section 2.4.3).

2.4.1. UV—vis Pump IR Probe (UV/IR). The time-resolved
UV/IR technique (see Figure 3) is widely employed due to its
ability to derive structural specific information about rearrange-
ment of atoms in excited states. Recent applications of the
technique have been reported in refs 116—127. Unique marker
bands (e.g, the IR-intense carbonyl C=0 stretch vibrations of
the nucleobases, cf. Figure 6) serve as fingerprint of the excited
state photoreaction. This allows one to obtain structural
information about transient reaction intermediates'*~'** and
ultimately reveal reaction mechanisms,''®"%3371%%

Unraveling the excited state dynamics of DNA and RNA
nucleobases has attracted considerable attention."**™'*" UV
irradiation of the isolated nucleobases leads to population of an
electronic excited state with #77* character. The nucleobases have
been engineered by nature to be photostable with respect to UV
irradiation."**'** At the core of this self-protection mechanism
are femto- to picosecond excited state deactivation paths
mediated by Colns'*~'** where the electronic energy is
efficiently converted into nuclear motion. The excited state
deactivation of pyrimidine bases involves several interconnected
excited state decay pathways, e.g,, a direct zz7* — gs channel leads
to ultrafast repopulation of the electronic ground state, while an
indirect 77* — noa* channel involves an optical dark nom*
intermediate state (cf. Figure 6¢). Due to their subpicosecond
deactivation dynamics the nucleobases serve as ideal exper-
imental and theoretical test cases for CoIn-mediated processes
(see also Summary and Conclusions, section 6). We note that a
direct transfer of UV photoprotection mechanisms from isolated
nucleobases to DNA as a carrier of genetic information should be
considered with some caution. Even though ultrafast photo-
chemical dimerization has been reported in DNA,""¢ additional
long-lived relaxation channels,126 involving reactive charge

transfer states,'>’ can eventually lead to harmful DNA photo-
lesions on slower time scales.' "'

We apply the semiclassical simulation protocol’® outlined in
section 2.2.3 to investigate nonadiabatic relaxation of the RNA
base uracil by means of quantum-classical on-the-fly trajectory
simulations that provide an assignment of sopectroscopic
signatures of the distinct deactivation pathways.'”> The vibra-
tional subsystem of carbonyl C=0 fingerprint modes is treated
quantum mechanically, with their time-dependent Hamiltonian
modulated by a classical bath during nonadiabatic relaxation. To
avoid the costly calculation of the entire excited state Hessian
matrix, a mode-tracking procedure'®> was employed to
reconstruct the time-dependent Hamiltonian of C=0O modes
on-the-fly by block diagonalization. This numerical algorithm
decouples the numerical effort from system size, making
simulations of time-resolved UV/IR signals in electronic excited
states for medium-sized molecules feasible.

Simulations of vibrational motions of C=0 fingerprint modes
in the electronically excited states reveal clear signatures of
different relaxation pathways on a hundreds of femtoseconds
time scale, which arise from the ultrafast branching of population
in the excited state (Figure 6). Notably, dynamic simulations
based on the CASSCF(14/10)/6-31G* level of theory predicted
a stable population of the nyz* state via the 72* — noz™ channel
on the picosecond time scale that is not subject to relaxation to
the electronic ground state, in agreement with very recent
findings from time-resolved near-edge X-ray absorption fine
structure (NEXAFS) spectroscopy on the deactivation mecha-
nism of thymine."”” The sensitivity of the UV/IR technique
allows one to assign structural information to transient features in
the time-resolved UV/IR signal. The high-energy C=0, mode
preserves its localized character and shows a blue shift of ~40
cm™" due to slight bond contraction in the noz* state compared
to the S, state (Figures 6b and 7). Accordingly, a spectral
signature of 77* — nom* could be identified that appears as a
blue shift of the intense intense C=0, mode. The C=0Oy in
contrast is elongated upon population of the noz* state and
shows a pronounced red shift with substantially reduced intensity
due to the delocalized character of the modes. We note that the
absolute C=O0O modes frequencies evaluated on the
CASSCF(14/10)/6-31G* level of theory are of limited accuracy
(and sometimes corrected by empirical correction factors) as
dynamic electron correlation and anharmonic effects have been
neglected. Nevertheless, the derived frequency shifts in the
electronic excited states provide trends for experimental
detection that have been successfully employed in the real-time
UV/IR detection of DNA photolesions. >

This study further demonstrates that the inherent temporal
and spectral resolution of the technique is not purely
instrumental but depends on the vibrational fluctuation time
scale as well. The system dynamics time scale imposes a lower
bound on the probe pulse and defines the actual time resolution
that can be observed in the experiment. The requirements for IR
probe pulses are predicted to be tgy,, = 100—200 fs, readily
available with current pulse technology,lM_149 as the best
compromise of temporal and spectral resolution, which allows
one to resolve spectral features characteristic for the individual
relaxation mechanisms. There are two fundamental reasons why
the UV/IR signal (eq 29) may not be simply interpreted as
stroboscopic snapshots of the instantaneous vibrational
frequency: (1) the uncertainty in 7y around T restricts the
ability to initiate the probe process at a precisely defined instant
of time; (2) the UV/IR signal at the delay time T is governed by a
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Figure 7. (a) UV/IR signal of C=0, and C=0; modes of uracil
excited state dynamics averaged over 44 trajectories (CASSCF(14/10)/
6-31G* level of theory, &, pulse parameters: tg,, = 175 fs, @, = 2000
em™); increments of AT = 25 fs). (b) Peak shift of C=0, vibrational
frequency as indicated by black dots in a. (c) Time evolution of C=0,
and C=0j vibrational intensity. (d) Overlay of S,/S, Coln structures
reached during the dynamics. Reproduced with permission from ref 103.
Copyright 2013 American Chemical Society.

time integral over the frequency trajectory rather than the
snapshot value at one time. Both effects generally hinder the
simple interpretation of the signal by inspection. However, for
delay times beyond the dephasing time, the snapshot picture
increasingly becomes more accurate.

The relaxation mechanism of pyrimidine bases uracil and
thymine is an ongoing matter of debate.'”’~'*!130715% A
comprehensive and quantitative theoretical description of the
DNA and RNA base excited state dynamics in solution is
challenging and has to account for static and dynamic electron
correlation on the highest level,">*'>° the influence of the solvent
environment that can lead to a reordering of electronic states
compared to the gas phase,"*° as well as the contribution of dark
triplet states'*”"*" to time-resolved spectra.

2.4.2. Transient Two-Dimensional Infrared Spectros-
copy (T-2DIR). The UV/IR technique provides information
about the structural dynamics under investigation by monitoring
transient intermediates. Similar to infrared absorption experi-
ments performed in the electronic ground state, information

about intermode couplings and environment fluctuation
dynamics is not directly accessible by this linear detection."”
Some of these limitations can be eliminated by augmenting UV/
IR detection by a quadratic detection mode”” that allows one to
spread the information content in two dimensions. The
respective technigjoue, T-2DIR, was first realized in 2003 by the
Hamm group.'®”™'** Comprehensive reviews on recent
technical developments of the T-2DIR technique are given in
refs 165—167. Difliculties in performing such experiments arise
from the increased optical complexity inherent in a fifth-order
method and from the differential absorption of already small
nonlinear spectroscopic signals which poses strict requirements
on signal-to-noise. By referencing to a characterized ground state
species, the quasi-equilibrium dynamics of excited electronic
states has been demonstrated by T-2DIR.'*® Recent studies
revealed the potential of T-2DIR to characterize excited state
intermediates, thereby providing a way to correlate nuclear and
electronic degrees of freedom.'” ™"

2.4.3. Two-Dimensional Electronic—Vibrational Spec-
troscopy (2DEV). A coherent extension of UV/IR, termed
2DEV,'”* developed recently correlates the optical excitation
pulse with infrared detection. The line shapes and temporal
evolution of the 2DEV signals contain additional information on
the coupling between the electronic degrees of freedom and the
vibrational manifold. The experimental realization relied on a
pump—probe setup,'”>~"”® thus self-heterodyning the nonlinear
signal followed by phase cycling. Recent technological advances
involve octave-spanning broad-band mid-IR pulses to improve
the detection window.'”” Conceptually, 2DEV is closely related
to the two-dimensional UV—vis (2D-UV/vis) signals discussed
in section 4.2 and can be regarded as an extreme two-color 2D
experiment.'®” In 2DEV, the first interaction with the optical
pulse k;, creates a coherence between ground and excited
electronic states that, after coherence time, is converted into a
population state (either ground or excited state) by the second
interaction with an optical pulse k,. After a waiting time T, the IR
probe pulse k; addresses the vibrational manifold from which
emission of the signal kg, occurs. Details of the line shape
evolution, especially for Coln-mediated processes, requires
further theoretical investigations. A first step in this direction
was taken for model systems in refs181—183. Note that for
nonreactive systems the response function formalism developed
in ref 107 can be employed for the description of the third-order
2DEYV signal. Recent variants of the 2DEV technique reported
the correlation of the ground state vibrational degrees of freedom
with electronic degrees of freedom, as proposed in ref 184,
termed two-dimensional vibrational-electronic spectroscopy
(2DVE), thereby inverting the correlation plot of the 2DEV
technique.'®’

The 2DEV technique’s ability to correlate electronic and
vibrational degrees of freedom was applied to investigate the
carotenoid f3-apo-8'-carotenal (bapo),'™ a class of molecules
where strong vibronic coupling has been reported.'*® The
correlation between excited state C=C stretching modes and
electronic degrees of freedom persisted longer than the sub-300
fs S, lifetime, which suggests evidence for the involvement of a
conical intersection linking the S, and S states of bapo.'®

An interesting application of 2DEV to monitor the transfer of
electronic excitation energy among pigments in the light-
harvesting complex II (LHCII) has been reported.'”” By
exploiting the inherent structural sensitivity of IR signals to the
local protein environment of chlorophyll (Chl) a and b
vibrational modes'® the localized vibrations were employed as
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Table 1. Summary of off-Resonant Stimulated Raman Techniques”

signal S

Sip eq 69: oscillatory gain/loss pattern may show Stokes/anti-Stokes oscillations as a function of the delay T

s®

zero spectral resolution due to @
integration; may visualize weak
transitions due to weighting factors @

Stu eq 80: high spectral resolution compared to S; 5; each peak oscillates at it is own frequency and with it is own phase, ~does not carry new information

making it a background-free technique for coherence (phase retrieval) measurements

compared to S

Sqs  eq 22 for IR probe and eqs 63 and 65 for Raman probe: signal is always dominated by Stokes contributions due to  transition spectra can be achieved by

prominence of populations (which do not contribute to lower order linear signals)

Fourier transform over T

Sou €gs 49, 50, and 60 for FSRS and eq 77 for attosecond stimulated Raman spectroscopy (ASRS): spectral and temporal ~ Fourier transform over T can visualize

resolutions are higher than S ; (not conjugated) , but retrieval of frequencies and phases is more complicated due to

population-dominated (phase insensitive) contributions

weak transitions

“Note that signals S™) vanish for both linear and quadratic detection protocols, so they have been omitted.

structural reporters within the protein complex. Compared to the
2D-UV/vis signals (discussed in section 4.2), which are often
broad and congested,189 2DEV offers the advantage that specific
molecular marker bands can be assigned to the spatial position of
a molecular species. The predictive power of the approach
strongly depends on the assignments of excited state vibrational
bands that are subject to frequency shifts induced by the local
electrostatic environment. With current quantum chemistry
methods such assignments are prohibitively expensive, calling for
further development of current computational techniques.

Thanks to the structural sensitivity of IR signals, the UV/IR
technique, multidimensional variants, or 2DEV should allow for
sensitive detection of nuclear rearrangements that accompany
nonadiabatic relaxation dynamics. Nevertheless, limitations arise
because of the following. (i) Due to commonly employed pulses
~ 100 fs with some hundred (~200—300) cm™" bandwidth."*’
Substantial effort has been made to extend the bandwidth of mid-
IR pulses'””'?°~'*® by using novel pulse generation technolo-
gies. (ii) Due to the available spectral range of IR laser pulses:
typical probe pulses cover the mid-IR spectral range, but for the
molecular fingerprint region, ie., low-frequency modes (<1000
cm™'), pulse technology is not yet fully developed. Recent
developments provided access to phosphate stretch and DNA
backbone modes in nonlinear IR experiments,'” ' and
advances in THz pulse generationzoz’2 ® are encouraging to
close the gap to lower frequencies. (iii) Pronounced cooling
signals''®”"* observed in aqueous solutions obscure the time
resolution for early delay times (<few picoseconds).

3. ELECTRONICALLY OFF-RESONANT STIMULATED
RAMAN SPECTROSCOPY (SRS)

Frequency-dispersed Raman (section 3.3) is an alternative
detection mode for vibrations, which complements the UV/IR
technique. Nonadiabatic simulations on the RNA base uracil will
serve to demonstrate the information content of the vibrational
detection schemes. Section 3.3.1 presents the interplay of
temporal and spectral resolution in stimulated Raman spectros-
copy (SRS) along with a discussion of several off-resonant
Raman detection schemes in sections 3.3.2 and 3.3.3. These
techniques all provide 2D signals when displayed vs one time
delay variable and a second frequency variable and depend on the
same matter correlation functions that carry the relevant
information.

3.1. Simulation Protocols

Using an intuitive diagrammatic approach, we derive expressions
for the following three detection protocols of electronic Raman
signals: (i) the change in number of Fhotons S™) (ii) the change
in the transmitted probe energy S'®), and (iii) the frequency-
dispersed probe transmission S'¥. In addition, signals may be

either linear or quadratic in the probe intensity and may utilize
broad-band or hybrid-shaped (a combination of broad and
narrow bandwidths) probes as well as resonant or off-resonant
with material transitions. The energy exchange between field and
matter is discussed. In the case of an off-resonant probe, the
number of photons is conserved and S™ = 0. For a hybrid pulse
composed of a narrow-band and a broad-band component, we
see oscillations between Stokes/anti-Stokes components*® with
the delay T, whereas for a single broad-band pulse the entire
pulse envelope oscillates, smearing out the spectral features of
the hybrid signal.”*®

We present a classification scheme for multidimensional
stimulated Raman spectroscopies applicable when the prepara-
tion of some nonstationary state, the nature or dynamics of which
is the object of study, is temporally well separated from the
detection process. Many conventional spectroscopic techniques
(e-g, 0pump—probe) are carried out under these condi-
tions.”””**” We take the initial state as given and classify signals
by their dependence on detection parameters, which control
which features of the nonstationary state are observable and how
they manifest. In particular, we examine different choices of the
field (whether it is resonant or off-resonant with respect to the
material transitions), the intensity scaling with the detecting field
(linear or quadratic), the spectral shape of the detecting field
(broad band or hybrid broad—narrow band). These are only a
tew of the possible combinations of parameters that could be
used for spectroscopic detection of a time-evolving state. Similar
ideas apply to off-resonant X-ray scattering (diffraction)”'**"!
and to spontaneous emission following impulsive X-ray Raman
excitation.”'” These will be described in section 5.

We examine different simulation protocols and derive
expressions that may be used for the direct numerical
propagation of the wave function in Hilbert space, when all
degrees of freedom are included explicitly, or the density matrix
in Liouville space,""> which gives a simplified picture of bath
effects and allows for a reduced description via the SLE." %1%

The off-resonant signals are explored first, and expressions for
each of the three detection protocols for signals linear and
quadratic in the field intensity are derived. In the off-resonant
regime the field—matter interaction Hamiltonian is the product
of field intensity and a molecular polarizability. We then calculate
these signals for a simple model system and discuss the properties
of each signal and what information it reveals. This analysis is
then repeated for the resonant signals from the same model.
Here, the field—matter interaction Hamiltonian is the dot
product of field amplitude and molecular transition dipole. We
conclude with a comparison of off-resonant versus resonant
signals and a general discussion of the utility of this signal
classification scheme. While off-resonant Raman signals are
simpler to analyze, resonant pulses are more selective to a given

DOI: 10.1021/acs.chemrev.7b00081
Chem. Rev. 2017, 117, 12165—12226


http://dx.doi.org/10.1021/acs.chemrev.7b00081

Chemical Reviews

chromophore and provide additional specific information about
molecules.”"* A specific example of resonant Raman detection is
given for X-ray detection (section S.1).

3.2. Detection Schemes for off-Resonant Raman Signals

We will investigate stimulated Raman signals from a molecular
model system with a band of valence states. We assume that the
system is prepared at time 7, in a superposition of valence states
y; and is monitored by interaction with a broad-band probe pulse
centered at time t,. The different detection protocols for linear
and quadratic signals and their most striking features in the off-
resonant case are summarized in Table 1.

For an off-resonant Raman process, the field—matter
interaction Hamiltonian in the interaction picture is given by

H'(t) = aO1)IE(1)P (43)

where a(© represents the off-resonant polarizability, which is a
Hermitian operator in the space of the valence states (a9 is
real). In the following, we assume that the electric field

&(t) = /oo %S(a))e_iwt consists of short pulses which are

temporally well separated from the preparation process. This
ideal scheme simplifies the interpretation of signals. We start with
the frequency-dispersed (fd) transmission of the probe pulse
(heterodyne-detected, frequency-dispersed photon-number
change governed by eq 20)

SV @, ty 1) = 1 [ e eH(@)E(t - 1)

x Te[oO()e™/ MO ()]
(44)

where p; = ly;){y is the initial density matrix (immediately
following the state preparation process). We adopt a super-
operator notation that provides a convenient book-keeping of
time-ordered Green’s functions. An ordinary operator A is
associated with two superoperators”'® defined by their action on
the operator A; = AX (action from the left) and Ay = XA (action
from the right). We further define the symmetric and
antisymmetric combinations A, = (AL + AR),
A= (AL — Ap).

Note that we recast the dipole interactions into polarizabilities.
This allows one to recast (see Appendix, Mapping of off-
Resonant Interactions to Effective Polarizabilities) a four-point
correlation function as it appears in the quadratic detection
scheme to a two-point correlation function.

The H'_ exponential represents evolution of the matter with
the probe field (since the preparation processes have ceased)
until the final interaction with the probe. We can then expand the
signal perturbatively in H'_ to obtain signals with the desired field
scaling (linear or quadratic in intensity are considered here).

Alternatively, one can detect the total change in the photon
number which is given by the zeroth spectral moment of S
(given by eq 15)

© dw
S(N)(to, TO) = [oo Es(fd)(w, tO’ TO) (45)

A third type of signal is given by the total change in the energy of
the transmitted pulse which is the first spectral moment of S

(E) _ f ©do ()
SNt = —hwS to,
(0 To) w2 @ (o, 0 70) (46)

S s the most detailed measurement, whereas SN and S® are
its zeroth and first spectral moments. The latter two techniques
are simpler to implement experimentally since they do not
require frequency-selective detectors or spectrometers.

3.2.1. Signals Linear in the Probe. This technique is
essentially a stimulated Raman pump—probe and is the off-
resonant analogue of transient absorption. It can be obtained
from the zeroth-order expansion of the exponent in eq 44. Here,
the photons undergo a redistribution among field modes rather
than being absorbed.

3.2.1.1. Linear Broad-Band (LB) Probe. The frequency-
dispersed signal oscillates between Stokes (positive red-shifted
and negative blue-shifted features) and anti-Stokes (negative red-
shifted and positive blue-shifted features). It is worth noting that
initial populations only give rise to elastic scattering that does not
affect the field energy and thus do not contribute to the off-
resonant linear broad-band signal. These signals therefore
provide a background-free detection of the electronic coher-
ences. An example of a frequency-dispersed linear broad-band
signal is transient absorption given by eq 69.

3.2.1.2. Linear Hybrid (LH) Probe. A hybrid probe is a shaped

pulse consisting of a broad-band femtosecond pulse
E(w) = 18)(w)le” and a narrow-band picosecond pulse

&) = |81|e_iwlt+i(/’1 centered at ®;. Due to their dependence
on the relative phase of the pulses ¢, — ¢, observation of the
linear hybrid signals requires phase control (averaging over
random ¢, ¢, causes the signal to vanish). Such signals can
reveal the phase of coherences from the oscillations of the
separate peaks. This information is not available in the LB signal.
The photon number signal is slightly more complex: because the
hybrid pulse contains both broad- and narrow-band components
we need to take into account the contribution to the signal where
the last interaction is with the narrow-band component. The
total change in photon number vanishes in both broad-band and
hybrid cases. The transmitted energy change of the shaped pulse
similarly contains both narrow-band and broad-band compo-
nents, and the total energy change of the shaped pulse is given by
the redistribution of the photons between different modes.
Energy conservation implies that the pulse energy changes and
the molecular energy change must have equal magnitude and
opposite sign. An example of a linear hybrid signal is transient
redistribution of ultrafast electronic coherences in attosecond
Raman signals (TRUECARS) given by eq 80 (see ref 215).

3.2.2. Signals Quadratic in the Probe. The quadratic (i.e.,
second-order in probe intensity) signal is obtained by expanding
the exponent in eqs 44—46 to first order in field—matter
interactions.

3.2.2.1. Quadratic Broad-Band (QB) Probe. The quadratic
signal oscillates with a phase that depends on states other than
the initial state after preparation. This yields the resonance
frequency and involves the phases of the polarizability a®.
Comparing this to the corresponding linear signal shows a 7/2
phase shift. As a result, the contributions from populations no
longer vanish, and they form a time-dependent background to
the quadratic signals. Because the initial excitation by the actinic
pump is assumed to be weak (so that the ground state dominates
the populations), the contribution of populations is primarily
Stokes type. At the same time, the oscillating coherences are too
weak to overcome the strong population contributions, so the
overall process is Stokes type at all times T. An example of the
frequency-dispersed quadratic broad-band signal is illustrated by
eq 22 for IR probe and eqs 63 and 65 for Raman probe.
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3.2.2.2. Quadratic Hybrid (QH) Probe. As in the linear signal,
the narrow-band pulse allows one to clearly resolve the transition
peaks. However, unlike the linear signal, the quadratic hybrid
signal is independent of the phases of the narrow-band and
broad-band pulses ¢, and ¢, and therefore does not require
phase-controlled pulses. Just as in the broad-band case, the signal
is sensitive to populations, which contribute a static Stokes signal.
The example of a frequency-dispersed quadratic hybrid signal is
discussed for FSRS in eqs 49, 50, and 60 as well as its attosecond
counterpart, ASRS, in eq 77.

In summary, S® shows an oscillatory pattern of gain and loss
features in the red-shifted and blue-shifted spectral regions that
depends on the initial phase of the coherence created upon
excitation. This information is integrated out in S® where the
entire probe pulse envelope exhibits periodic Stokes (loss) or
anti-Stokes (gain) shifts.””® The broad-band signals do not
possess a suflicient spectral resolution to directly observe the
transition spectra and only allow one to access it through the
Fourier transforms of the energy signals S(E)(T). Utilizing a
hybrid broad—narrow pulse combined with frequency-dispersed
detection provides high spectral and temporal resolution, thus
allowing spectral snapshots to be taken that clearly resolve all
transitions and therefore permit extraction of the phases from the
oscillation patterns. In linear signals this requires control of the
relative pulse phases (which cancel out in the quadratic case).
The quadratic and linear signals generally carry the same
information about coherences, but this is accessed background
free only for linear signals. One important caveat to this is that
the magnitudes of the various transition peaks can be enhanced
or suppressed by the interference of different pathways.

3.3. Loop Diagram Representation of Raman Signals

Off-resonant Raman signals are formally identical to their IR
counterparts and only require replacing some dipole y with the
polarizability a. The electronically off-resonant SRS signal shown
in Figure 8a and 8b has some merits compared to UV/IR due to
the inherent broad-band detection offered by optical pulses. In
SRS, an actinic pump pulse initiates the excited electronic state
vibrational dynamics. Pulse 3 and the probe then induce the
Raman process (see Figure 8a). The relevant diagrams are shown
in Figure 8b (plus their complex conjugates). An electronically
off-resonant Raman process induced by pulses 2 and 3 is
instantaneous since, by Heisenberg uncertainty, the system can
only spend a very short time in the intermediate state. The
Raman process can thus be described by an effective field—matter
interaction Hamiltonian

H'(t) = a,81()E,(t) + E[(HV,(t) + H. c. (47)
where a, is the excited state polarizability that couples fields 2
and 3 parametrically via a Raman process. It is a symmetric (real)
operator. Assuming that pulse 3 is narrow band (picosecond), we

set ,(t—T) = 83e_i"’3(t_T) . We obtain the frequency-gated
Raman analogues of eqs 22—24 that can be read directly from
diagrams (i) and (ii) in Figure 8

Seps(@ — @, T)=I/ da
—o0 2T

X E5(0)E,y(w + A)Sgrs(w — w5, T; A) (48)
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Figure 8. SRS technique: (a) Level schemes indicating the excitation
pathways on the ket side (solid arrows) and the bra side (dashed arrows)
in analogy to Figure 3a but for off-resonant Raman interactions. (b)
Corresponding loop diagrams describing the SRS technique (analog to
Figure 3b); for details see text. Reproduced with permission from ref 76.
Copyright 2013 Royal Society of Chemistry.

gs(gs(w —w;, T; A)

2 o t t T
=E/ dt/ dTlf d13/ dzg

x |83|28T(TS)81(TI) ei(a)—a)3)(t—13) —iA(z;—T)

X (V.G' (25, 7)a,G (t, 7,)a,G(t, 7)V)) (49)
& (i)
Ssrs(@ — @5, T; A)
2 o t t 73
== f_wdt[wdrl[wdr3[wdrs
x |83|28](TS)8T(T])ei(m_w3)(t_13)_iA(13_T)
x (V.G'(t, 7)a,G(t, 73)a,G(zs, 7) V) (50)

Corresponding time-gated signals are given in the Appendix (eqs
88 and 89). Note that we express the SRS signal, in analogy to
UV/IR, in the A-dispersed form and have not yet specified the
&, probe. The electronically off-resonant SRS signal shown in
Figure 8a and 8b is completely analogous to the UV/IR signal.
Even though these signals represent different physical processes
and even involve different numbers of field—matter interactions,
they can be described using very similar diagrams. By
substitutions of operators V,, — a, and infrared frequency @
by Raman shift @ — @;, the 4-point matter correlation function
expression of the UV/IR signal can be transformed to the
respective correlation function of the SRS technique (cf. eqs 23
and 24 and eqs 49 and 50). Assuming that pulse 2 is broad band,
the FSRS signal is finally given by eq 48, where the A-dispersed
signal is given by the two diagrams Sgps(@ — @3, T; A) = 50 (0 —
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w,,T; A) + Sgi’gs(a) — w3, T; A) (eqs 49 and 50). Following the
classification scheme introduced in section 3.2, the FSRS signal
employs a quadratic hybrid probe (S&) and is frequency
dispersed.

Similarly to UV/IR, one can derive the semiclassical SRS signal
when the extra pump &, pulse is narrow band and can be

approximated as monochromatic, &(t) = ¢~ *~"), The A-
dispersed signal (eqs 49 and 50) then reads

- 2' oo oo
Seps(@ — @5, T; A) = —h—; / dT3/ dt
—00 3

2 2_i(w—wy)(t—T) —i(w+A)(73—T) 2 2yt
X 16,167 e TN e

a

ot N St AET
x [Z aazce_t/%maC(t )dt + Z a;de’/rsm“d(t )dt]
c d

(s1)

where we added phenomenological dephasing rate y, to account
for the physical line shapes. On the basis of the loop diagrams,®’
the semiclassical signal expression satisfies the time/frequency
resolution limits imposed by the Fourier uncertainty.

We now apply the semiclassical simulation protocol (eqs 48
and 51)7° to the nonadiabatic relaxation of the RNA base uracil.
Quantum-classical on-the-fly trajectory simulations are used to
trace the SRS spectroscopic signatures of ultrafast deactivation
pathways.''® The SRS signal of high-frequency C—H and N—H
stretch vibrations has been used to study the photophysical
photoprotection mechanism of the RNA base uracil. The
reaction coordinate for the direct nz* — gs relaxation
mechanism has been characterized as out-of-plane deformation
of the z7* state, primarily due to twisting of a C=C double
bond.'"* The employed semiclassical simulation protocol
outlined in section 2.2.3 allows one to derive the system
dynamics directly from ab initio on-the-fly simulations and tracks
the system dynamics over nonadiabatic relaxation events in the
vicinity of Colns. The overlay of relevant Coln structures given
in Figure 7d demonstrates the pronounced out-of-plane
deformation of the aromatic pyrimidine ring. C—H stretch
vibrations were used as a local probe of the ring planarity (Figure
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9) due to their instantaneous response to distortions required to
reach the Coln structures. At early delay times (T = 100 fs), a
single broad band (fwhm ~ 200 cm™") centered at @ — w5 = 3323
cm™ can be identified. However, it does not resolve the
individual C—H modes, as commonly observed for high-
frequency C—H and N—H vibrations.”'® With increased delay
time T = [100; 300] fs, the band shows a red shift along the
detection axis Aw—wj3, which can be assigned to ultrafast S, — S,
population transfer. At longer T (300—700 fs) we notice the
buildup of a pronounced shoulder at the red wing of the band of
C—H modes just below 3000 cm™" and shows a characteristic
dispersive peak shape of nonexponential Coln-induced dynam-
ics. This transient modulation reflects the required out-of-plane
deformations of the ring 7 system required to reach Coln
structures and in particular S;/S, Coln structures (see Figure
7d). The comparison of e:iperimental C—H vibrational spectra of
ethylene and ethane®”*' as prototype sp> and sp* species,
respectively, reveals a red shift of C—H modes of ~120 cm™, in
agreement with the red shift of transient signatures. The SRS
signal of C—H modes thus provides a sensitive local probe of out-
of-plane deformations and the local hybridization state of carbon
atoms, even in the averaged signal. Further increase in T (700—
1000 fs) leads to a decay of the dispersive signatures and
absorptive features due to band narrowing can be identified.

In Figure 9b and 9c, the SRS signal is decomposed into the
contributions of the individual electronic states for T = 480 and
1000 fs, respectively. Strong spectral overlap is observed of the
different product channels (cf. Figure 6) at both delay times. The
dispersive line shapes at T = 480 fs around @ — @; ~ 3000 cm ™
predominantly arise from S,. Note that due to the integral over
frequency trajectory in eq 51, trajectories eventually relaxing into
So but still in S; or S, at T = 480 fs have dispersive contributions
prior to their hopping event and reflect the S, and S,
contributions to this spectral feature. The results demonstrate
that C—H modes offer a valuable local structural probe of out-of-
plane deformations of the 7 system and the local hybridization
state of their adjacent carbon atoms.

The semiclassical protocol described in section 2.2.3 is
particularly suited for high-frequency spectator modes where
the excited state Hessian is reconstructed for the desired modes
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in a mode-tracking procedure. This allows one to decouple the
numerical effort from system size and enables ab initio
simulations of excited state vibrational dynamics of medium-
sized molecules. Nevertheless, for low-frequency modes where
the vibrational mode character is modified substantially along the
reaction coordinate, the elaborate protocol of section 2.2.1 that
relies on the numerical propagation of the wave function is
required. As a compromise between fully quantum and
semiclassical descriptions, the application of the numerical
propagation of the wave function was demonstrated for the
calculation of FSRS spectra of acrolein subject to nonadiabatic
relaxation.”* Few spectator modes are selected as marker bands,
which are then treated by direct propagation under the influence
of a time-dependent potential imposed by semiclassical dynamics
along the reaction coordinate. In this scheme the multidimen-
sional potential energy function in the subspace of active marker
bands must be calculated explicitly. This accounts for
anharmonicities and intermode couplings.

3.3.1. Interplay of Temporal and Spectral Resolution.
The semiclassical signal, eq 48 and eq 51, is derived
microscopically from the respective loop diagrams and fully
accounts for the time/frequency resolution limits imposed by the
Fourier uncertainty. The delay time T and the frequency of the
detection axis @ — w; are independent experimental knobs, and
we can formally assign uncertainties AT and Aw associated with
the pulse duration and the frequency resolution of a
spectrometer. This might suggest that there is no lower bound
to the product AwAT; the measurement can apparently be
interpreted in terms of stroboscopic snapshots with high spectral
resolution. Typical experiments''"*'* allow for <50 fs pulses and
spectral resolution (<10 cm™) such that AwAT = 0.5 ps

m~, %% which is an order of magnitude smaller than the
Fourier uncertainty for Gaussian pulses. Note that the
combination of pulses of different length was shown to increase
spectral resolution in Raman signals already in the 1980s.”*"***
By providing a proper definition of Aw and At, the formalism of
section 3.3 demonstrates that both quantities are not purely
instrumental but depend on the system as well. We find that the
SRS signal at time T does not represent a snapshot of the system
dynamics. Matter dynamics induces a chirp in the SRS signal
which directly shows up in the evolving width of the resonances
and induces dispersive line shapes in the SRS signals. Analysis of
the A-dispersed signals demonstrates these matter—chirp

contributions to the signal and allows one to estimate the
optimal laser pulse bandwidth in SRS experiments.

Although the A-dispersed signal (eq S1) is not a measurable
observable, it contains more information than the experimental
signal and demonstrates the conjugate time—frequency reso-
lution inherent to SRS experiments. The observable SRS signal is
given by integration over the A axis (eq 48). Along the detection
axis (@ — @;), the resonances of the SRS signal at the observation
time T can be identified. Note that due to the integration over the
instantaneous frequency trajectory @(t), the resonances along @
— w; do not represent a snapshot of the system dynamics but all
frequency components contributing to a single mode in ® — @;
are revealed along the A axis. As the instantaneous frequencies
(t) of the C¢—H and Cy—H mode are shifted in the course of
the nonadiabatic dynamics, both positive and negative frequency
components enter along the A axis and the A-dispersed signal
and a matter-induced chirp contributes to the SRS signal. The A-
dispersed signal of both the C—H and the N—H vibrations of the
trajectory of diabatic nn*s — nr*s — gs relaxation appears

asymmetric along the diagonal, as the evolution of instantaneous
frequencies is dominated by a red shift subsequent to the
hopping event.

The 2D representation of the A-dispersed signal (Figure 10)
reveals that SRS signals are indeed limited by the Fourier
uncertainty in their respective conjugate variables. Even though
high-frequency resolution can be obtained along the detection
axis @ — @j, the high temporal resolution affects the signal along
the not directly observable A axis, where the bandwidth of the
femtosecond probe pulse selects the contributing frequency
components. Both the @ — @5 axis and the A axis are controlled
by independent experimental knobs. The inherent matter chirp
contribution determines the required bandwidth of the probe w;.
As the probe pulse bandwidth is increased, only limited
frequency components of the pulse contribute to the signal
and the probe bandwidth becomes irrelevant. On the other hand,
the full probe bandwidth has to cover the bandwidth spanned by
the matter dynamics. Inspection of Figure 10 reveals that the
dynamics of C—H stretch vibrations covers a bandwidth of
~300—500 cm™" along the A axis. For such dynamics, optimal
probe pulses with a corresponding duration on the order of 25 fs
are readily available in the optical regime. The longer pulse would
spoil the temporal resolution, whereas a shorter pulse will result
in poor spectral resolution.
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3.3.2. Additional Variants of the SRS Technique. We
next consider several configurations of the SRS technique and
address various factors that control the temporal and spectral
resolutions. We compare four Raman probe techniques: the
homodyne-detected frequency-resolved spontaneous Raman
spectroscopy (FR-SPRS),”**™**° the FSRS,''**'??297230 the
heterodyne-detected transient grating impulsive stimulated
Raman spectroscopy (TG-ISRS),”*'~>** and the time-resolved
impulsive stimulated Raman spectroscopy (TR-ISRS) sig-
nal.>*>>*® All provide 2D signals when displayed vs one time
delay variable and a second frequency variable that reveals the
Raman resonances. The schematics of the signals along with the
corresponding loop diagrams are shown in Figures 11—14. It
follows from the diagrams that all four signals depend on two
matter quantities

E(t, ty, t;) = (VG (t)aG (£,)aG(t;) V') (52)

E(t, by, t;) = (VGT(tI)aG(tz)aG(tz.)V%) (53)

where G(t) = (=i/h)0(t)e ™ is the retarded Green’s function
that represents forward time evolution with the free-molecule
Hamiltonian H. G represents backward evolution. F, involves
one forward and two backward evolution periods of a vibrational
wavepacket. F; contains two forward followed by one backward
propagation. Note that eqs 25 and 26 of the UV/IR technique
contain the same free evolution periods where both time
arguments (t = 7, — 7;) were retained for the definition of
Green’s functions, intended for a semiclassical description. One
can express the relevant matter correlation functions (eqs 52 and
53) in the frequency domain

Ew,, w,, w;) = (VGT(wl)aGT(a)Z)aG(wS)V%) (54)

E(w,, ®,, 03) = (VG (0,)aG(w,)aG(w;)V') ()

where G(w) = h™'/[w + w, — H/h+i€] and hw, is the ground
state energy. Equations 52 and 53 are convenient for microscopic
wavepacket simulations (cf. section 2.2.1).”° Equations 54 and 55
will be used in the six-wave-mixing frequency-domain
representation of the signals.

3.3.2.1. Frequency-Resolved Spontaneous Raman Signal
(FR-SPRS). The spontaneous Raman signal is measured with
homodyne detection. In the FR-SPRS technique (Figure 11) the
actinic pulse &, first launches the excited state dynamics. After a
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delay period T, an off-resonant excitation by the Raman pump &,
is followed by a spontaneous emission of the Raman shifted
photon. As shown in the Appendix (Figure 30) this photon may
be detected by a time- and frequency-gated detector according to
eq 102, and the signal is given by an overlap of the detector and
bare signal Wigner spectrograms. For a more direct comparison
with the stimulated Raman techniques we shall focus on the
simpler frequency gating.

The diagram rules®' allow one to write the expressions directly
from the diagrams. To illustrate how this works let us examine
diagram (i) (Figure 11b), which represents a forward and
backward time-evolving vibrational wavepacket. First, the actinic
pulse Sp(wl/) electronically excites the molecule via V' to state

la"). The wave function then propagates forward in time from 7,
to t'. Then the off-resonant pump pulse &,(®,") excites and the

instantaneous spontaneously emitted photon 8:(0)) de-excites
the electronic transition to a different vibrational level Ic) via a
which then propagates backward in time from ¢’ to t' — 7. The
spontaneous photon & (w) de-excites and pump pulse &’ (w,)
excites the electronic transition from state {cl to (al via @ and the
wave function propagates backward in time from t' — 7 to 75. The
final de-excitation by 8?(&)1) brings the system to its initial state
by acting with V. Diagram (ii) can be interpreted similarly. Note
that in diagram (i) the chronologically last interaction occurs
with the ket, whereas in diagram (ii) it is with the bra. The
diagram rules, which follow from time translational invariance,
imply that the sum of the six frequencies of the various fields must
be zero w] + w3 — @ + @ — w, — w; = 0. For an ideal frequency-
resolved detection Ffw,@) = §(w — @) and eqs 114 and 115
yield

© dw, dw, dw
S conc(@, T =-,’h/ do, do, dw,
R spRs( )  om 2m m
X D@)E3(0,)E,(w, — w] + (Uz)8:(0)1)Sp(a)l')ei('"l*“’l,)T
X [E(wll o+ 0w, — @, wl’) - Ei(a)l, o, + w, — @, wl’)]
(%6)

where D(w) = @/ (27%c) is the density of states of radiation
modes. D(w) has taken the place of the probe pulse in the
stimulated techniques. Equation 56 can be alternatively recast in

time domain (cf. Appendix, Frequency-Resolved Spontaneous
Raman Signal (FR-SPRS)).
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We consider the entire process, including the actinic pulse, the
Raman pump pulse, and spontaneous emission, as a single six-
wave mixing event. In general, the actinic pump pulse can be
impulsive, thereby creating coherences in the vibrational state
manifold. In this case, the preparation by the actinic pump pulse
has to be explicitly considered in the description of the six-wave
mixing process. If, in contrast, the actinic pulse is short enough to
impulsively trigger bath dynamics but long compared to the
vibrational periods, the limited bandwidth can only create
populations p,, but not coherences p,,, in the relevant modes. In
this limit, we can omit the actinic pump from the description of
the optical process and the process can be viewed as a FWM
experiment from a nonstationary state created by the actinic
pump. This is a simpler, widely used picture, but it only holds in a
limited parameter regime. If no dynamics is initiated and the state
Paq is stationary then the pulsed experiment can be viewed as
many stationary Raman experiments done in parallel and the
pulse duration becomes immaterial. Note that the above
argument holds for both spontaneous and stimulated signals

discussed below.

A simplified physical picture is obtained by a semiclassical
model of the bath which assumes that it simply modulates the
vibrational frequencies in time. Expanding the matter correlation
function (Figure 11b) in system eigenstates, the Green’s function
for the initially prepared excited state is G,(t,,t,) = (—i/h)0(t; —
t,)e~(@#7) (b =) and for the final Raman-shifted excited

76,103

vibrational state, we have

Gi(t, 7;) = (—i/h)O(t - a)e"%“"})exp_[i f tdrwaxr)]

where @, (7) is the vibrational frequency evolving with classical
trajectories. Assuming an impulsive actinic pulse SP( t) ~ 8p5(t)

we obtain

SER—SPRS (0, T) =

o) o2 2 2
& D Pa
a,c

d
« / 2“’2 92 4 (0,)6, (0, + A)e®T
—00 ﬂ'

% /-oo dt/ dr e—yﬂ(t+13)ei(w—wz)(t—13)—iA13
-0 - 3

X exp[—i / o (2)dr]

3

(87)

where R denotes the real part and A = @, — ] represents the
spectral bandwidth of the pump pulse, which translates into the
spectral bandwidth of the relevant matter degrees of freedom.

The FR-SPRS signal (eq 57) can be recast as a sum of modulus
squares of transition amplitudes, which represent pairs of
vibrational states a and ¢

Ser—sprs(@, T) = Z T (@, )P
ac (s8)

where

D(0)

T (o, T) = b %Sy f dt 282(602)

[i(w—a)z)—y]t+1w,_ /
X e a € T dT
XP ( ) (59)

In the limit of an ideal frequency gate, the detection modes enter
as frequency-independent functions. Equations 58 and 59 follow
straightforwardly from the more general expressions eqs 106 and
107 (see Appendix). They demonstrate that the FR-SPRS signal
is guaranteed to be positive and consists of purely absorptive
peaks.

3.3.2.2. Femtosecond Stimulated Raman Signal (FSRS).
The FSRS signal employs a quadratic hybrid probe (S&) and
can be read off the diagrams depicted in Figure 12 as
demonstrated above for FR-SPRS; a detailed derivation is
given in the Appendix, Stimulated Signals. Following the actinic
pulse SP, after a delay T, pulse 2 and probe 3 induce the Raman

process. The signal is defined as the frequency-dispersed probe
transmission E;(®). Diagram (i) of the FSRS technique can be
described similarly to FR-SPRS by replacing the spontaneously
generated field & by a broad-band probe pulse &;. Diagram (ii)
is different. Following the initial electronic excitation by the
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Figure 13. TG-ISRS signal (eqs 62 and 63): (a) schematic layout and (b) loop diagrams. Time translational invariance yields o] + (0’ + Q) — @’ + w} —
®, — w; = 0. Reproduced with permission from ref 213. Copyright 2013 AIP Publishing LLC.

actinic pulse Sp(wl'), the wave function la’) propagates forward
in time from 7, to 7;. At this point, a Raman process involving the
pump E;(®,) and the probe E,(w + A) promotes the system to

the vibrational state Ic) and the wave function propagates forward
in time from 7; to t. After Raman de-excitation governed by
E,(w,)E5() it then propagates backward from t to 7, in (al
where an electronic excitation via the actinic pulse 8§(w1) brings
the system back in its initial ground state. Assuming that pulse 2 is
spectrally narrow, we set &,(t — T) = SZe_in(t_T) and the
FSRS signal for the Raman shift Q = w — w, reads”"’

4z £~ dA do, do/
S QT)=71— ———— 5w
FSRS( ) h J-w 2m 21 21 (@,

X EY(Q + 0,)E4(Q + w, + A& EN ()8, ()T
X [E(w, @] — &, »]) + E(w,, o, + Q, »])]

- = A)

(60)

where I denotes the imaginary part. In the Appendix, Stimulated
Signals, eq 60 is recast in the time domain. In contrast to FR-
SPRS where the gating enters as modulus square of transition
amplitudes, in FSRS the symmetry between both loop branches
is broken and the FSRS signal cannot be recast as an amplitude
square. While the narrow-band picosecond component corre-
sponds to &, and enters as an amplitude square, the femtosecond

probe field 83* enters as 83*(0))83((0 + A). Time translational
invariance implies ] + @, — @ + (w + A) — @, — @, = 0. In
contrast to FR-SPRS, FSRS can contain dispersive spectral
features. The reason for this difference is that the spontaneous
signal is dissipative from a population state at the end of the
detection process. In FSRS, in contrast, it follows from the
diagrams in Figure 12 that the system can be detected in a
coherence state.””> The asymmetry is caused by the frequency-
dispersed detection of the probe pulse which occurs only at the
ket side of the diagram, while the bra side interacts with all
frequency components of the probe field controlled by
&E;(w + A). For a discussion of the resolution limit in the case
of overlapping pulses see ref 237.

Using our semiclassical model of frequency modulation by the
bath, the FSRS signal reads

12186

4
Sesrs(@ — @,, T) = —Iﬁ|8p|2|82|2 Z %glz(x‘i

a,c

® dA ;

x f 2 G @)E(w + AT
—0 2T

9 / ®dt / ! drje W) H—0) (1) it

X sin[Lt w, (7)dr] (6D

Here, an integral over the stochastic vibrational frequency
trajectory @, (t) determines the matter contribution to the
signal.

Stimulated Raman signals such as FSRS may be recorded
under resonance conditions allowing for chromophore selectiv-
ity,”** and improved signal-to-noise ratios. Electronically
resonant Raman signals may also be described by the loop
diagrams but require six-point rather than four-point matter
correlation functions since the up and down Raman transitions
are no longer simultaneous. Instead of two time variables
corresponding to interaction times with the Raman probe, two
additional time variables will enter the expression for the signals,
since the electronic dephasing is typically very short. The
essential part of the formalism remains intact except for the
electronic state specific information that is excited resonantly and
enters the summation currently hidden in the polarizability. The
corresponding expressions can be read off the same diagrams
shown in Figures 11—14.

Even though FSRS is a quite recent technique,
scope of applications is widespread. Recent reviews covering
technological advances and applications are given in refs 114,
241, and 242. Investigations, performed either in resonant or in
off-resonant detection mode, cover the excited state relaxation
dynamics of carotenoids'>******7**" and flavins,”*® energy
redistribution in myoglobin,”*’ excited state proton transfer
dynamics in green fluorescent proteins (GFP)*** and native
water environment,”>' ™*>* ultrafast structural evolution in
photoactive yellow protein (PYP),”***** and hydrogen bond
reorganization dynamics subsequent to electronic excitation.”>”
Charge and energy transfer dynamics has been investiégated by
the FSRS technique in transition metal complexes,”® in dye-
sensitized solar cells,”*” for intramolecular charge translocation
in 4—(dimethylamino)benzonitrﬂezz‘s‘258 and betaine-30,>*" as
well as investigations on polaron formation”” and exciton

111,219,239,240
the
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Figure 14. TR-ISRS signal (eqs 64 and 65): (a) schematic layout and (b) loop diagrams. Time translational invariance yields w{ + (0’ + Q) — @’ + w} —
®, — w; = 0. Reproduced with permission from ref 213. Copyright 2013 AIP Publishing LLC.

% in photoexcited conjugated materials.”®’ The

mobility*®

relaxation dynamics of molecular switches”*”*°**%® was
investigated, and intermediates”®* and nonadiabatic relaxation
pathways”®® upon photoexcitation could be clarified. Recent
technological developments allowed for the implementation of
numerous FSRS variants, like two-dimensional FSRS (2D-
FSRS) 220266267 oy 1face-enhanced FSRS,**® and six-wave mixing
FSRS,**’ discussed in detail in ref 114.

3.3.2.3. Heterodyne-Detected TG-ISRS Signal and TR-ISRS
Signal. In the TG-ISRS signal, two coincident short pulses with
wave vectors k; and k, interact with the system after delay time
T, from actinic pulse and form an interference pattern with wave
vector k; — k,. After a second delay period T), a third beam with
wave vector k; is scattered off the grating to generate the signal
with wave vector k; = k; — k, + ks, which can be recorded in
amplitude and phase by heterodyne detection. TG-ISRS signals
have been measured by homodyne detection. In the heterodyne-
detected TR-ISRS signals, the field is mixed with the transmitted
probe field. The homodyne detection scheme of TR-ISRS signals
is subject to limitations such as an artificial enhancement of
modulation decay and broadened bandwidths in the Fourier
spectra due to cross terms from different scattering processes.236
These limitations are usually eliminated by introducing an
external local oscillator,”””*”" which can be conveniently
generated in situ by additional molecules in the same solution.
Since such a molecular local oscillator contains some dynamics,
the response of a combined system is not the same as from a pure
optical local oscillator. The heterodyne transient grating (het-
TG) signals have been introduced to remedy some of the
limitations of the homodyne detection.”* In the following, we
compare both heterodyne-detected TG-ISRS and TR-ISRS
signals. Following the classification scheme in section 3.2, both
signals employ a quadratic broad-band probe and are recorded
frequency dispersed (S&3).

Fourier transforming the signal with respect to T, yields the
vibrational spectra for different values of the first delay T',. Using
two loop diagrams as shown in Figure 13b the TG-ISRS is given
by

STG—ISRS(QJ T1) = IgTG—ISRS(Ql T1)

© d ! * ’ ’
x /_ ) %85(0) Ew =)

where Q is the frequency conjugated to T, and

- 2 [ do, do| do
Sromss(@ 1) =+ [ SAEAE 008 (o]
T6-1srs (2 1)) PR . p(@)E (o))
X EX(0,)E (0, — o] + w, + Q)e'v(“’l_‘”ll)Tl
X [E(w, @, — &, @) + F(w,, ©; + Q, »])]
(63)
The same correlation functions F; and F; of FR-SPRS and FSRS
fully determine the matter response. Despite the fact that eq 63
closely resembles eq 60 of FSRS, the different detection can
become crucial. In contrast to FSRS, which records the
frequency-dispersed transmission of the probe pulse &;, the
TG-ISRS signal is measured in the time domain vs two delays T/,
T,. T, controls the time resolution, whereas T, governs the
spectral resolution. Furthermore, the narrow-band pump &, in

FSRS enters as a modulus square |6,I*, whereas the broad-band
fields & and &, enter as &i(w,)E (0w, — w] + @, + Q).
Instead of a single probe &, in FSRS a probe pulse &, is scattered
off the grating and gives rise to a field & Therefore, the four
fields in TG-ISRS provide more control parameters for
manipulating the signal compared to FSRS/FR-SPRS.

The TR-ISRS signal uses a collinear pump/probe geometry
and measures the probe transmission. This signal is a special case
of the TG-ISRS with a single pump pulse &, = &, and &, = &,
is a probe pulse (see Figure 14a)

STR—ISRS(Q! Tl) = ISTR—ISRS(Q’ T1)

©do' .x, , ,
x f_ I COCACIE O RN

where

~ 2 do, do/ do
Stre QT:—/ — L 28%w)E (o]
Tr-15rs (€2 1) ndwor ar 2x p(@)E ()
X EX0,)E5(w, — o] + w, + Q)= )h
X [E(w,, o] — Q, o)) + E(o,, o, + Q, @/)]
(65)
In the Appendix, TG-ISRS and TR-ISRS, eqs 63 and 65 are recast
in the time domain.
Even though TR-ISRS and TG-ISRS use a very different
experimental setup, they carry the same matter information. TG-
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ISRS allows for spatial selection and manipulation of the field
envelopes and phases, whereas TR-ISRS depends on IE,/* and is
independent of the phase of the pump field. Furthermore, if we
compare TR-ISRS to the FSRS, we note that the main difference
is that the pump pulse &, in FSRS is narrow band and thus enters
the signal (eq 60) asl&,I*6(w, — @, — A) which is independent
of its phase, whereas in the case of TR-ISRS the broad-band
pump yields a phase-dependent contribution to eq 65
Ei(0,)Ey(w, — o] + w, + Q). Similar to FSRS and in
contrast to FR-SPRS, TR-ISRS and TG-ISRS can contain
dispersive spectral features due to the ability to report on
interstate coherences (cf. diagrams in Figures 13b and 14b). The
asymmetry between modes in both impulsive stimulated Raman
signals arises since the signal is defined as a transmission of a
single field, whereas the dissipative signal will require measuring
the transmission of all fields.

Treating the bath semiclassically, eqs 62—65 yield

12188

St_srs(€ T)=
4 2 2 2 [P do / —iQT,
-1 3 i Pa? f S8 ()8 ~ Qe

—00

© d .
x [ L e50,)6 (0, + 2)e
-0 2w 2w

o] t . . t
X f dt/ dT3e_7a(t+T3)+’Qt_’AT3sin[/ a,.(r)dr]
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(66)

STR—ISRS(Q) T1)=
4 h dw, ’ ’ —i.
—I§I8PIZZI%|20{ZC f S8 ()8, ~ Q)

—0o0

© d .
x [ Bes)6,(, + )

c© 2m 2w

© t . . t
X / dt f drye i) H—idn gy / a,(7)dr]
—0o0 —00 T3

We next discuss the semiclassical expressions of eqs 57, 61, 66,
and 67. FSRS is distinct from the other techniques since the
signal has only two rather than three frequency integrations. This

(67)
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explains why it has a better time resolution; the information on F;
and F; is less averaged. TR-ISRS and TG-ISRS are more closely
related to TR-SPRS than to FSRS. Another notable point is that
only the FR-SPRS signal can be recast as a modulus square of a
transition amplitude. This implies that the spectra consist of
purely absorptive peaks. ESRS, TG-ISRS, and TR-ISRS in
contrast also contain dispersive features. The underlying physical
reason is clear. The spontaneous signal is dissipative, and the
system ends in a population state. Stimulated signals, on the
other hand, contain diagrams that allow the system to be in a
coherence state. The asymmetry between modes in the impulsive
stimulated Raman signal arises because the signal is defined as a
transmission of one field, whereas the dissipative signal will
require measuring the transmission of all fields.*' In ESRS, the
asymmetry is caused by the frequency-dispersed detection of the
probe pulse which occurs only at the ket; the bra interacts with all
frequency components of the probe field.

Stimulated Raman techniques provide a glimpse at early events
of nonadiabatic relaxation. For example, a series of carotenoids
with different conjugation lengths (N) (neurosporene (N = 9),
spheroidene (N = 10), lycopene (N = 11), and spirilloxanthin (N
= 13)) was investigated by the pump-degenerate four-wave
mixing TG-ISRS technique and revealed 100—320 fs S, lifetimes
and involvement of a dark state for spheroidene.””” By varying of
solvent polarity, frequency shifts of C—C and C=C modes could
be assigned to vibronic coupling due to involvement of a 1B;
state with the 1B state.”” Excited state vibrational dynamics of
all-trans biological polyenes is reviewed in ref 186. The close
relation between TG-ISRS in heterodyne detection mode and
TR-ISRS was demonstrated for two carotenoids, highlighting
their complementary nature to FSRS.**® The TG-ISRS
technique was further applied for the retinal-protonated Schiff
bases” »*”> and revealed coherent high-frequency vibrational
dynamics, favoring a two-state relaxation model. TR-ISRS was
applied to investigate photoinduced dynamics in photoexcited
molecules,”* allowing one to track the structural evolution in
ultrafast photoisomerization reaction”’® and relaxation pathways
of bacteriorhodopsin with high time resolution.””” Excited state
structural evolution and associated proton transfer dynamics was
tracked by following low-frequency modes in GFP>’® on the
basis of a recently developed TR-ISRS apparatus.””” A
subpicosecond Raman spectrometer was employed to study
structural dynamics in heme proteins,”*” while time-resolved
resonance Raman spectroscopy was used to explore reactive
intermediates.”®" Vibrational dephasing was employed for the
development of imaging techniques by time-resolved broad-
band coherent anti-Stokes Raman scattering microscopy.”**

3.3.3. Comparison of Various SRS Signals. The SLE
explains dispersive line shapes that appear in the spectra if the
system dynamics time scale is fast relative to the dephasing time
scale. In this limit, the stroboscopic snapshot picture is
inaccurate, and coherences between vibrational modes have to
be considered (see section 2.2.4). The standard analysis based on
Hilbert space description cannot provide such a crisp picture and
explanation. We discuss the Raman signals for the TS] model,
which is the simplest stochastic line shape model. The two
vibrational states of the system are a and ¢ with @, being the
vibrational frequency unperturbed by the bath. Similarly, the
bath has two states which, adopting spin terminology, are
denoted + for spin “up” and — for spin “down”. The TS]J coupling
to the vibrations is introduced by assuming that the vibrational
frequency depends on the TS]J states: @, = @, + 6 for up and w_
= w,—0 for down.

We simulated the Raman signals in the slow modulation limit
(SML) using the signal expressions given in the Appendix, eqs
156—158. Short pulses provide high temporal resolution.
Depending on the relation between the field and the matter
spectral bandwidths, the pulse duration may be optimized to
obtain both high temporal and spectral resolution. We assume
temporally square pulses with corresponding spectral envelope:

81.(60) = Sjsinc(

= W . . .

p ), j = 2,3. Figure 15 depicts the Raman
signals for short probe pulse E; compared to 5" assuming a 5 fs
probe pulse &, and the splitting = 100 cm™". The left column of
Figure 15 depicts the snapshot dynamics of the FR-SPRS signal.
The FR-SPRS spectra consist of two broad pulse envelopes
centered around w,.. For small delay time T, the dominating peak
is at ,, corresponding to the + state that exponentially decays
wiih time. The — state appears as weak peak that grows as 1 —
e .

For comparison, the FSRS signal is depicted in the middle
column of Figure 15. Since the probe pulse &; is broad band, it
does not affect the shape of the spectra. The two peaks
corresponding to jump frequencies Q = w — @, = @, are clearly
visible and highlighted by red dashed lines. Depending on the
time delay between the actinic pulse and the probe, the peak w,
decays and @w_ is enhanced. Note that the vibrational coherence
p._ survives the time scale of the stochastic jump process asy, < k
(slow modulation limit). At short times, the dominant
contribution to the spectra arises from the + state 2 = ®,. The
line width is governed by the combined width imposed by the
jump rate and dephasing — k + 7, and in this particular setting
dominated by the jump rate k. At long delay times, the FSRS
signal shows a single peak that corresponds to the — state Q= w_,
where the width is governed by the pure vibrational dephasing
rate y,. Thus, the dephasing determines the system dynamics at
long times.

The right column of Figure 15 shows the TG-ISRS signal using
the same pulse envelope for &(w) = E;(w) and
&E(w) = &,(w), which effectively makes the TG-ISRS signal
indistinguishable from the TR-ISRS technique. The right column
of Figure 15 manifests dispersive line shapes that are caused by
the heterodyne detection and the broken symmetry between bra
and ket branches of the loop. Kukura demonstrated
experimentally' " that a fast modulation of the system frequency
is dominated by dispersive line shapes for short delay times,
whereas absorptive line shapes dominate for long delay times.' "
Similar to FSRS, TG-ISRS and TR-ISRS contain both absorptive
and dispersive features. Therefore, all arguments given above for
FSRS apply here as well. Furthermore, we note that in contrast to
FSRS, TG-ISRS contains two frequency integrals which are not
coupled to the Raman resonances £ = + @, In addition, the TG-
ISRS has more freedom in tuning the pulses since it involves four
pulses vs two pulses for TR-ISRS. Therefore, the resolution of
the TG-ISRS and TR-ISRS is more strongly affected by the pulse
envelopes compared to FSRS.

The TG-ISRS signal is very similar to FSRS provided that the
pump pulse &, is broader than the energy splitting of vibrational
states 6. The effect of the pump pulse duration &, is illustrated in
Figure 16. For a long pump pulse compared to the energy
splitting, the FR-SPRS yields two well-separated peaks with the
widths ¢, corresponding to the pulse bandwidth. For a shorter
pump pulse, the peaks are broadened and eventually merge. In
the case of TG-ISRS and TR-ISRS, the situation is the opposite,
since the effective line shape is determined by the jump rate k and
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dephasing 7,. The pulse envelope results in a background which
may interfere with the spectra for long enough pulses. However,
if the pump becomes shorter than the energy splitting, the
background is uniform and the spectra contain background-free
features. In this limit, the TG-ISRS and FSRS signals coincide for
a specific configuration of the pulses. Thus, all three techniques
yield essentially the same signal: Sperg(€, T) = Srg_isrs(,T) =
Stroisrs(€, T) provided that the bandwidths of the pump and
probe pulse in TG-ISRS are the same as for the probe pulse in
FSRS 0, = 03 and the narrow-band frequency of the pump in
FSRS is equal to the central frequency of the probe @, = ;.

4. RESONANT ELECTRONIC STATE DETECTION IN THE
VISIBLE AND THE ULTRAVIOLET

The off-resonant techniques considered so far conserve the
number of probe photons. The photon energy gets redistributed
among the broad-band modes: S™) vanishes, while S is finite.
When a pulse is resonant with a transition, actual photon
absorption can take place. This renders S™ finite, revealing new
matter information. The resonant detection of electronic degrees
of freedom offers an alternative to the vibrational spectroscopic
techniques described in sections 2 and 3 for probing the
nonadiabatic dynamics in the vicinity of Colns. Representative
methods include the TA technique with UV—vis pulses (section
4.1) and two-dimensional electronic spectroscopy (section 4.2).

4.1. Transient Absorption (TA)

TA is a widely used type of pump—probe spectroscopy.””** It has
been employed to identify the initial steps in the chemistry of
vision,"**** photochemistry,”** and DNA photodamage.'*> In
conjunction with broad-band laser systems, it can be used to
track the population dynamics®® over a broad frequency range,
making it a convenient tool for investigation of nonadiabatic
dynamics in molecules.”*

The corresponding diagrams for TA are shown in Figure 17.
The system is prepared by an excitation process that terminates
at t, from the ground state to an excited state population or
coherence. After preparation, the system evolves freely in the
excite state from f, until the interaction time 7 with the probe
pulse that is centered around T. During the probe pulse of finite
length, photons can be absorbed (Figure 17a) or emitted (Figure
17b) into the signal mode. The TA signal is recorded in
resonance with an excited electronic state and linear in the probe
pulse intensity.”” The TA technique is mainly sensitive to
populations but can also be used to detect electronic coherences

(given the energy gap is within the probe bandwidth).

a) 1) b) 1£) ) ——If)

, Y ;
X le). le’) =% le) |e')

lg). 9" e m o = AN

Figure 17. Loop diagrams (bottom row) and level schemes (top row) of
the TA technique. Delay parameter T is shown next to the diagram: (a)
Excited state absorption to a higher lying electronic state. (b) Excited
state emission to the ground state. (c) Ground state bleach. The labels g,
e, and f denote different electronic states, and a prime superscript
denotes vibrational sublevels.

The TA signal can be described by the integrated photon
number signal

Su(T) = %I f_ : dt /_ ; de&5(t — T)E(r — T)

x (BIU(z, 0)aU'(t, 2)a"U(t, 0)I%,) (68)

which results in net absorption (Figure 17a) or net stimulated
emission (Figure 17b). The more detailed, frequency-dispersed
TA signal

oo . t
Sap(@, T) = %Iia*(w) f dte =D / dr&(r = T)

X (KIU'(t, 0)aU(t, 1)a Uz, 0)1%)

(69)
carries additional information, where resonances due to
intervalence excitations are revealed along the detection axis.
For impulsive excitation conditions, information about vibra-
tional modes is revealed via Fourier transform along the delay
time T. Note that the diagram of the TA technique closely
resembles diagrams (i) and (ii) of the UV/IR signal (Figure 3 b)
where the material quantity is described by the four-point matter
correlation function. As we separated the preparation process
from TA detection, eqs 68 and 69 are independent of the pump
pulse.

The broad-band detection mode can track specific bands
corresponding to different electronic transitions along the
reaction coordinate and reveals the change in the energy gap
toward a Coln. However, monitoring the energy gap around the
Coln is experimentally challenging since it reaches deep into the
near-IR region, which is outside the experimental capability of
typical TA studies (see below for selected examples employing
sophisticated spectral probe conditions). Moreover, in the
vicinity of the Coln the transition dipole moment typically
decreases due to mixing of states with single-excitation and
double-excitation character prohibiting direct observation of the
passage of the Coln by resonant transitions between electronic
states. Figure 18b shows the recorded TA spectrum in the visible
and near-IR spectral region of ultrafast isomerization of
rhodopsin as the primary photochemical event in vision.'® The
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Figure 18. (a) Schematics of transient absorption (TA) detection of
photoisomerization in rhodopsin. (b) TA spectrum (measured, left;
simulated, right). Stimulated emission is shown in blue and absorption
in red/yellow. Adapted with permission from ref 18. Copyright 2010
Nature Publishing Group.

TA spectrum initially shows a stimulated emission feature, which
shifts to the red as the wavepacket approaches the Coln. Once
the molecule has passed the Coln the stimulated emission band
turns into an excited state absorption band of decreasing
wavelength, indicating formation of the all-trans photoproduct
within 150—250 fs. Notably, the TA signal does not follow
exponential dynamics but increases abruptly around 150 fs,
which was interpreted as the relevant time to pass the Coln and
enter the accessible probe window of the all-trans photoproduct.
Additional insight on the isomerization reaction in rhodopsin has
been obtained recently by het-TG spectroscopy””” that allows for
higher sensitivity due to background-free detection (cf. section
4.2). The data suggest that photoproduct formation occurs in a
coherent fashion on an even faster, sub-50 fs time scale, and
nuclear motions driving the isomerization reaction could be
identified.

TA studies of ultrafast relaxation dynamics are very common;
recent examples are refs 238 and 288—296, and femtosecond
time-resolved gump—probe optical microscopy techniques are
emerg.;ingzw’29 (for recent reviews see refs 2908—301). Here, we

denote special attention to studies that employed sophisticated
spectral probe conditions. In particular, by extending the probe
wavelength to the near IR (4, & 1900 nm), the excited state
dynamics of salinixanthin and xanthorhodozpsin could be
revealed by near-infrared-hyperspectral probing,”*>*** a strategy
already successfully applied to the transient spectroscopy of
short-lived, charge-separated states in the bacterial reaction
center (4, ~ 1000 nm).”** 7" Near-infrared-hyperspectral
probing additionally provided insight into the ultrafast photo-
chemistry of retinal proteins.’”® An alternative detection window
arises from probing in the UV spectral region,">"'3>?%33997314
allowing access to the dynamics of important chromophores like
aromatic amino acids in proteins and the DNA and RNA
nucleobases.’'

Focusing on the electronic degrees of freedom only, the TA
technique provides per se low structural sensitivity by tracking
the excited state populations (or coherences) over time. With the
advent of ever-shorter optical pulses (sub-20 fs), impulsive
excitation conditions could be realized that, to some extent,
mitigate these deficiencies. The observation of superimposed
coherent vibrational oscillations of excited states in TA signals
has been reported for various molecular systems by Fourier
transform along the delay time T.'3>?%%3'%319731% The addi-
tional information allows one to extract structural insight into the
ultrafast, nonadiabatic relaxation process.

A multitude of molecular systems, like, e.g., photochromic
switches, #2¥%%%320 4o not feature striking signatures of Colns
(i-e., low fluorescence, high photoactivity, femtosecond
electronic kinetics) but are characterized by dynamics on the
picosecond time scale together with high reaction quantum
yields. Thus, the involvement of Colns is only inferred indirectly,
often by supporting theoretical calculations. The recently
introduced coherent wavepacket evolution analysis®*"*** here
provides access to Coln-mediated relaxation dynamics, where
molecules do not exhibit the impulsive signatures of a CoIn. The
results support a picture where only a subset of vibrational modes
forms the branching space of the CoIn. The underlying and well-
known phenomena of phase changes***™** in img)ulsive broad-
band TA signals has been recently readdressed.*”

4.1.1. Transient Absorption of a Shaped Pulse; Linear
Variant of FSRS. In the following, we consider a hybrid variant
of TA where the probe consists of a broad-band &, and a narrow-

band pulse &, (Figure 19) and the molecule interacts once with
each. The combination of broad-band &, and narrow-band &, is a

special case of pulse shaping.**”~**° It can be viewed as a
resonant TA technique with a hybrid probe pulse, where the first
interaction with the probe comes from the narrow-band pulse
and the second one comes from the broad-band pulse. We term
this technique transient absorption linear hybrid detection
(TALH). Different phase shapes allow one to enhance or
suppress spectral features and manipulate line shapes. The
formalism is general and can account for arbitrary pulse shapes
that provide numerous control possibilities for the signals.

We consider the TA signal defined as the change in frequency-
dispersed probe intensity (cf. eq 69) where the measurement is
performed by TALH, ie., a UV—vis pump and shaped probe
(broad + narrow band) experiment. The actinic pulse &,
centered at 7, brings the molecule from the electronic ground
state |g) to the electronic excited state a and c. Due to the broad
bandwidth of &, a superposition of vibrational levels a and c is
generated and probed by a spectrally narrow &, and a spectrally
broad &, probe pulse, both centered at t, > 7,. Probe interaction
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Figure 19. Level scheme (a) and ladder diagrams (b) for the TALH
signal (eqs 70 and 71).

with the molecule can then stimulate either emission to a lower
vibrational state or absorption to a higher vibrational state. Figure
19 represents the ladder diagrams that contribute to the signal
(for diagram rules see ref 337). By expanding the time-ordered
exponential to first order in &, and &, and to second order in &,

and assuming the actinic pulses to be impulsive §,(z) = &,5(7),

110
S(f) ( — 2 i « e io(t—t,)
rau(@; to, 7)) = —I||=— dt dt,e
h h —00 0

X (LG(t)VRG(t — t, — 7))’
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we obtain

(70)
S¥2LH(w5 to, To) = %I[(é) [: dt A""’ dt3ei“’(t_t0)
X (MGGt — t — 7))’
XSP*(a))SI(t -t — fo)] on

where () = Y. Pa ((Ilac)). A nonstationary vibrational
3% is then described by

_ 2
=18/ n,

inverse Fourier transformation of the propagator and the electric

wavepacket in the excited state
|83|2VRVE|gg>> = p,lac)), where p_ H,- By performing
field, performing time integrals and introducing a delay between
preparation time 7, and probe pulse ¢, T = t, — 7, eqs 70 and 71
yield

,~ 2 AWLEIN
S”E"ALH(O);' T) = ;I[(_é) -[m ;e AT(S;(CO)

X Ey(@ + Al (—, o + A)]

72
)%

X E(w + A);Z&)LHW (~w, o + A)]

i 2 i i
Sipu(w; T) = EI[(E e TEN (o)

(73)
where we introduced the generalized susceptibility
Fraung) (o0 + A), j = bii
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ATALH() (74)

A (—0 0 + 8) = (GG@VIG-A) ()
The idea of recasting the (1 + m)-wave mixing signal in terms of
an effective m-wave mixing has been extensively studied for
FWM such as transient absorption by Champion®*”**’ and
termed “effective linear response approach”. Here, we use this
approach for the six-wave mixing FSRS signal. TALH with a
visible pump and shaped probe (broad plus narrow band) can be
regarded as a generalized linear response to the field 5,5, from a

nonstationary state p,_ prepared by the actinic pulse &,. Note that
Jtau depends on two frequencies, which implies that the signal
in eqs 72 and 73 is sensitive to the phase of the field. The choice
of broad-band &, and narrow-band &, is a particular choice of

possible pulse shaping combinations.”*”~*** The TALH signal
carries information about the impulsively prepared nonstationary
state lac)) of the molecule and can be seen as linear analogue of
FSRS which is recorded in the time domain.

A closely related variant of TALH has been developed by
Kukura and co-workers. Following impulsive excitation by a
pump pulse &, the system is interrogated with a linear probe in
the form of a broad-band white-light continuum of 300 fs
nominal duration (spectral range ~ $10—840 nm, 4.2 fs
transform limit). The white light continuum probe here takes
the place of the narrow- and broad-band probes of the TALH
technique (cf. Figure 19), allowing one to record Raman spectra
in the time domain.”*’ By tuning the impulsive pump into
electronic resonance, Raman spectra of the excited electronic
state could be dissected.”*' The technique builds on recent
advances in pulse generation, making sub-10 fs pump pulses and
chirped white light continuum probes now routinely avail-
able.**>7** The combination of the ultrashort pump pulse with
the broad-band white light continuum probe reduces the
experimental complexity and provides high sensitivity”*’~>*’
while ensuring optimal effective temporal resolution. Corre-
spondingly, by further augmenting the technique with an actinic
pump pulse provided access to transient Raman spectra of short-
lived intermediates (~200 fs)*****! that appear during excited
state dynamics of, e.g., f-carotene or the retinal chromophore.
The actinic pump—impulsive pump—white-light continuum
probe setup provides ~11 fs temporal resolution and allows
one to record vibrational coherences in the time domain over a
large frequency bandwidth up to high-frequency modes (3000
cm™'). Following the classification of section 3.2 the actinic
pump—impulsive pump—white-light continuum probe techni-

12192 DOI: 10.1021/acs.chemrev.7b00081

Chem. Rev. 2017, 117, 12165-12226


http://dx.doi.org/10.1021/acs.chemrev.7b00081
http://pubs.acs.org/action/showImage?doi=10.1021/acs.chemrev.7b00081&iName=master.img-019.jpg&w=239&h=257

Chemical Reviews

que employs a quadratic probe subsequent to the actinic
excitation pulse and is thus conceptually closely related to the
TR-ISRS and FSRS techniques (cf. section 3.3.2).

4.2. Two-Dimensional Electronic Spectroscopy (2DES)

Two-dimensional electronic spectroscopy (2DES) is, like TA, a
nonlinear third-order technique that allows one to spread the
information content of the nonlinear response in two frequency
dimensions, thereby overcoming limitations of the TA
technique. 2DES signals are recorded by varying the delay
between two phase-stable ultrashort excitation pulses with
interferometric precision (for diagrams see Figure 17).
Subsequent Fourier transformation along the excitation delay
time 7 gives, in addition to the detection frequency axis of the
frequency-dispersed TA signal, eq 69, the excitation frequency
axis. The corresponding two-dimensional signals are parametri-
cally dependent on the waiting time T, thereby reporting on
spectral diffusion of homogeneous line width, interchromophore
couplings, and energy transfer processes. Optical two-dimen-
sional spectroscogr has been originally developed in the IR
spectral region®>””** and reached maturity in the visible®**
during the past decade. Extensive reviews cover technical
developments and the underlying theoretical frame-
work,”732%3557359 and these will not be covered here in detail.
Exemplary applications are given in ref 360—368. Simulations
suggest that vibrational coherence around a Coln has an impact
on the relaxation pathways and cross peaks in 2DES signals
provide signatures of the Coln.****”°

4.2.1. Two-Dimensional Electronic Spectroscopy in the
UV (2DUV). 2DES in the UV spectral range (two-dimensional
ultraviolet spectroscopy (2DUV))? #3738 appears promising
for investigating prominent electronic absorption bands of a wide
class of organic molecules (e.g, DNA, proteins, and (hetero)-
aromatic compounds®'”) where striking nonadiabatic relaxation
channels via CoIn appear. As such the ability to perform 2DUV
measurements on relatively small organic molecules opens the
possibility for direct comparison of experiments with simulated
spectral signatures of photochemical relaxation dynamics. This
approach provides a rigorous test for (ab initio) force fields and
employed approximations.

A first step in this direction was taken in ref 371, where
nonadiabatic ab initio molecular dynamics was employed to
simulate the respective 2DUV signal of diphenylmethane
(DPM). Due to the ability of 2DES to report on
interchromophore couplings and energy transfer, DPM can be
regarded as prototypical bichromophore in the UV spectral
region. In DPM, the two aromatic phenyl moieties are separated
by a bridging CH, group (cf. inlay in Figure 20b), making the
molecule a promising candidate to investigate the ultrafast
relaxation dynamics of electronically excited molecules. The
developed microscopic algorithm combines nonlinear exciton
propagation,”*** which allows one to account for arbitrary
fluctuation dynamics (cf. section 2.2.2) with Tully’s surface-
hopping method®**”*” in order to take into account back-
coupling between quantum (electronic) and classical (nuclear)
degrees of freedom. As such, the method faithfully reproduces
high-level results*** for a model of two electronic states coupled
to a harmonic coordinate and a classical heat bath. Phenomena
like dynamic Stokes shift due to nuclear relaxation, spectral
diffusion, and population transfer among electronic states are
naturally included.

Diagrams of the quantum-classical feedback nonlinear exciton
propagation (QF-NEP) for the rephasing signal k; = k; + k; — k;
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Figure 20. (a) Contributions of populations e, = ¢, and coherences ¢, #
e, to the NEP ladder diagram arising from the contraction of excited
state emission, ground state bleach, and excited state absorption
contributions to the rephasing signal k; = k; + k, — k. Solid arrows
represent the forward (backward) propagation of single-exciton Green’s
functions, and double arrows describe the free evolution of biexciton
Green’s function. (b) Time evolution of adiabatic state populations for
trajectories launched in S, and S,: (solid lines) CASSCF(8,8) level of
theory; (dotted lines) CASSCF(12,12) level of theory. (c) Absorptive
2D spectra for t, = 0 fs: (left) CASSCF(8,8) level of theory, (right)
CASSCF(12,12) level of theory. Adapted with permission from ref 371.
Copyright 2016 American Chemical Society.

are given in Figure 20a. The k; signal can be expressed in compact
form

k;
Su4b31/2u1(7'-4’ T3 T Tl)

L \4
i v v, % Y
o I DIPITICVENVISIAE
Mg Mg

2
X [ dSGn4m5(T4’ S) Um5m1m4m3(s)

3
X Gm4m3n3mz(s’ T3)Gm2nz(73’ TZ)G:Inl(Sl Tl) (76)

where 7, are interaction times with laser pulses and 4}, (7;) denote
time-dependent transition dipole moments of exciton n;
generated by the pulse with polarization v, The signal is given
bzf Fourier transform of the nonlinear response function
iy wun(ty by, t1) over the delay times t; and ¢, with time intervals
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with permission from ref 371. Copyright 2016 American Chemical Society.

t, =7, — Ty, t, = Ty — T,, and t; = 7, — 7. The matter response can
be read from the diagram (Figure 20a): excitation by pulse 2
creates a single exciton at time 7, that propagates forward until 7;
(described by the single-exciton Green’s function G, (737,)).

The interaction with the probe pulse at 75 generates a biexciton
Gy, ($/73); nonlinearities are accounted for due to the
scattering interaction Um5m1m4m3(s) during t; = 7, — 73. Exciton
scattering splits the biexciton into two single excitons, one
propagating forward from s until detection time 7, (Green’s
function Gn4m5(7415)) and the other propagating backward in time
from s to the interaction time of the first laser pulse 7, (single-
exciton retarded Green’s function G*,, , (5,7,)).

The two diagrams given in Figure 20a account for the
subpathway decomposition between population states (m = n)
and interstate coherences (m # n) that arises from the choice of
the reference Hamiltonian in the semiclassical treatment of
quantum (electronic) and classical (nuclear) degrees of free-
dom."®” This treatment was introduced for SOS methods,****%*
but here it accounts for correlations of Hilbert-space wave-
funtions propagating either on the bra or on the ket side of the
diagram. Different approaches have been proposed employing
either ground state, excited state, or mean-field reference
Hamiltonians.””*****>3%¢ Coherence contributions to the signal
(m # n) are modeled by trajectories subject to the fluctuations of
the ground state reference Hamiltonian, while population
contributions (m = n) are driven by the respective excited state
reference Hamiltonian and experience a feedback force of the
quantum region resulting in dynamic Stokes shift of the exciton
energies during waiting time t,.

The 2DUV signal of diphenylmethane subject to nonadiabatic
relaxation has been calculated at the complete active space self-
consistent field (CASSCF) level of theory where two different
active spaces have been considered (CAS(8,8), CAS(12,12)). All
69 nuclear degrees of freedom are accounted for in an ab initio

surface-hopping molecular dynamics. The CASSCF(8,8) level
includes the 7 system of both phenyl rings but excludes the
complete bonding and antibonding 7 orbitals, considered at the
CASSCF(12,12) level. Due to restricted active space and lack of
dynamic electron correlation, excitation energies are over-
estimated by >1 eV on the CASSCF(8,8) level. In contrast, the
increased active space on the CASSCF(12,12) level allows for
substantially improved accuracy (~0.4 eV with respect to highest
level CASPT2(12,12) multireference perturbation theory
calculations). Notably, the simulated time evolution of state
populations is nearly identical on both levels of theory (Figure 20
b). Ensemble-averaged absorptive 2D spectra of DPM calculated
on the CASSCF(8,8) and CASSCF(12,12) levels of theory
(Figure 20c) were compared, both showing a slightly elliptic
shape along the diagonal for shortest waiting times (¢, < 10 fs).
The elliptic shape is caused by the inhomogeneous excitation
energy distribution of different initial conditions that is
scrambled by ultrafast spectral diffusion, primarily imposed by
high-frequency modes and substantially affecting the transition
energies. Off-diagonal peaks are determined by the respective S,/
S, splitting, leading to an antidiagonal broadening of 2D spectra.
The 2D spectrum simulated at the CASSCF(12,12) level (Figure
20c, right) shows a peak maximum located around Q, = Q; ~
40000 cm™' (unshifted value), in good agreement with the
experimental absorption spectrum.

Despite the large similarities of 2D signals calculated at the
CASSCF(8,8) and CASSCF(12,12) levels for t, = 0 fs (apart
from the constant shift imposed by excitation energies),
markedly different behavior is revealed by analyzing the
dynamics occurring during the ¢, time, as quantified by the
time-dependent peak shift along Q, (Figure 21) observed in the
2D spectra. For the signal calculated at the CASSCF(8,8) level,
the peak shift is substantially larger than for the CASSCF(12,12)
level, while oscillatory behavior can be similarly identified. Upon
electronic excitation, ring-breathing modes of the aromatic
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system of DPM are excited, where the oscillation along these
modes induces a periodic shift in energy gap of S, and S, with
respect to the ground state S, Dissipation into other
intramolecular vibrational modes proceeds rather slowly, which
manifests in persistent oscillations. The oscillatory frequencies
correspond to symmetric and asymmetric ring-breathing modes
of DPM, which arise from combinations of ring-breathing modes
of the single phenyl moieties. By Fourier transforming the time-
dependent Q; peak shifts or the oscillatory component of the
energy gap fluctuations, characteristic frequencies of ring-
breathing modes can be recovered, with dominant peaks around
1000—1100 cm ™" (Figure 21d and 21e) and ring distortion and
CH,—modes appearing as side bands at 800—850 and 1250—
1300 cm™', respectively. Activated ring-breathing/distortion
modes are thus predicted to have clear signatures in the 2D
signals. Discrepancies between the different CASSCEF levels can
be assigned to the underlying shortcoming of the CASSCF(8,8)
level for the description of excitation energies. During
propagation, the excess energy is partially converted into kinetic
energy and CASSCF(8,8) trajectories explore a larger region of
the PES, while the CASSCF(12,12) trajectories retain a more
compact distribution in phase space.

The simulations of ref 371 focused on excited state emission
contributions to the 2D signals. An ab initio treatment of single-
to-biexciton interband transitions is naturally included in the
framework of QF-NEP but requires the assignment of biexcitons
to its constituent single excitons. This can be performed by
augmenting the 8Protocol by static high-level electronic structure
calculations*****” that reliably predict doubly excited states in
order to characterize fluctuations of electronic anharmonicities,
thereby allowing for quantitative comparison with state-of-the-
art 2DUV experiments of organic compounds.

A closely related FWM technique to 2DES is het-TG
spectroscopy.”””*”" het-TG provides, due to phase-sensitive
detection in direction k; = k; + k, — k;, background-free signals
that monitor the third-order response function in an integrated
fashion over the @, excitation frequency axis. As such, the
absorptive part of the het-TG signal contains the same
information as TA.*****® An intrinsic time domain technique,
het-TG enables one to simultaneously measure vibrational and
electronic population dynamics under impulsive excitation
conditions (cf. section 4.1). The het-TG technique has been
recently employed to study the isomerization reaction of retinal
in the protein rhodopsin,””” for the investigation of nonradiative
decay of the S, excited state of f-carotene”* and peridinin,*”***°
and to investigate carotenoid-to-bacteriochlorophyll energy
transfer in the light-harvesting complex LH2.*"”

4.2.2. Phase-Modulated 2D Fluorescence (PM-FIl). An
alternative 2D technique relies on the detection of spontaneous
emission induced by a sequence of four phase-controlled pulses
and yields similar information about quantum pathways
compared to 2DES. The phase-modulated 2D fluorescence
(PM-Fl) technique®*~** reveals comparable information as
obtained from common third-order coherent techniques, like
photon-echo or double-quantum coherence measure-
ments.*****> The incoherent fluorescence detection in PM-FI
inherently provides background-free detection, offers higher
sensitivity that can be used for single-molecule detection,**® and
provides advantages in scattering environments where phase
matching is difficult. In PM-F], an additional ladder diagram
contributes to the fourth-order PM-FI signal that provides access
to biexciton population states. Moreover, the signs of the
interfering pathways vary. In an ideal PM-Fl experiment with

infinite biexciton lifetimes (vanishing nonradiative decay),
photon emission occurs from the biexciton population state via
successive emission from bi- and single-exciton states, and the
quantum yield reaches a limiting value of two. In this case, PM-F1
signals equal the respective third-order 2DES signals. Unavoid-
able nonradiative decay processes of biexciton states lead to
differences in the PM-FI signals and 2DES spectra that reveal
additional information about the biexciton population dynamics
and emission quantum yield. Especially for the system with
pronounced photoluminescence properties (like self-assembled
quantum dots investigated in refs 405 and 407), PM-Fl may serve
as a promising alternative to third-order coherent techniques. In
principle, spectrally resolved excited state absorption contribu-
tions then allow one to record different quantum pathways (i.e.,
excited state absorption and excited state emission/ground state
bleach) independently. Alternative incoherent detection
schemes, like two-dimensional photocurrent spectroscopy,
have been reported as well that monitor the nonlinear
Phom%gfo%t signal induced by a sequence of four laser
pulses.”™™

5. X-RAY PROBES FOR VALENCE ELECTRONIC STATES

We now turn to signals that utilize X-ray pulses. Recently
proposed Raman techniques with XUV/X-ray pulses inherently
benefit from the broad pulse bandwidth and high temporal
resolution down to the attoseconds time scale. The theoretical
formalism and description of electronic probe techniques is
closely related to the vibrational (IR or Raman) probe techniques
presented in the previous sections. For example, the X-ray
Raman scheme is conceptually related to a vibrational Raman
scheme but differs in the choice of the intermediate states (Figure
2b). Instead of low-lying valence excited states, core excited
states serve as an intermediate. An assessment of available X-ray
pulses and requirements for nonlinear X-ray measurement was
recently provided,*'® and perspectives of time-resolved X-ray
spectroscopies have been discussed.”'' Time-resolved photo-
electron spectroscopy (TRPES), which connects the neutral
state with an ionized state by probing the kinetic energy of
liberated photoelectrons, here poses a special case but can be
regarded as a linear probe technique (see section 3.2) and is thus
closely related to TA. However, the detection of photoelectrons
instead of scatted photons is usually more sensitive. The
resonances of core electrons in the soft X-ray are element
specific. Addressing those resonances directly can provide
indirect information about rearangement of valence electrons
through their shift in the frequency domain. When those states
are used to enhance Raman transitions their exact resonance
frequency becomes immaterial and the energy splittings between
valence becomes accessible.

We note that the formalism of section 3 applies to both optical
and X-ray signals. X-ray signals allow one to probe valence
excitations rather than vibrations. First experiments that rely on a
table-top water window high-harmonic source (cf. section 5.4.2)
and employ X-ray pulses as probe in TA have emerged very
recently.'>*'* Furthermore, both the initial preparation and/or
the preparation process can then be the product of an X-ray
scattering, photoionization, or Auger process (as recently
discussed in refs 137 and 413), in addition to an X-ray Raman
process. The signals obtained by a Raman probe then detect both
the amplitude and the phase of the coherent superpositions of
singly or doubly ionized states. These are signatures of many-
body effects in the photoionization and Auger processes. In this
review, as in our previous work, we provide a systematic
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description of a series of X-ray Raman signals. Using the present
terminology, in our earlier work,?"? we presented Sé?{), Sglz, and
some SgH signals. The si%nals studied in ref 110 are ch{) and 9.
Finally, in recent work, ™ we investigated the SgH signal.

5.1. X-ray Hybrid Stimulated Raman Detection: Attosecond

Stimulated X-ray Raman Spectroscopy (ASRS)

Attosecond X-ray pulses provide a novel means for probing the
strongly coupled electron—nuclear dynamics occurring in the
vicinity of Colns. The ASRS technique, proposed in ref 414 and
schematically depicted in Figure 22a, appears promising by

a K, ky molecule detector
ks 0
s U ‘
ky k3 k;
T I-\ T T
Ly Ly W
uv X-ray
c -— =
Ib CDfe{iy ks\._ \' ks - / ‘\
X Y & X
k. kg 2
2 —k
k
T —kz - T
c a b a b
valence{ & am— ky 3 é —k, Ky 5 g' ki
" S, S,

Figure 22. Physical picture of the attosecond stimulated X-ray Raman
spectroscopy (ASRS) experiment: (a) Pulse sequence in the time and
frequency domain (top and bottom, respectively). UV actinic pump
pulse k; initiates the reaction, and after time delay T, the time-coincident
narrow femtosecond pump k, and broad attosecond probe X-ray pulses
k, interact with the molecule to generate the ASRS signal. (b) Energy
level diagram and transition process involved in ASRS detection; state
variables are according to eqs 78 and 79; 4, b, and ¢ denote valence
excited states (including the ground state g); x and y denote core excited
states. (c) Two loop diagrams that contribute to the signal (eq 77). Both
diagrams show a wave function evolution pathway along b < x < c <y
« a but vary in the interaction with the Raman sequence in either the
bra or the ket side of the loop. Reproduced with permission from ref414.
Copyright 2016 AIP Publishing, https://creativecommons.org/
licenses/by/3.0/CCBY3.0.

transferring concepts of the FSRS technique’®”'"” to the X-ray
spectral domain for element-sensitive probing of electronic
properties. Following the classification terminology introduced
in section 3.2, the ASRS signal is frequency dispersed, employs a
quadratic hybrid probe (88‘2), and involves resonant core to
valence transitions. The narrow-band pulse allows one to clearly
resolve the transition peaks and the quadratic hybrid signal is
independent of the phases of the narrow-band and broad-band
pulses. In general, the SE%{) carries information about coherences,
but a background arises due to contributions from populations.
In ASRS, temporal and spectral properties of femto- and
attosecond pulses (vs pico- and femtosecond in FSRS, cf. section
3.3) are combined. In particular, a first UV pulse k;, referred to as
the actinic pump, initiates an excited state process like a ring-
opening reaction, and after a time delay T, the system interacts
with two X-ray pulses k, and k;. The X-ray Raman process is

triggered by a ~50 fs Raman pump k, that is resonant with core
transitions at frequency w, and narrow band with respect to the
attosecond probe k; (~100 as) with red shifted w;. As
determined by the system dynamics under investigation, the
Raman pump k, is insufficient to induce an electronic Raman
transition on its own and is narrow band compared to the lifetime
broadening of electronic core-to-valence transitions (with typical
orders fwhm =~ 0.06 eV for 30 fs pump and 0.13 eV lifetime
broadening of O 1s core hole transitions*'*). In ASRS, the
attosecond pulse is employed as a sharp time mark and ruler to
measure the time delay T to the actinic pump. The broad-band
spectrum of the attosecond probe k; (for 100 attosecond pulse
durations &~ 10—20 eV) offers an extremely broad detection
window, covering the entire valence state evolution regardless of
changing intervalence transition moments or vanishing energy
gap during the valence state relaxation dynamics. If the carrier
frequency falls in the X-ray regime, element-specific changes in
structure can be tracked by tuning the Raman excitation
frequency to atoms that are involved in bond breaking and
formation.

Assuming a monochromatic Raman pump
&,(w)=6(w — w,), the ASRS signal is given by*

S(CU — Wy, Wy, T)

=S(w — w,, w,, T) + Si(w — w,, ®,, T) (77)

S

‘(w — Wy, Wy, T)

= _I Z {pah(T)%xV:cv;iju83(w)83(w - a)ab)}
abexy

Hlw, — 0y = i(y, = p)lloy — o, + iy, - 7,)]

X[Cl) -, —@, + iyac]} (78)

S{w — w,, w,, T)

=1 ) {p, (D VEV,VEE(0)8x(0 — w,)}

abexy
Hlo = ay + iy, )[o - w,, + %b]
X[w — @, — @y + iy, ]} (79)

The two contributing terms S; and S; can be read off diagrams (i)
and (ii) in Figure 22c. A central assumption in eqs 77—79 is that
the electronic Hamiltonian does not change considerably during
the fast interaction with the Raman probe (cf. section 2.2.2),
thereby neglecting attosecond dynamics, which is justified by a X-
ray Raman process occurring within the core lifetime (~5 fs).*'®

During the delay time T, the molecule evolves in the excited
state, eventually described by a Coln-induced superposition of
valence states described by the density matrix p, (T) = c,ci*. The
ASRS technique provides sensitivity to monitor the geometrical
and electronic structure evolution of the system evolving toward
and via the Coln to discriminate reactant, product, and Coln. In
ref 414 the signal was simulated on the basis of on-the-fly
trajectory simulations and spectroscopic quantities, i.e., tran-
sition moments between valence and core-to-valence excited
states obtained at the CASSCF level of theory. The appearing
absorptive and dispersive peaks that mathematically arise from
single and multiresonances (double and triple) (cf. denomintors
in eqs 78 and 79) map out valence and core resonance
information, respectively.
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The ASRS signal provides a direct probe of the populated state
character and reveals the energy shift of constituent electronic
states in the ring opening of photoexcited furan with respect to
core excitations, Figure 23. Due to the broad bandwidth of the
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Figure 23. ASRS signal of the ring-opening reaction of photoexcited
furan given as a two-dimensional plot of the simulated ASRS signals
averaged over 15 trajectories during the period 26.5—-31.0 fs. Signals
feature two evident regions which mainly arise from the §; and S;
channels, respectively (dashes are added to guide eyes). Three peak
features are labeled as “0”, “*” (absorptive peaks), and “E” (dispersive
peak). Reproduced with permission from ref 414. Copyright 2016 AIP
Publishing, https://creativecommons.org/licenses/by/3.0/CCBY3.0.

attosecond Raman probe, the technique is able to capture the
entire state evolution, irrespective of the changes in intervalence
transition moments and the vanishing energy gap during the
valence state relaxation dynamics. The T evolution of the signal
revealed that minor perturbations in chemical structure can be
tracked as noticeable variations in electronic structure due to the
breakdown of the Born—Oppenheimer approximation. The
ASRS technique thus provides the temporal resolutions for
monitoring sudden changes in electronic structure and state
population to the point of detecting the passage of a Coln. In
contrast, the combination with the narrow-band pulse in the
Raman sequence provides high spectral resolution just as in the
case of FSRS (cf. section 3.3). We note that spectral and temporal
resolution in ASRS are not conjugate variables, which allows for
improved resolution compared to detection sequences based on
X-ray absorption.

From eqs 77-79, we note that the contributions from
electronic coherences p,,(T) that are recorded in ASRS are
imposed by interstate derivative couplings. Nevertheless, these
coherence signal contributions are scrambled by population
contributions to the signal. Phase-sensitive detection here
provides means to further clarify the signals (cf. section $.2).
Optical detection is often hampered by the vanishing energy gap
of valence electronic states, intervalence transition moments, and
the limited bandwidth of optical probe techniques (cf. Figure
18). The probed core-to-valence transitions in ASRS provide a
high density of states, which helps to characterize regions of the
PES close to the conical intersection seam. By combining
femtosecond—attosecond pump—probe pulses for X-ray Raman
detection without the necessity for phase control, broad-band

signals are recorded in a single shot, making ASRS a promising
tool for nonlinear X-ray spectroscopy.

5.2. Linear off-Resonant X-ray Raman

Off-resonant Raman detection is capable of fast, impulsive
measurements. Resonant Raman methods like ASRS provide a
tool for studying additional dynamics, which is interesting in its
own right, but its analysis is more complicated. The linear
detection mode is only sensitive to the coherences but not
populations. If a wavepacket reaches a Coln, it branches into two
electronic states creating an electronic coherence p,,. A proposed
technique to exclusively probe this coherence in a background-
free way is TRUECARS.”'® Here, the linear part of an off-
resonant Raman process is measured as a frequency-dispersed
signal (Figure 24c). A combination of femtosecond pump and

)
&
3

19) (g

Figure 24. Diagram of the TRUECARS technique: Probe is off-
resonant, and there is no net absorption of photons, but rather they are
redistributed between different modes (cf. diagram of Figure 17, which is
resonant).

attosecond probe is used for background-free measurements of
the electronic coherence. Using broad-band X-ray pulses allows
one to cover a wide range of energies and track the varying energy
gap beginning from the direct vicinity of the Coln. When
resonant, this process is formally identical to TA. However, in the
off-resonant regime, the signal consists solely of the parametric
redistribution of the photons in the probe pulse. The energy is
redistributed between the red and the blue components of the
pulse spectrum. There is no net absorption of photons. It
therefore probes only electronic coherences created by the Coln,
making it a background-free technique. The technique can also
be viewed as the second half of a CARS process, but instead of the
first two pulses creating the coherence it is created by the
material. The Coln takes over the function of the CARS pump
pulses.

The frequency-dispersed signal reads
+oo X
Sep(w, T) = 27 f dte” DN w)E,(t — T)

x (y(t)laly(t)) (80)

where « is the frequency-dependent polarizability between the
contributing electronic valence states, &, is the envelope of the
attosecond broad-band pulse, and &, is the envelope of the
femtosecond narrow-band pulse (see Figure 25b). Note that the
probe scheme is formally similar to TALH (section 4.1.1), which
works with a resonant probe instead.

A typical signal for a harmonic model made of two displaced
parabolic potentials is shown in Figure 25c. The signal is absent
within the first 20 fs since the wavepacket is on a single electronic
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Figure 25. (a) Schematics of the TRUECARS process: A pump pulse &}, excites the molecule and launches the nuclear dynamics. When the nuclear
wavepacket hits a Coln and the population branches into two electronic states, an electronic coherence is created which is then probed by &, and &,. (b)
Pulse sequence. (c) TRUECARS signal for a one-dimensional systems. Reproduced with permission from ref 215. Copyright 2015 American Physical

Society.

surface. Once it hits the level crossing, i.e., the nonadiabatic
coupling, a coherence is created and the signal turns on. As it
leaves the coupling region, the energy gap between the two
curves increases, which can be directly read off from the Raman
shift and the period of the oscillation pattern in T. In contrast to
the quadratic Raman probe signals, the temporal and spectral
resolution are not independent but are a conjugate Fourier pair.
Since it is a linear probe the signal is proportional to E;&,, and
thus, phase-stable pulses are required. The method time stamps
the Coln and may also give information about its geometry. The
signal decays as the wavepackets on different surfaces drift apart,
i.e., as the overlap (y, ly,) vanishes. The major influence of this
decay is the gradient difference between the two electronic
surfaces.

Simulations of linear off-resonant signals are straightforward.
Since the signal is based on a one-time correlation function
formed by the polarizability, only the time evolution of y(t) in
the excited valence has to be obtained with a suitable method
(e.g, AIMS, MCTDH, or FFT on a numerical grid).

5.3. Time-Resolved Photoelectron Spectroscopy

Photoelectron spectroscopy”'” probes the kinetic energy of
liberated photoelectrons, rather than photons, and can be
understood as a generalization of the photoelectric effect.*'® It
has long been utilized to identify the internal energy levels of
molecules and solid-state systems. The signal is usually the
kinetic-energy-dependent electron count, which yields the
ionization potential of a specific molecular energy level. In
TRPES*"” a pump pulse initiates the dynamics, which is then
probed by a UV/XUV/X-ray probe pulse, liberating valence or
lower-lying electrons from the sample TRPES can be used to
follow vibrational wavepacket motion**° like in a typical pump—
probe experiment. As such, it can also in principle be used to
obtain signatures of Colns**' and follow the population
dynamics. TRPES has been used to follow the population
dynamics of nonradiative decay in (NO),,*? in adenine and its
nucleotides,*>*** in thymine, *° and in various nucleotides.”*

The TRPES signal is linear in the probe intensity (Figure 26)
and can be used to probe a Coln through either population

12198

TRPES

Figure 26. Loop diagrams for the TRPES signal: Field ionizes the
molecule into the ion state |I) and a free-electron state Ip).

contributions or the created electronic coherences like in
TRUECARS. However, in TRPES both contributions will
appear on top of each other and it is therefore not a
background-free detection method for the coherences as
TRUECARS is. To detect Colns and the created electronic
coherences, both states must have access to a common ion state
(see Figure 27) and the probe—pulse must be broad band with
respect to the electronic energy gap.

A simulated signal is shown in Figure 28. The underlying
model is two-dimensional with a Coln."”° The wavepacket
reaches the Coln & 10 fs after initial exciation. The temporal
oscillations due to the coherence can be seen after 13 fs. The
200 as pulse resolves the oscillation pattern. This has, in principle
been observed experimentally for an avoided crossing in NO,**”
where two closely lying dissociation channels contribute to a
long-lived oscillation pattern on the picosecond time scale.
Quantum beating created by a Coln has been reported for
pyrazine.***

The signal**® can be read from the diagrams in Figure 26 and is
derived from the integrated change of the electron number

Se(ep ta) = f dt f AVEX (1) (1 )e (o)t
X (A()AT (), (s1)
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Figure 27. Energy-level diagram for TRPES: To detect electronic
coherences of the molecule, both neutral states Ig) and le) must be
ionized into the same ion state II). Otherwise, only populations are
detected.
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Figure 28. Simulated TRPES signal (eq 81, fwhm 200 as, @, = 20 eV).
Reproduced with permission from ref 426. Copyright 2016 American
Chemical Society.

where t, is the delay time, w,, the carrier frequency of the probe
E, is the envelope of the probe field, €, is photoelectron kinetic
energy, and /1 is the transition dipole between the neutral species
and the cation. A derivation of the signal in Liouville space can be
found in ref 413. From Figure 26 and inspection of the
correlation function in eq 81 it becomes clear that this signal
involves the time evolution of the nuclear wavepacket in the
neutral molecule state as well as the time evolution on the ionic
states. Since TRPES can be considered resonant, the nuclear time
evolution in the excited state during the probe pulse has to be
considered. A simulation of the signal according to eq 81 is exact
but requires the evaluation of a two-time correlation function. Its
computational effort thus scales quadratically with the
investigated time span.

If the probe pulse is short with respect to the nuclear motion,
the signal expression can be simplified, making it more suitable
for semiclassical simulation techniques like, e.g., AIMS*****? or
FSSH. This approximation is the quasi-static Fermi golden rule
(FGR 426

0] coh
qu(sp) td) = Sclfs P(gpl td) + qu (ng td) (82)

where the signal can be written as a sum of the population and
coherence contributions. The population term

SEP(e,, 1) = D o (t)

aa

X Iﬂaa(td)Ex(sp —w,+ &t — Ea(td))l2
(83)

depends on the electronic state populations p,, of the neutral
molecule, the transition dipole moments y,,, to the ionic states a,
and the probe intensity. The coherence term

S;fh(ep: t) = z Pa;,(td)((l?,b(fd)%a(td))Mab(fd)/l;(td)

a#b,a
X Ex*(ep oM aa(td) - Sb(td))

X E (¢, — o, + &,(t) — E,(ty))
(84)

involves the electronic coherences p,, between the neutral states,
the nuclear overlap integral, the instantaneous eigenvalues of the
electronic states &, , and the probe field E¥E,, thus making it
sensitive to the phase of the probe field. For details see ref 426.
The transition dipole moments between the neutral and the ionic
states can be approximated by the norm of the so-called Dyson
orbitals.**?~*!

In a typical TRPES experiment, the photoelectrons are
collected in a single direction, giving a signal depending only
on photoelectron and probe delay. However, additional
information in the angular distribution of the ejected photo-
electrons can be utilized to monitor the possible change of orbital
character as a molecule passes through a Coln. The photo-
electron angular distribution is usually well described by the
shape of the orbital from which the electron originates (Dyson
orbitals). The variation in spatial and temporal photoelectron
current shape can be tracked with time-resolved photoelectron
angular distributions, as demonstrated experimentally for the
CS, molecule.***

As TRPES is linear in the probe field it is subject to the Fourier
limit. A time resolution sufficient to resolve the dynamics of the
electronic coherence will thus result in a loss of frequency
resolution, which prevents identification of the neutral states
involved in the dynamics. The time resolution of TRPES may be
enhanced by an IR streaking field acting on the liberated
photoelectrons.*** This allows to time stamp the release time of
the ejected photoelectrons and to use the phase relation between
electrons in different momentum states originating from
different electronic states. This adds a second, independent
control knob to the scheme that allows partial recovery of the
time resolution. The streaking field spreads out the photo-
electrons across the kinetic-energy spectrum. Moreover, it allows
one to couple photoelectrons which originate from different
neutral states. These photoelectrons still carry the phase of their
respective molecular state. A streaked photoelectron spectrum
provides signatures of coherences without requiring attosecond
ionization pulses.

5.4. Other Methods

Here, we briefly summarize other spectroscopic methods that
have been used to keep track of nonadiabatic dynamics in
molecules.

5.4.1. Auger Electron Spectroscopy. Time-resolved
Auger electron spectroscopy has been used to monitor the
dynamics around the Coln in thymine.”””"*” Collecting
secondary electrons released upon a core excitation (the Auger
effect™***°) allows for element-specific measurements. For a
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theoretical description of time-resolved Auger electron spec-
troscopy, see ref 413. In contrast to TRPES where the transition
moments are given by the Dyson orbitals, which is an effective
one-electron property, the Auger decay is described by the
Coulomb interaction. This requires calculation of two-electron
integrals.

5.4.2. Time-Resolved High Harmonic Spectroscopy.
HHG """ has been widely used to generate XUV pulses and as
a starting point for the generation of attosecond pulses. In the
HHG process, a strong femtosecond IR laser field tunnel ionizes
an atomic gas. The electron then recollides with the parent ion,
resulting in a broad comb of odd multiples of the fundamental
driving laser frequency. Its extension to molecules is called time-
resolved high-harmonic spectroscopy.”**** A molecule, which
has been excited by a UV pump pulse is interrogated with a
strong femtosecond IR laser field (after a delay), yielding
information on different reaction channels through the generated
harmonics. The signal is generated by recombination of the
accelerated electron with the remaining ion. The method is
similar to TRPES but is less sensitive to Franck—Condon (FC)
factors. Tunnel ionization and high-harmonic generation are
highly nonlinear processes. It may not be easily described with
perturbation theory and is beyond the scope of this review. This
method has been agplied to the nonadiabtic dynamics in
benzene™ and NO,.*

6. SUMMARY AND CONCLUSIONS

We presented a comprehensive overview of ultrafast state-of-the-
art coherent multidimensional spectroscopic techniques and
how they can be used to probe strongly coupled electron—
nuclear dynamics in molecules, their theoretical description, and
how the signals can be simulated by means of ab initio methods.
In section 2.1, we introduced the loop diagrammatic formalism,
which provides a theoretical framework for the description of
transient IR signals. The presented formalism can be readily
adapted to off-resonant Raman signals.

Four major protocols for the simulation of nonlinear signals
are presented in section 2.2. The first employs a direct
propagation of the wave function, which is the most accurate
protocol but numerically expensive, since it requires a quantum
description of the vibrational dynamics and is only feasible if the
vibrational dynamics can be reduced to a few (effective) modes.
The second protocol, sum over states, requires an expansion of
the matter correlation function in system eigenstates. It is
applicable if eigenvalues can be directly determined or can be
reduced to a small number of contributing eigenvalues. In the
above two protocols, bath modes must be explicitly included (or
totally neglected). The third protocol separates primary and bath
degrees of freedom. The primary vibrational modes of interest
are modulated by bath modes, making this approach especially
tractable for semiclassical methods. In contrast to the above three
methods, which operate on the wave function in Hilbert space,
the fourth protocol is based on the SLE and operates on the
density matrix in Liouville space. It allows for a low-cost inclusion
of bath modes and can handle complex line shapes.

Section 2.4 presents different variants of transient IR probe
techniques. The most direct technique, UV/IR, tracks the
frequency change of vibrational marker bands. The signal is linear
in the probe, and the temporal resolution of direct IR detection is
limited by the pulse bandwidth and ultimately by the carrier
frequency. This limitation can be overcome by Raman probes.
The T-2DIR technique can be considered an extension of
conventional 2DIR to include transient, excited state dynamics. It

delivers additional information about intermode couplings and
spectral diffusion caused by environment fluctuations. 2DEV is a
hybrid configuration that correlates electronic excitations with
the vibrational modes and follows their time evolution.

The various vibrational probe techniques presented in section
3 rely on different configurations of an off-resonant stimulated
Raman probe sequence that treat the actinic excitation and probe
pulses as a six-wave mixing processes. All considered signals
provide spectrally and temporally resolved information about
vibrational bands. Using UV—vis rather than IR pulses allows one
to lift some restrictions on pulse duration and bandwidth. The
simplest spontaneous technique, FR-SPRS, is a homodyne-
detected signal that provides purely absorptive peaks since the
signal can be recast as the magnitude of a transition amplitude.
The FSRS signal, in contrast, is emitted along the direction of the
probe pulse (self-phase matched) and is heterodyne detected as
Raman gain/loss on top of the broad-band probe spectrum. The
FSRS technique employs a hybrid broad-band/narrow-band
probe pulse pair, which lifts some restrictions of the Fourier
uncertainty AwAt > 1. It provides a better signal-to-noise ratio
and spectral resolution than FR-SPRS. TR-ISRS uses two
temporally separated probe pulses and derives its frequency
resolution from scanning a second time interval rather than from
frequency-dispersed detection. TG-ISRS uses a noncollinear
configuration and three probe pulses. Like TR-ISRS it derives its
frequency resolution from two time intervals. The four-pulse
scheme allows a higher degree of control. The computation of all
of these vibrational probes requires simulating the nonadiabatic
excited state dynamics and the transient excited state dipole
moments (for IR detection) or the transient excited state
polarizabilities (for Raman detection). Vibrational frequencies
are sensitive to conformational changes and fine details of PESs,
making them an excellent probe for Colns. Even though the
distribution of time and frequency resolution over independent
variables allows one to remove the Fourier uncertainty restriction
from the detection process, the time resolution in vibrational
spectroscopy is ultimately limited by the carrier frequency of the
employed probe pulses.

Specifically probing the electronic states allows one to push the
time resolution into the attosecond regime. Several techniques
that address the electronic degrees of freedom by means of
resonant optical probe pulses are reviewed in section 4. The
simplest and most common example is resonant TA, which
monitors excited state populations and coherences. It has per se
lower structural sensitivity than vibrational probes but allows for
a direct observation of the excited state dynamics. The realization
of impulsive excitation conditions mitigates this deficiency to
some extent by revealing coherent vibrational oscillations that
appear superimposed in TA signals. TALH is an extension to TA
that yields information about vibrational modes and can be seen
as linear analogue of FSRS but recorded in the time domain.

2DES is currently the most sophisticated technique that
spreads the information content of the third-order nonlinear
response in two frequency dimensions, thereby overcoming
limitations of the TA technique (section 4.2). The respective
two-dimensional signals allow one to correlate the excitation and
detection frequency and thus monitor spectral diffusion,
interchromophore couplings, energy transfer processes, and
electronic coherences. In particular, 2DES in the UV spectral
regime (2DUV) appears promising to investigate prominent
electronic absorption bands of organic molecules, such as DNA,
proteins, and (hetero-) aromatic compounds, where striking
nonadiabatic relaxation channels via Colns appear. Emerging
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2D-UV/vis measurements open the possibility for direct
comparison of experiments with simulated spectral signatures
of photochemical relaxation dynamics, thereby providing a
rigorous test for ab initio force fields and other employed
approximations. het-TG spectroscopy is closely related to 2DES
and monitors the third-order response function in an integrated
fashion over the @, excitation frequency axis. The absorptive part
of the het-TG signal contains identical information as TA.
Alternative incoherent detection schemes like PM-Fl and two-
dimensional photocurrent spectroscopy yield similar informa-
tion compared to 2DES. In the fourth-order PM-Fl technique, an
additional ladder diagram contains information on biexciton
population states. Incoherent fluorescence provides background-
free detection and offers higher sensitivity that can be extended
to single-molecule detection.

Several techniques that address the electronic degrees of
freedom by means of X-ray pulses rather than optical pulses are
presented in section 5. X-ray pulses offer a better time resolution
than optical pulses. The two considered Raman methods, ASRS
and TRUECARS, make use of excitations from core electrons
into the valence space. Core electrons are highly localized and
element specific, adding an additional spatial control to the
technique. X-ray Raman techniques are formally analogous to
their UV—vis counter parts: the electronic valence states are
investigated rather than vibrational states, and intermediate
states are now core excited states rather than valence states. The
calculation of core excited states poses a major challenge to the
simulation of such signals (for a review see ref 440). By
combining femtosecond—attosecond pulses, ASRS transfers the
concept of a frequency-dispersed quadratic hybrid probe (Sgﬂ)
of the FSRS technique to the X-ray spectral domain. This allows
for element-sensitive probing of electronic properties without
the requirement of phase control. It provides information about
electronic populations as well as coherences. In contrast, the
TRUECARS technique is off-resonant and sensitive to the
electronic coherences created in the vicinity of a Coln. It is
background free with respect to electronic populations.

TRPES is formally similar to TA but with the major differences
being that it detects photoelectrons rather than photons and that
the signal is purely absorptive (no-stimulated emission like in
TA). Photoelectron detection is highly sensitive and allows for
high temporal resolution. TRPES can detect the population and
coherences of different electronic states. As a linear method, it is
subject to the Fourier limit, which may be partially lifted by
adding an IR streaking field. Angular resolved photoelectron
spectroscopy (ARPES)*******! and chiral photoelectron spec-
troscopy442 are interesting new frontiers that were not reviewed
here.

Before turning to open questions in the field we want to briefly
pause and recapture the information content obtained by state of
the art nonlinear techniques on the nonadiabatic relaxation of
selected molecular systems. We focus on discussing the light-
induced relaxation dynamics of pyrimidine DNA and RNA
nucleobases thymine and uracil which is, due to the inherent UV
photoprotection properties, perhaps one of the most important
examples of a Coln. A wealth of information has been obtained
recently by TA with probing in the visible and UV spectral
region,l\”’lsz’443 UV-IR,">* 2DUV,'*" time-resolved Auger
electron spectroscopy,”””"** TRPES,"**"***** and transient
NEXAFS,"”” augmented by in-depth theoretical studies (see,
e.g, refs 103, 113, 144, 150, and 158 and ref 136 for a recent
review).

From these in part complementary methods a picture emerges
that involves participation of two distinct conical intersection in
the ultrafast nonadiabatic relaxation process. In the gas phase,
transient NEXAFS spectroscopy at the oxygen edge (~520—
550 V)"*” has been employed to identify a new, slightly delayed
appearing resonance (60 fs) that was assigned to an oxygen 1s —
2p transition arising from the participating, long-lived noz* state
(10 ps). Participation of the direct relaxation channel, including
trapping in a zzr* state minimum, could nevertheless not be ruled
out. Complementary ultrafast X-ray Auger probing allowed to
dissect nuclear and electronic relaxation dynamics and suggests
short-lived population of the zz* minimum (200 fs),
characterized by an extended C(4)—O(8) bond."””"*® These
findings overhaul assignments in pioneering TRPES studies'*
where barrier crossing to the minimal energy zz*/gs Coln was
attributed to the slower, picosecond decay. In the currently
emerging picture, an indirect zz* — nor* channel leads to
formation of an optical dark noz* state that is discussed as
precursor of triplet formation."*® In parallel, the direct zz* — gs
channel leads to ultrafast repopulation of the electronic ground
state (cf. Figure 29). We note that alternative assignments were
suggested on the basis of TRPES data where population of the
nom* state serves as a doorway to ground state repopulation.***

Reaction coordinate

Figure 29. UV excitation and molecular relaxation scheme of pyrimidine
DNA and RNA nucleobases thymine and uracil in a potential energy
representation. Radiationless electronic relaxation pathways from the
photoexcited zz* state into to the nom™ and the ground state are
facilitated by ColIn. Adapted with permission from ref 138. Copyright
2016 American Chemical Society.

In aqueous solution, the participation of different relaxation
channels and interconnection to long-lived triplet states is a
matter of ongoing debate."*”"*""*"!5% In polar solvents, state
ordering upon vertical excitation is reversed, with the zz* state
becoming the first excited state, followed by the no™* state as the
second excited state.***** Here participation of the zz* — gs
channel has been inferred from TA with UV spectral
probes, > demonstrating ultrafast (~1 ps) ground state
recovery upon photoexcitation. Ground state vibrational cooling
of uracil and thymine could be observed by a continuous UV
probe extending down to 250 nm, which provides strong
evidence of the ultrafast zz%* — gs decay."”' We note that the
derived 1-2 ps cooling time scale'”' is a matter of some
debate.'*" The sustained but weak contribution of the zz* —
nom* channel, albeit reversed state ordering, was assigned from a
long-lived (>10 ps) component upon probing the excited state
absorption signal at ~320 nm.">"**

This assignment was recently challenged by a TRPES study
performed on an aqueous solution liquid jet setup that found no
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contribution of a long-lived nom* state."** The findings are in

stark contrast to TA™""** and UV/IR'>® experiments that
demonstrate formation of long-lived transient states (potentially
coupled to the triplet manifold), indicating a primary sensitivity
of the TRPES technique toward the initially populated z7* state.
Chemical modification at the C6 and CS position of uracil
demonstrated that methyl substitution on uracil in water in
general inhibits the 77* — no* channel, thereby promoting the
direct zz* — gs decay channel.">' Recently employed sub-10 fs
UV probe pulses'*” allowed to realize impulsive excitation in TA
giving access to vibrational modes in ground and excited states.
The shortest time constant (<100 fs) was assigned to the
relaxation through Coln from the first excited S, (zz*) state to
the S, (non*) state (mr* — nom* channel), while the second
ultrafast time constant (~1 ps) was assigned to relaxation from
the relaxed zz* state to the S, ground state (zz* — gs channel).
The results indicated a large homogeneous width of pyrimidine
nucleobases in aqueous solution, larger than structural features of
the employed laser spectrum (~50 meV). Vibrational modes at
1380 and 1100 cm ™" were assigned to dynamics in excited states
where the acquired vibrational phase relaxation time (50 fs) is
controlled by the electronic decay of the S, (zz*) state. A
vibrational mode at 1247 cm™" was assigned to the electronic
ground state on the basis of the longer dephasing time scale.

A recent report of TA, 2DES, and het-TG signals recorded
with sub-10 fs pulses in the UV suggested a different relaxation
mechanism being operational for all DNA bases.'*' Here fast
relaxation (500—700 fs) occurs from the excited state zz* to a
“dark” state that is subsequently depopulation to the ground state
within 1—2 ps. The authors conclude that the dark state can be
associated with the nz* electronic state, which is connected to
the excited and ground states via two distinct Colns (z7* —
nom* — gs). Notably, the reported 1247 and 1380 cm™
modes'*” could be confirmed by het-TG spectroscopy together
with an additional 1685 cm™' mode.'"" The pronounced
homogeneous broadening was revealed in the 2D spectra,
suggesting very strong system—bath interaction in these
compounds, in agreement with the conclusions of ref 152.

Summarizing the emerging picture, participation of two
distinct Coln in the ultrafast nonadiabatic relaxation process of
pyrimidine DNA and RNA nucleobases thymine and uracil is
suggested by recent experiments employing probes in the UV
spectral region with highest temporal resolution.'*"'** Never-
theless, the involvement and sequence of participating Colns is
under debate. One suggestion favors sequential excited state
deactivation via an intermediate state (z7* — nor* — gs).141
This view is challenged by the bifurcation scenario (nor* « zz*
— gs)'*” that resembles the gas-phase deactivation mechanism
(cf. Figure 29), albeit reversed state ordering at the FC geometry.
Notably, in the direct zz* — gs and sequential #7* — no™* — gs
proposal the involvement of Coln is inferred indirectly from the
ultrashort excited state lifetime (decay of population) and
concomitant ground state bleach recovery within ~1 ps, ie.,
direct participation and characterization of the Coln has eluded
observation. For the direct 7z7* — gs pathway, the involved Coln
is predicted to be of ethylenic twist character.''*'**'** Here,
besides emerging nonlinear X-ray probes,">*'* vibronic
detection of C=C and C=0 modes (cf. section 3) upon UV
excitation is expected to provide access to structural information
as reporter of ring out-of-plane distortions during the relaxation
process. A very recent FSRS study on 2’-deoxyguanosine 5'-
monophosphate with UV excitation**® reported dynamic
distortions in excited states and an extraordinary broad transient

line width of modes. Together with in-depth modeling of
frequency evolution in excited states' " such information appears
particularly promising for characterization of deactivation
pathways.

In more general terms, the involvement of Colns is typically
inferred from ultrashort excited state lifetimes (sometimes in
conjunction with ground state recovery) together with modeling
of static minimum energy crossing seam Coln structures. The
concept of the Coln here has proven tremendous predictive
power for the qualitative understanding of reaction mechanisms,
but quantitative modeling of nonadiabatic dynamics together
with associated nonlinear signals is scarce. Beyond phenomeno-
logical assignments, to date only a few time-resolved
experimental probings of a Coln have been reported. Most
reported experiments have indirect circumstantial evidence of
their presence by probing the fast dynamics of a vibrational wave
packet passing through a conical intersection'®**® or via the
product branching ratio.**” Ultrafast TRPES can locate the Coln
with a resolution of a few tens of femtoseconds."”***' Recent
examples that are sensitive directly to the change in electronic
structure include high harmonic generation study of NO,*” and
time-resolved Auger and NEXAFS probes of thymine."*”"*” In
principle, fast nonradiative relaxation between electronic states
can also be described within an adiabatic, perturbative frame-
work."™*® In such a picture the quasi-continuous density of
vibrational states together with interstate FC integrals mediate
relaxation dynamics, and no primary subset of modes exist that
direct the nonradiative relaxation due to to strong vibronic
nonadiabatic coupling. The linear—vibronic coupling model,”
which due to the nuclear dependence of coupling parameters
accounts for the formation of Coln, here provides a rigorous
framework to disentangle nonadiabatic effects in linear** and
nonlinear signals*”**" beyond often employed phenomeno-
logical assignments of nonadiabaticity. Dissecting vibronic effects
in nonlinear signals has recently attracted attention.”>” 36637
Such analysis provides guidance for assignment of nonadiabatic
relaxation phenomena beyond commonly employed experimen-
tal indications for the involvement of a Coln that relgr, e._g., on
nonexponential kinetics and oscillatory dynamics.******” Th
advent of broad-band pulses, i.e., impulsive excitation conditions,
further provides access to excited state vibrational modes,
frequency shifts, and dephasing time scales that allow one to
quantify Coln involvement.'>****73! Together with ad-
vanced Raman probes''">**”#*’® and emerging X-ray probes
of electronic state character,"” these techniques are expected to
enhance our understanding of nonadiabatic relaxation phenom-
ena and associated reactive Coln structures in the not so distant
future.

7. OUTLOOK

In the following, we summarize open questions and future
challenges for ultrafast spectroscopy of nonadiabatic relaxation.
One question is the detection of more universal classes of Colns
and their manifestation in dynamics and spectroscopic
observables. The concept of Coln as a mechanism to strongly
couple electronic and vibrational degrees of freedom can be
generalized to nonconventional Colns (e.g., imposed by multiple
states or electric fields, see below), which call for more advanced
spectroscopic techniques. These might help improve the
understanding of general characteristics of Colns. Technical
challenges arise in particular in the design and implementation of
modern X-ray detection techniques. Novel X-ray techniques
provide great potential for improved detection due to their
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higher temporal resolution and their elemental specificity.
Entangled photons and nonclassical states of light provide
novel control parameters for optical signals and can improve the
resolution and overcome typical limitations of classical light
spectroscopy. However, their implementation is a challenge for
broad-band pulse sources. Established transient one-dimensional
probes for Colns are more common. Multidimensional probes
give deeper insights by monitoring couplings between different
modes.

Colns between more than two electronic states, like three-
state Colns, have long been proposed'***** in highly symmetric
molecules as an additional photophysical relaxation mechanism.
More recent theoretical investigations have predicted them in a
variety of molecules (e.g., methyl cation,*” ethyl radical,*>” allyl
radical,** pyrazolyl,™> cytosine,”****” uracil and andenine,**
malonic acid,**” and diphenyl methyl radical**®) and demon-
strate that three-state Colns are more common than initially
believed. Four-state Colns have been reported as well.*" In
contrast to standard two-state Colns, the degeneracy of three
states at a singular point requires five constraints which leads to a
five-dimensional branching space. Accordingly, three-state Colns
arise in molecules with at least four atoms. Investigations on
three-state Colns are so far purely theoretical; their relevance in
the excited state relaxation dynamics and how they can be
observed is an exciting open issue.

Considering the electric field as an additional degree of
freedom for control, light-induced conical intersection (LiCi)***
has been proposed as a way to create a Coln in diatomic
molecules in which only avoided crossings usually exist due to the
strict noncrossing rule for PESs of the same symmetry. In a LiCj,
two electronic states are coupled by a strong laser field, thereby
generating an avoided crossing in the dressed states picture.
Taking into account the molecular rotation with respect to the
polarization of the field axis as an additional degree of freedom
yields a point of degeneracy if the dipole and polarization vector
becomes orthogonal, i.e,, a LiCi s created. In contrast to naturally
occurring Colns, LiCis can be controlled by changing the
frequency, intensity, and temporal envelope of the coupling laser
field. This allows on-demand activation and control of their
position in the nuclear subspace. This has been experimentally
demonstrated for cyclohexadiene,'' where the outcome of a
photochemical reaction was influenced, and in in the strong field
dissociation of H3.*** It has been shown that LiCis are subject to
a geometric phase effects, and thus, a Berry phase (see below) is
predicted to arise in diatomic systems.

In a similar way as a LiCi can be created by a classical laser field,
quantized light fields in optical cavities can create nonadiabatic
couplings in molecules. A Coln or avoided crossing between two
electronic states in the dressed state basis is created when a
molecule is coupled resonantly to the vacuum field of a
cavity.***%° These artificially created Colns may be studied by
means of ultrafast spectroscopy in greater detail.

A sign change of a real adiabatic electronic state is induced if
one encircles the point of a Coln in a closed loop. This geometric
phase effect, or Berry phase,"® depends solely on the Coln
topology, is independent of many molecular details, but has so far
eluded direct observation in molecular systems (for a review see
ref 467). The observation of a Berry phase in a molecular system
would manifest as a clear signature of the Coln. The direct
experimental observation of the + 7 phase around Coln remains
an open challenge. Distinct signatures in emission spectra have
been proposed as a proof of the acquired 7 phase.””® A
spectroscopic observation of the geometric phase through the

spatial localization of eigenfunctions**”*”" caused by the

nonadiabatic coupling might be another strategy. A general
route to the direct observation may be provided by linear probes
which are particularly sensitive to the phase of the electronic
coherences, e.g, TRUECARS,*"> TRPES*® with attosecond
pulses, or streaked TRPES measurements.”>* The conditions for
the observability of the Berry phase are also discussed in refs
471—473. An experimental measurement of the Berry phase
might pose a unique and unambiguous proof for the existence of
a Coln.

Hamm et al.*’* proposed vibrational (as opposed to
electronic) Colns as potential mechanisms of ultrafast vibrational
relaxation. Vibrational Colns arise by partitioning the vibrations
into high-frequency (fast) and low-frequency (slow) modes, in
analogy to conventional (electronic) Colns where (slow)
vibrational degrees of freedom are coupled to the (fast)
electronic degrees of freedom. Theoretical studies predict
vibrational Colns for OH stretch”>*® and CH stretch®””
modes. Recently, vibrational lifetimes of the Zundel cation H;O3
selectively pre7pared in acetonitrile were reported to be in the sub-
100 fs range,4 ® much shorter than those of neat water and similar
to lifetimes of electronic excited states, where pronounced non-
Born-Oppenheimer effects appear.”*"*”? An experimental
scheme to unambiguously detect vibrational Colns has yet to
be realized.

The multidimensional extension of transient vibrational probe
schemes (like transient IR and FSRS) that follow the frequency
change of a marker band as one-dimensional probes provides
access to anharmonicities and intermode couplings in excited
states that are influenced by the coupling in the vicinity of a
Coln.'”***® 2D.FSRS with fifth- or seventh-order gpulse
sequences are expected to carry this type of information.**' ~**?
Here, an impulsive (off-resonant) pump couples low-frequency
modes with high-frequency (spectator) modes. Since low-
frequency modes are expected to contribute to the coupling
and tuning modes of the Coln,*** this type of scheme may yield
additional direct information about the Coln. Replacing the
impulsive pump pulse by two resonant IR interactions yields
another detection scheme, which might give access to
anharmonicities and intermode couplings of spectator modes.

2D-FSRS is known to suffer from competing cascading
processes,*"**>7*% which complicates its measurement.
Cascading is a many-body phenomenon that occurs when the
polarization induced on one molecule serves as a source for
interactions with another molecule in the sample. The result is a
signal given by a product of lower order molecular polarizations
rather than the desired higher order process. The phase matching
of each of these lower order processes together creates the same
phase matching as for the direct higher order process, posing a
challenge for their separation from the desired higher order
sizgnals. For example, fifth-order pulse sequences seek to measure
P, the single-molecule fifth-order polarization, but inevitably
measure the product of third-order polarizations PP which
lacks the desired information on anharmonicities and intermode
couplings. Besides appearing in the same phase-matching
direction and with the same dependence on external field
amplitudes, the fact that the cascading signal scales quadratically
in the molecular density (since it is a two-molecule effect) leads it
to overwhelm the direct higher order signals of interest and ratios
as unfavorable as 50:1 have been reported in liquid CS,.*”!
Historically, cascading has been selected against using the /2
phase shift generated by the extra emission event in cascading
versus a direct nonlinear process'?”****”'=** (polarization-
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based techniques have also been pursued*”). A quantum
electrodynamic derivation of cascading viewed as photon
exchange demonstrates how this phase shift originates in
geometric effects and is not simply #/2 in cases of a few
molecules or nontrivial geometries.4%’497 Moreover, the
derivation reveals that cascading signals should increase in
magnitude with the frequency of the cascading photon due to the
larger density of electromagnetic field states. Thus, cascading can
be expected to pose a greater challenge in higher frequency X-ray
experiments. Future research should consider cascading
processes in samples embedded in optical cavities.*”® Optical
cavities only allow certain modes. In macroscopic samples, where
the cascading mode is well defined by the phase-matching
condition, this should allow the suppression of cascading when
the cascading mode is not one of the cavity modes. In few-
molecule samples, in which the cascading takes place in all
available vacuum modes, optical cavities could force the
cascading into the cavity modes, allowing precise control of the
cascading process.

Ultrafast experiments are most commonly carried out with
pulses with simple temporal and spectral shapes (e.g., Gaussian).
However, shaped pulses (see refs 499 and 500 for reviews) allows
for quantum control in the vicinity of CoIn>*"*** and may
provide an opportunity to enhance nonlinear spectra. Subcycle
control of coupled electron—nuclear dynamics at a conical
intersection has been proposed.””® The sgpectro-temporal shape
of optical laser pulses and polarization”* can be controlled.
Novel developments allow subcycle waveform control,****%
which may be used for shaping of XUV pulses. Pulse sha;Ring has
been demonstrated to enhance, e.g,, Raman signalsso 98 and
CARS microscopy.509 Electromagentic-induced transparency
has been proposed for the decongestion of molecular spectra.”"”

The current feasibility of X-ray Raman experiments is limited
by existing pulse sources (for a detailed discussion see ref 410).
Thus far, a resonant Raman process has been demonstrated in
atoms.”"" Nonlinear coherent probes require, e.g., phase-stable
multicolor attosecond or femtosecond pulses. Phase-locked
pulses generated from seeded FELs have been reported®'>"?
and will allow for implementation of linear or hybrid Raman
probes. Apart from FEL sources, a possible pathway to produce
soft X-ray broad—narrow pulse pairs can be to utilize the HHG
process: A single harmonic is selected to serve as narrow-band
pulse, while the full comb may be used to produce a broad-band
attosecond pulse. This scheme might deliver stable pulses for,
e.g., ASRS or TRUECARS detection.

FEL facilities produce high intensity, hard X-ray pulses. These
allow one to perform time-resolved diffraction in the gas phase,
thereby probing the structural dynamics of molecules.'#>'*~>"
X-ray scattering from nonstationary states contains not only
elastic but also inelastic contributions which can be attributed to
electronic coherences.”'® Following the strategy presented in
section 5.2 the creation of electronic coherence in the vicinity of
Colns may be used to extract unique signatures from time-
dependent diffraction experiments. One striking advantage of
this approach is that the diffraction patterns directly encode
spatial information and thus can potentially reveal the location of
the created coherence.

Multidimensional XUV/X-ray coherent probes may reveal
nonadiabatic dynamics in the vicinity of Colns (for a review of
multidimensional X-ray probes see ref 519). The element
selectivity may allow one to narrow down the location of a Coln
in a molecule. One example could be the X-ray double-quantum
coherence technique,”*” which correlates different core tran-

sitions and their anharmoninicities caused by rearrangement of
the valence electrons. An upcoming high repetition rate upgrade
of the SLAC facility (LCLS-II) should make multidimensional X-
ray Raman measurements feasible.””!

Noncollinear wave mixing of XUV and IR pulses from a table-
top light source has been reported for atoms.”*”*** Transient
grating, which combines XUV and optical pulses from a FEL
source, has been reported by Bencivenga et al.”***** These
recent developments’>® demonstrate the feasibility of noncol-
linear wave mixing in the XUV/X-ray regime and provide the
foundation for multidimensional probes of nonadiabatic
relaxation with unique information content.

The present formalism for employing nonlinear optical signals
toward the study of of nonadiabatic processes is not limited to
classical laser fields. Quantum light opens up new avenues for
spectroscopy by utilizing parameters of the quantum state of light
as novel control knobs and through the variation of photon
statistics by coupling to matter. To account for quantum field
effects, the general formalism in this review has to be modified by
explicit evaluation of multipoint correlation functions of the
electric field for a given state of light. Laser light corresponds to a
coherent state of the field, ie., the eigenstates of the photon
annihilation operator, and is generally considered as “classical”.
All field correlation functions may be factorized up to field
commutators (non-normally ordered corrections can be
neglected in this case) into products of field amplitudes—
classical functions that are used in the present review. The more
general formalism that describes various nonlinear optical signals
studied by quantum light is summarized in a recent review. >’

One of the notable examples of state of light other than
coherent state, which is widely used in quantum optics, is
entangled light. Entangled photon pairs have an advantage over
laser light in spectroscopy applications, as they are not subjected
to the classical Fourier limitations on the joint temporal and
spectral resolution, discussed in section 2.3. Going from the laser
light to the single-photon level requires a different set of
detection tools. Photon coincidence signals, also known as
biphoton signals,”**~>*' provide an additional tool for nonlinear
spectroscopy. In a typical setup, a pair of entangled photons
denoted as E, and E, generated by parametric down conversion
(PDC) are separated on a beam splitter. One photon E; is
transmitted through the molecular sample and then detected in
coincidence with E,. In order to use it as a spectroscopic tool, a
frequency filter can be placed in front of one of the detectors
which measures the spectrum. This type of signal shows a
number of interesting features: First, coincidence detection
improves the signal-to-noise ratio.””> Second, the two detectors
may operate in very different spectral regions and at different
spatial locations.”*” For example, to measure the spectroscopic
properties of a sample in the vacuum ultraviolet (VUV) range, it
is not necessary to set a spectrometer in a vacuum chamber and
control it under the vacuum condition. Instead, using a VUV and
avisible entangled-photon pair, only the latter should be resolved
by a spectrometer. Another advantage is for IR spectroscopy; the
power of the light source must often be very low to prevent
possible damage of a sample, but an IR photodetector is usually
noisy. Photon coincidence measurements can overcome the
noise. IR signals can be measured with more sensitive detectors
in the visible regime.

Entangled photon pairs together with coincidence detection
and ultrafast upconversion techniques can be employed for
Raman studies of ultrafast nonadiabatic dynamics. A new
proposed technique interferometric femtosecond stimulated
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Raman spectroscopy (IFSRS)*** combines quantum entangled

light with interferometric detection in order to enhance the
resolution and selectivity of Raman signals. The measurement
uses a pair of entangled photons: one (signal) photon interacts
with the molecule and acts as the broad-band probe (&, in Figure
12), while the other (idler) does not interact with the molecule
and provides a reference for the coincidence measurement
between the two arms. Using photon counting IFESRS can
separately measure the gain and the loss contributions to the
Raman signal.”** Classical FSRS signals only report their sum
(i.e., the net gain or loss). In IFSRS, the probe pulse &, belongs
to a pair of entangled beams generated in degenerate type-II
PDC. The polarizing beam splitter then separates the
orthogonally polarized photons. The horizontally polarized
beam &, propagates in the one arm of the interferometer and
interacts with the molecule. The vertically polarized beam
propagates freely in the other arm and serves as a reference. Apart
from the different detection windows, there is another important
distinction between IFSRS and the classical FSRS signals. In the
latter, both the gain and the loss contributions contain red- and
blue-shifted features relative to the narrow pump frequency. The
FSRS signal contains both Stokes and anti-Stokes components,
and FSRS can only distinguish between red and blue
contributions. The interferometric signal, in contrast, can
separately measure the gain (two photons in the s arm) and
loss contributions (no photons).

APPENDIX

Time-Gated Signals

We present the time-gated signals corresponding to the
frequency-gated expressions given in the main text. The UV/
IR signal can be read from diagrams similar to eqs 23 and 24 by
introducing the 7-dispersed signal in time domain as an analogue
to eq 22 and is given by

t
Su(t, T) = T f drEX(t — T)E (v — T)Sx(t, T; 7)
(8%)
where S(t,T;7) = SQ(£T;7) + $iP(£T;7) and the individual
terms are given by
() N2 ’ *
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where S(t,T;7) is the signal at time ¢ resulting from interaction
with &, at time 7 — T. The signal is obtained by integration over

7.
The corresponding SRS signal reads
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Equations 88 and 89 are analogues of eqs 49 and 50.

The time domain UV/IR signals eqs 86 and 87 can be recast
using SOS expansion
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that are analogues to eqs 27 and 28.
Frequency-Domain UV/IR Signal Expression

In eqs 23 and 24, the matter correlation function is given in the
time domain. Alternatively, one can read the signal (eq 22) from
the diagrams when both field and matter correlation functions
are given in the frequency domain

: © de’ dw, do,
S, T) = 727 [T 40 S S
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(92)
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(93)

Here, G(w) = h™'/[w — H/A + ie] and §(w — 0’ + @, — ®})
represents the energy conservation that follows from time-
translation symmetry of all four field—matter interactions. One

can separate the preparation pulse &, and break the 6 — function
as follows

S(w, T) =T

§(w— @ + o — @)

= foo dAS(w — @' + A)S(w, — o] — A) (04)

where A defines the spectral bandwidth of the incoming pulse
which translates into the spectral bandwidth of the relevant
matter degrees of freedom. Equations 92 and 93 then yield
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$SD(w, T) = T2 f dAdw, EX(@)E,(w + A)EX (@)
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Spontaneous Signals

The spontaneous photon-counting signal is defined as an
integrated number of photon registered by the detector

S(t, @)
—/ dtZ(ESf” @; 1, HE, L(t @; 1, t))

(97)
where the angular brackets denote (...) = Tr[p(t)...]. The density
operator p(t) is defined in the joint field—matter space of the
entire system. Note that eq 97 represents the observable
homodyne-detected signal and is always positive since it can be
recast as a modulus square of an amplitude (cf. eq 58). For clarity,
we hereafter omit the position dependence in the fields assuming
that propagation between r; and ry, is included in the spectral
gate function Fy. In the case when detection is represented by a
consecutive time gate F, with central time f and frequency gate F;
with central frequency @, the corresponding time- and
frequency-resolved electric field reads

oo
BT, @5, 0) = [ dE( - ¢, @R, DEGg, ¢)
— 00
(98)

where the positive frequency part of the electric field operator is
given by

A 271'ha) 172 (u) —iwt+ik -
E(t,r) = z Ts Wk )y e+ hr

kypu (99)

and ¢/ (k) is the unit electric polarization vector of mode (kyu), u
being the index of polarization, w; = clk/, cis speed of light, and Q
is quantization volume. Snnllarly, one can apply the frequency
gate first and obtain frequency- and time-gated field E™.
Introducing the detector’s Wigner spectrogram

WD(?; ; t,) (1),)

© dw
= —|F/(w, ®
/:OOZJT‘f( )

which is given by

2
W(E; t, 0 — o)

(100)

W(T; ¢, w) = f dF (t' + 7/2, DE(t — 7/2, T)e'™”
(101)

The detector spectrogram Wy, is an ordinary function of the
gating time and frequency parameters which are characterized by
standard deviations of the time and frequency gating o and o,
respectively. The structure of Wy, guarantees that these always
satisfy the Fourier uncertainty 6,61 > 1. Combining eqs 98—101,
we can recast eq 97 in the form

b — h /da), 7 — ’ ! ’ ’
S(t,a))=/ dt Wo(t, @; t', @ ) Wa(t, ®’)
—00 2r

(102)

The signal is given by the spectral and temporal overlap of a bare
signal and a detector spectrogram. The bare signal contains all of
the relevant information about the molecules. In order to
maintain the book-keeping of all interactions and develop a
perturbative expansion for signals we adopt superoperator
notation. With each ordinary operator O, we associate a pair of
superoperators’ 337 “left” O C O, = OX, “right” OxX = XO, and the
combination O_ = O; — Oj. The bare spectrogram Wy in the
gated photon counting signal, eq 102, is given in terms of
superoperators as

2(w )

Wyt ') = [ + 08

X Tzt + T)anL(t/)e—i/hf_tmﬁ_/(T)dT>

(103)

The Hamiltonian superoperator in the interaction picture under
the rotating-wave approximation is given by

o () = fdrE;(t, OVt +Hog=LR (o
where V(tr) = Y. V*(#)6(r — r,) is a matter operator
representing the lowering (exciton annihilation) part of the
dipole coupling and & runs over molecules in the sample located
at r,. The operator 7 maintains positive time ordering of
superoperators and is a key book-keeping device. It is defined as
follows

Tﬁq(t1)ﬁq'(t2) = g(tl - tz)ﬁq(tl)ﬁq'(tz)
+ 0(1‘2 - tl)ﬁq'(tz)ﬁq(t1) (105)

where 0(t) is the Heaviside step function. In the absence of the
frequency gate F{@,@) = 1 and taking the limit of the narrow
time gating Wp,(¥,0';t®) = 6(t' — ) the signal, eq 102, reads

S(F) = IT(F)P o
where
D .
Tﬁ(t) = (Cl)ﬁ) Sz(t)(‘Ta(t)e_l/h/“”H (T)dT>

(107)

is a transition amplitude. Similarly, in the absence of time gate
F(t) = 1 and taking the limit of narrow frequency gate
Wp(t,w';t@) = §(w’ — @), the signal (eq 102) reads

S(@) = ITy(@)"* (108)

where Tfl(a)) = / ® dtei“’tT (). Therefore, in the pure time or
frequency detectlon the 81gnal is glven by the modulus square of
the transition amplitude as expected.”® In this review, we use eqs
108 for FR-SPRS, but the results can be extended by using egs
102 and 103.

Frequency-Resolved Spontaneous Raman Signal (FR-SPRS)
We read the bare signal (see eq 102) of the diagrams in Figure 30

as
W(i)(t/ ’ _ . © o't , t-r
y(t, o, T)=—ih dre dzr dr,
0 —00 —0oo

X DA@)E3(t — 7 — T)E,(t' — T)EL(7)E,(7)
XEt —t—1,7,t — 1)

(109)
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Figure 30. Loop diagrams for the time and frequency SPRS signal
including interactions with the detector. Time-translational invariance
yields o + 03 — 0, + o, — 0, + ©, — v, — w,.
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(110)

The bare signal, eqs 109 and 110, can be alternatively recast in the

frequency domain

dw, do, dw, dw,’
WO, o', T) = i f A0y SO 9D D 32
o 2w 2m 2m 2@

X 8;‘(@2)82(@2/)8:(@1)81,(0’1)el(wz oar¥oe)t
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(111)
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(112)

To draw a full analogy with the stimulated signals, we assume no
time gate. In this case, the detector spectrogram W (%, @;t',@’) =
IF@’ ;@)I%. The time-translational invariance yields
/ dt'e i(wy—w, 1+ —o))t' _ 2776(602 _ wz/ + o, — a)ll)
(113)

which yields the signal Sgr_sprs(@T) = SDA_sprs(@,T) +

SE_sprs(@,T)
1h/
o 2w 2m 2m 2w

X |F(@'; @) 28N (0,)E, (0w, — o] + wz)St(wl)SP(a)l')

)e’(wl ()T

_ do, dco1 dw, do’

SFR sprs(@, T) —D ( D)

X Fw, o, + 0, — @', ®
(114)

p dw, dw, dw, dw’
lgR) SPRS(CU’ T) = ih foo 27z1 27r1 27r2 2 =2 (@)
X |Ff(w ; @)l ‘Sj(wz)az(wl - o + a)z)ai:(a)l)gp(a}{)

’ N i(w,—w{)T
X Fw;, o) + 0, — @', ®))e" "™

(115)

For an ideal frequency gate, eqs 114 and 115 become eq 56.

Mapping of off-Resonant Interactions to Effective
Polarizabilities

The purpose of this section is to simplify the 4-point correlation
function of dipole operators that appears in resonant quadratic
hybrid Raman signals into a 2-point correlation function of
polarizability operators. This contrasts with the approach in the
main text, in which the polarizability operator was directly
incorporated into the interaction Hamiltonian. Though both
approaches are appropriate for off-resonant interactions, the
following derivation also reveals a broad line width limit that is
useful. The signal can be read directly from diagrams with the
same topology as in Figure 8b (we do not incorporate the actinic
pump here but rather consider only the broad—narrow hybrid
probe impinging on an arbitrarily-prepared state) and reads

SI(—IfgziRs(wg ) = R[S*(a}s) /dtei"’st /_too dt/sle—imlt’
x ([ a [ @ 0@r 07 e,
X S(t///)(()\;kei(ult” + -/_'too at” ‘/;t;’o dt’”a(t”)

y S;keia)ltm<f}(t”’)‘?f(t”)‘?(t)f}-}-(t/)>O)] (116)

where &, @, are the amplitude and frequency of the narrow-
band pulse, E(t) is the temporal envelope of the broad-band
pulse, and (...), indicates expectation value over nuclear and
electronic degrees of freedom of the initial wave function [¥(t,)).
We note that this expression refers to an experiment in which all
four interactions happen within the same hybrid pulse. An
alternative experiment involves a more complex probe composed
of a temporally well-separated pair of hybrid pulses. In this case,
the two interactions with broad-band components happen with
different pulses, and the integral over ' can be taken to co. This
probe will then also contain information on the dynamics
subsequent to the first hybrid pulse and does not merely probe
the dynamics of the initialized state ¥(%,)) alone. We now make
the substitutions t' — t” = 7/, t — t' = 7 and explicitly write the
time propagators U(t — t') (which propagate both nuclear and
electronic degrees of freedom but are field free). For brevity, we
only explicitly write the first term of eq 116 with the second term
following similarly

S, (fd) (@, )
_ R[S*(a)s)Sl / dtdedr'6(t — ,)0()0(")

% ei(ws—wl)(t—T)eimlr /dt///S(t///)aikeiwl(t'"+r/—T)e(tw _ to)
x (PO (¢ = 1) VOV O - 7 = 7 = o)V

7y ’ ~Tacom _
x 0() 0 0(¢ tO)I‘I‘(tO))] -

We can define the Green’s function i0(t)U(t) = G(t) and it’s
Fourier transform G(®). Making this substitution we obtain
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Sl(fd)(ws’ wl)

= &E* (a))8 dtdrdr'e i(w,—o,)(t— T) i
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X fdt///8(1:m)eia)l(tm+‘['—T) /dwdw/dw///(ST

—iwt_—iw't _—iw" (t—-1—t"—1'
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x (P(t,)IG(t - t,)VG(w)

T
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(118)
We may now integrate over dr, d7’, dw, and dw’ to give
Sl(fd)(w ;)
R[ —&% ()18, 2
X fdtei(“%_wl)(f—T) /dt///a(t///)eiwl(t/“_T)
X /dw///e—tw (t—t")
X (V)16 (¢ = 1) VG (0, + @) G (0")
A A

X VG.(w, + ")V G,(t" — t,)¥(t,

o+ 0"V 60 = 1) | -

Here, we used the fact that in the case of an X-ray Raman
experiment, the dipole operators only connect core and valence
electronic states. Assuming the initial wave function [¥(t,)) has
no core excitations, we can denote propagation in the valence or
core states with G, and G, respectively. In the case of sufficiently
off-resonant excitation or broad core excitation line width so that
G.(w+@") = G_(w,) for all valence excitation frequencies w’, we
can return to a fully time domain expression

Sl(fd)(ws’ wl)
:R[La*(a}may / deel@-@)t=T) / dr&(t)
2r
x @)= (G (1 — 1,)a™(w,)

x G,(t = t)a" (@) G, (¢ — to)lq’(to»] (120)

where we substituted the effective polarizability due to Raman
excitation to the core states &"(w) = V G.(w)V' (the h
superscript, standing for “hybrid”, serves to distinguish from
other definitions of the effective polarizability used in the text and
highlights that the simplification is only possible because of the
trivial time dependence of the narrow-band pulse component).
We also relabeled t” — t" and substituted the temporal envelope
of the broad-band X-ray pulse with the product of profile and
carrier frequency E(t) — &(t)e ™. This last simplification is
not technically necessary but faciliates computation since only
differences of X-ray frequencies are then necessary with respect
to choosing the time discretization. Note that this step is not
necessary for the spectral envelope since the other exponential
factor already comes with a difference frequency. This can be re-
written in the more compact form

Sl(fd)(ww @)

] t
= R[LS*(Q)S)I(S]'Z /dte’(ws_wl)(t_T) / dt’
2 to

x (1) =D (w, )i, tf)>o]
(121)

where we added time dependence to & in the usual way for

interaction-picture operators é(t) = ﬁT(t)@ﬁ(t) We also
explicitly put the lower limit of the dt’ integral as ¢, even though
this is redundant since the temporal profile of the probe E(t) is
assumed not to overlap with the preparation process, so as to
facilitate simulation. The total hybrid stimulated X-ray Raman
signal is then

Sl(fd)(wsf wl)
) t
=R[is*(ws)|al|2 [t [“ap
2z to

x &(t)e U6y, )&y, 1),

— e @00 ¢ =D 50 (g )6, t)>o] ()

Stimulated Signals

Stimulated (heterodyne-detected) optical signals are defined as
the energy change of the electromagnetic field

s= [ "4 a(t)de

—co dt (123)
where a(a') is the annihilation (creation) operator for the field
&. The radiation—matter interaction Hamiltonian in the rotating
wave approximation is

H'(t) = V(H)E'(t) + H. <. (124)

where V(t) + V(t) is a Heisenberg dipole operator and the

electric field operator E(t) = &(t) + 81-(t). Both are separated
into positive (nondagger) and negative (dagger) frequency
components (lowering and raising photon operators, respec-
tively).

The Heisenberg equation of motion for the field operator E(t)
then gives for the above integrated signal

S = 2 /w At T(V(£)E(t))
_2 f —I(V(a) )E (@)

(125)
where J denotes the imaginary part. The angular brackets denote
(..y = Tr[p(t)...] with the density operator p(t) defined in the
joint field—matter space of the entire system. In practice the
temporal or spectral range of the integrations in eq 125 is
restricted by the response function of the detector. For a classical
optical pulse one can replace the electric field operator by the
expectation value (8) = &. If the detector contains a narrow
time gate with nearly § function response 5(t' — t), eq 125 yields

S(T) = %IS*(t)P(t)

(126)
where P(t) = (V(t)) is polarization and I denotes a set of
parameters that characterize the various laser pulses. Similarly, if
the detector consists of a spectrometer with narrow frequency
response 6(w’ — w), we obtain the frequency-gated signal
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S(@; T) = %IS*(a))P(a))

(127)
where P(w) = [%,,dtP(t)e". Note that the two signals in eqs 126
and 127 carry different information and are not related by a
simple Fourier transform. A Wigner spectrogram representa-
tion””~" was used in ref 80 for the integrated pump—probe
signals (eq 97). Here we use loop diagrams to describe the more
detailed time- or frequency-gated signals, eqs 126 and 127,
respectively. We can also recast the signals, eqs 126 and 127, in
the superoperator notation for arbitrary field operator

2 n e
S(t; T) = EI(Si(t)VL(t)e /[ A (DT

(128)

where I denotes a set of parameters that characterize the various
laser pulses. Similarly, if the detector consists of a spectrometer
with narrow frequency response (@’ — ®), we obtain the
frequency-gated signal

Sw; T) = %f' AR SR CGHONAO

(129)

This expression is our starting point for computing the three
stimulated signals TG-ISRS, TR-ISRS, and FSRS.

FSRS
We read the signal off the diagrams given in Figure 12

Sesrs(@, T)
© dA _«
= I/ —&3(0)E5(@ + A)Spgrs(@, T; A) (130)
where Spers(@,T; A) SFSRS(w,T A)+§ RS(a),T; A) and

e} t t T3
50 (@, T; A) = f dt f dr, f dr /  dr,
X aj(%)az(t)a;‘(fs)ap(q)e"w“-fs)—fM%—T)
XE(ty— 7, t — 75, t — 7))
(131)

2 o t t 7
E,/_oodt/_oodfl/_‘mda‘/_oodrs
x 8*(13)5 (D8, (1) 8 ()t -i0ET)

E(t—1,t— 15,1 — 17)

ii)
SF(SRS(CU: T; A) =

(132)
We can recast eqs 131 and 132 using frequency domain matter

correlation functions

=13 [
X E5(@,)E,(w, + A + o] — wl)ap(wl)gp(wl/)ei(uu—a>l’)T
X Ew, o, + 0, — ® — A, »])

(133)

Sfons(, T3 A) = T— / m d;’[l dz“;l d;’:
X E5(@,)E, (0, + A + o] — 0)EN (@) E ()T
X E(w,, ® + A — 0, + @/, o))

(134)

Assuming that pulse 2 is a narrow band (picosecond) and set

E,(t — T) = 8,677 the FSRS signal for the Raman shift
Q = w — w, then reads

Sesrs(€, T) = I/

X SFSRS('Qr T; A)

8*(9 + @,)E,(Q + @, + A)

(135)

e t t 73
f_ dtf_ dfl[ dT3[ dr,
X |82|28§(15)8P(71)efg“"ﬁ‘m(’fT>
XE(ty— 75, t — 75, t — 7))

SFSRS (Q,T; A) =

(136)

2 e t t 73
Ef dt/ dflf dr3/ dr
% |8 |28 (TS)S*(TI)eiQ(t—f3)—iA(f3—T)

E(t—1,t—1,17— 1)

ii)
SIESRS(Qf T; A) =

(137)

We can recast eqs 135—137 using frequency domain matter
correlation functions and obtain eq 60.

TG-ISRS and TR-ISRS
We read the TG-ISRS signal off the diagrams in Figure 13b

~(i) 2 [e5) t t 73
Stomss(@ 1) = [ dt /_ dr, /_ dr, /_ d
X EX(1)E(0)EX (1, — T)E (73 — T)e ™™

XE(ty— 1, t—1,t— 1)
(138)

= (ii) 2 [+ t ¢ N
Ste-1srs(€ ) = o [ dt[ dr, f_ dr3f_ dr,
X 8*(1’1)8 (75)8;}:(1'3 - T)81(1'3 _ T)eiQ(t—Tl)
(t Tp - T3, T3 — TS)
(139)

One can alternatively express the signals in eqs 138 and 139 via
the frequency domain correlation function of matter and obtain
eq 63.

Similarly, we read TR-ISRS off the diagrams in Figure 14b

STR srs( 1) = / dt/ d71/ d‘r3/ dz,

x ‘S;(TS)SP(TI)'SZ(TS — T)|Ze’9(t T,)
X E(ty— 7, t — 73, t — 7))

(140)

=~ (i) 2 ® ! t B
Str-srs () T,) = n [m at /_oo 44 ./_co 4 [m ¥

X 8*(11)8 (2 )&, (7, — TR

E(t—1,t— 1,17 — T)
(141)
Similarly, one can recast eqs 140 and 141 in the frequency

domain and obtain eq 68.
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Stochastic Liouville Equation (SLE) Based Signals

Two-State Jump Model
The Liouville operator £ in SLE (30) is diagonal in the

vibrational Liouville space and is thus given by four 2 X 2
diagonal blocks in spin space535

~

[L]W's,ull/l's’ = 51/1/16b’u1'|:LS:|s, + 51/1/151/ uléss [‘ES]W’S,W’S

(142)

where Ig = —K describes the kinetics given by the rate equation

O (4) — (s")
_/)au (t) I<5s’p,m (t)
dt SZ (143)
where p?,(t) is the population of the sth bath state. The solution
of eq 143 is given by

pO(t) = Y

where U is the transformation matrix and eigenvectors are
organized as rows. This matrix satisfies left-eigen equation
Zp Kpe = = K¥8U,, as the rate matrix K is not necessarily
Hermitian. pau(O) represents the population of the initial bath
state.

The coherent part .Z:S = —(i/h)[Hj, ...], which describes the

vibrational dynamics, vanishes for the laa)) and lcc)) blocks,

exp[ K8, U2t (0)

(144)

['Zs]aa,aa = [Zs]cc,cc = 0. The remaining blocks of 'Zs read
o’ 0 .. 0
N (2)
[‘ES]ac,ac =i 0 a)ca 0
N
o 0 . oY (145)

The two Liouville space Green’s functions are thus given by

Gunaelt) = =0(0) expl (L]

i dia, 1
—%G(t)UeXP[[ ] tU” (146)

Guoae®) = =0l (L] + (L))

i di 1
= L0V expl[ L5V -
where U and V are transformation matrices, which diagonalize
the matrices in the exponents. For two-state jump kinetics the
expressions become 2 X 2 matrices

~ _kd ku
[Ls] =
kg —k, (148)
L reads
(2] (a)ac +5 0 ]
Sdac,ac = —i
0 @ -6 (149)

where 6 describes the magnitude of the jump whereas @, is the
vibrational frequency unperturbed by the bath. The two Liouville
space Green’s functions G(t) = —(i/ fl)@(t)e& relevant to the
Raman signal as the solution of eq 30 are given by”*

0 = (i 4 Lo TR
) = (=i/R)O()| 1 + ————
g' ky+ k, k; —k,

(150)
gac,ac(t) = (_l/h)g(t)
X Li - ! 'Z:ac,ac erllt
m, —m m —mn
n—m m—m (151)
where 1 is unit 2 X 2 matrix and
k;+ k, )
= — iw,
771,2 2 ac
ky+ k)
+ \/7( d . D & + id(ky — k,)

FSRS for General Multistage Jump and Arbitrary
Temperature
The time domain FSRS signal on the Stokes side (@ < ) is
given by

Sgsrs(@, T)

® dA
=7 f 8*(60)8 (0 + A)SFSRS(w, T; A) (152)

where Spgrs(@,T; A) can be recast in Liouville space as follows

2 [ t v
Sesns(, T; A)= o / dt / dry)&, P18, Pe 2D

% ei(w—wl)(t—fs)g:(t -1, 1)
(153)

by using the Green’s functions in eqs 146 and 147. The matter
correlation function (¢, t,) is given by

T(tl’ tz) = _é Z aacn/ugl <(Ilgac,ac(tl)gaa,au(tz)|p0>>S

. \3
l p—
_(E) Z @AV, PO(t)0(t, )e 7(b+2t)

X (1,1, DV exp[[ L8]V
1
x U exp[[ﬁs]diagtz]u—l 0
0
(154)
Here, the initial state is the direct product
1
0
Ipg))s = laa))| ©
0 (155)

and we traced over the final state ({1 |= (1,1, ...,1) Tr where Tr =
({aal + {{ccl. Vibrational dephasing terms have been added; e 7
is added to G, , and et to Giayaar The effect of the
inhomogeneous broadening can be included on top of the

existent model. It can be done by separating the dynamics of the
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collective coordinate into two components. The first one
(nonperturbative) is to account for the nonadiabatic frequency
change. The correction to that motion can be perturbatively
expanded using cumulant expansion. We incorporated this level
of theory in one of our earlier papers.”®

Closed Expressions for the Raman Signals in the SML
The FR-SPRS signal in the SML is given by

D .
Sitihrs(@, T) = (2w> |8P|2 Z aazcl/taglze 2t
a,c

)

x (18,(0 — w )P[1 — ] + 18,(w — )P )
(156)
The FSRS signal for the TS] model in the SML reads

1
SEMU(Q, T) = F|8P|2|82|2|<83(Q + )P Ol

a,c
=2y T
X e [

(ya + k)e_kT
(Q-a) + (r, + k)

LT,
20

r(1—e™*)
(Q-w )+ }/az

Q—w_
(Q-w )+ yuz

:|] - [(0: And _w¢]

(157)

where € = ®w — w, and the last line corresponds to the signal
above with the exchanged up and down states which accounts for
the anti-Stokes Raman transitions (e.g., Stokes transition Q — w,
becomes anti-Stokes Q + @_, etc.).

The TG-ISRS signal in the SML yields

1 2 2 2
& 2 |
a,c

Q—w
Q-w) + (y+k)’

S'E'SGM—LI)SRS(QJ T) =
x [ i—a;(‘}s(w’)&(w’ ~ Q)
®© dw,
X [ ;Sz(wz)sl(wz +Q)
1 kT
x e Ul _nl—e) ez ) _
Q-w) +7y,
(r, + k)e T

Q-a) + (r, + k)

k

+—e T Q-o
26

Q-w)+ ]/uz

:|] - [(Ui < _wx]

(158)

Q-
Q-w)+ (r, + k)

The TR-ISRS is given by eq 158 by simply replacing & — &,
and &, = &,.
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ACRONYMS

2DES two-dimensional electronic spectroscopy

2DEV two-dimensional electronic—vibrational spectros-
copy

2DVE two-dimensional vibrational-electronic spectros-
copy

2DUV two-dimensional ultraviolet spectroscopy

2D-UVvis  two-dimensional UV—vis

AIMS ab initio multiple spawning

ASRS attosecond stimulated Raman spectroscopy

CARS coherent anti-Stokes Raman spectroscopy

CASSCF complete active space self-consistent field

Chl chlorophyll

Coln conical intersection

cw continuous wave

DNA deoxyribonucleic acid

DPM diphenylmethane

FEL free electron laser

FC Franck—Condon

FDIR frequency dispersed infrared detection

FGR Fermi golden rule

FR-SPRS frequency-resolved spontaneous Raman signal

FSRS femtosecond stimulated Raman spectroscopy

FSSH fewest switching surface hopping

fwhm full width at half-maximum

FWM four wave mixing

HHG high harmonic generation

IR infrared

IFSRS interferometric femtosecond stimulated Raman
spectroscopy

LiCi light-induced conical intersection

MCTDH multiconfiguration time-dependent Hartree

NEXAFS near-edge X-ray absorption fine structure

PDC parametric downconversion

PES potential energy surface

PS photoelectron spectroscopy

PM-FI phase-modulated 2D fluorescence

QF-NEP quantum-classical feedback nonlinear exciton
propagation

RNA ribonucleic acid

SLE stochastic Liouville equation

SML slow modulation limit

SOS sum over states

SRS stimulated Raman spectroscopy

TALH transient absorption linear hybrid detection

TG-ISRS transient grating impulsive stimulated Raman
spectroscopy

TR-ISRS time-resolved impulsive stimulated Raman spec-
troscopy

T-2DIR transient two-dimensional infrared spectroscopy

TA transient absorption

het-TG heterodyne transient grating

TRPES time-resolved photoelectron spectroscopy
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TRUECARS transient redistribution of ultrafast electronic
coherences in attosecond Raman signals

TSJ two-state jump

TL transform limit

UV/IR UV—vis pump IR probe
uv ultraviolet

VIS visual

vUv vacuum ultraviolet
Xuv extreme ultraviolet
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