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ABSTRACT

In Paper I [Chen et al., J. Chem. Phys. 150, 044102 (2019)], we introduced Ehrenfest+R dynamics for a two-level system and showed
how spontaneous emission can be heuristically included such that, after averaging over an ensemble of Ehrenfest+R trajectories,
one can recover both coherent and incoherent electromagnetic fields. In the present paper, we now show that Ehrenfest+R
dynamics can also correctly describe Raman scattering, whose features are completely absent from standard Ehrenfest dynamics.
Ehrenfest+R dynamics appear to be quantitatively accurate both for resonant and off-resonant Raman signals, as compared with

Kramers-Heisenberg-Dirac theory.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5057366

. INTRODUCTION

Recently there has been an explosion of interest in Raman
scattering, especially surface- and tip-enhanced Raman scat-
tering,’® as a probe to investigate plasmonic excitations of
molecules near a metal surface’"'? and chemical reactions at
catalytic surfaces.'’ In general, the Raman technique offers
an experimentalist detailed information about how molecu-
lar vibrations couple to charges through electronic polariza-
tion,'2'3 and the Raman technique is very relevant for mod-
ern experiments with metallic nanoclusters.’” Raman spec-
troscopy can also often provide clean signals for characteriz-
ing biological materials in an aqueous medium (with otherwise
complex IR absorption spectra).’>

From a quantitative point of view, the current theory
of molecular Raman scattering is based on the Kramers-
Heisenberg-Dirac (KHD) formalism'®'7 which can be reduced
to Placzek’s classical theory of polarizability for off reso-
nance cases,'®'? as well as Albrecht’s vibronic theory for
resonant Raman scattering.?°?? Over the years, efficient
semiclassical tools have been developed to evaluate Raman

spectra approximately within the KHD formalism using an
excited-state gradient approximation to propagate short time
dynamics.'?23-26 More recently, chemists have also incor-
porated electronic structure theories into the semiclassical
description of Raman spectroscopy?’-3° based on the time-
dependent picture developed by Heller et al.?#?> In general,
because it relies on a sum over all states (nuclear and elec-
tronic), the KHD formalism can be difficult to implement in
practice.

One long term goal for our research effort is to study
plasmonic systems under strong light-matter coupling con-
ditions where Raman scattering is a very sensitive probe of
the collective behavior of electronic dynamics.>'3? For such
systems, a direct implementation of KHD theory is not fea-
sible (because of the large number of states required) and is
also likely not relevant (because strong coupling conditions
should invalidate perturbation theory). Thus, in order for us
to model such systems, and to take into account strong light-
matter couplings, the most natural approach is to consider
the quantum subsystems and classical electromagnetic (EM)
fields on an equal footing. This approach stands in contrast

J. Chem. Phys. 150, 044103 (2019); doi: 10.1063/1.5057366
Published under license by AIP Publishing

150, 044103-1


https://scitation.org/journal/jcp
https://doi.org/10.1063/1.5057366
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5057366
https://crossmark.crossref.org/dialog/?doi=10.1063/1.5057366&domain=aip.scitation.org&date_stamp=2019-January-24
https://doi.org/10.1063/1.5057366
https://orcid.org/0000-0002-6619-1861
https://orcid.org/0000-0003-0361-5687
https://orcid.org/0000-0002-1975-8482
https://orcid.org/0000-0002-8431-0967
mailto:hsingc@sas.upenn.edu
https://doi.org/10.1063/1.5057366

The Journal of
Chemical Physics

to most existing semiclassical approaches for spectroscopy,
which treat the incoming field as a fixed external perturba-
tion and extrapolate the behavior of quantum subsystems to
predict light emission.?3:24.33.54

Now, obviously, any computational approach to spec-
troscopy that promises “equal footing” for light and matter
will necessarily require drastic approximations; in particu-
lar, we expect that a quantum treatment of the EM field
will be prohibitively difficult, and one will necessarily need
to work with classical EM fields.>> The simplest example
of such a mixed quantum-classical approach is self-consistent
Ehrenfest dynamics. Unfortunately, Ehrenfest dynamics does
not fully recover spontaneous emission and thus is unlikely
to capture Raman scattering either.>>36 That being said, we
are unaware of a systematic study addressing this ques-
tion.

In Paper I, we proposed an improved so-called “Ehren-
fest+R” algorithm that builds in spontaneous emission on top
of Ehrenfest dynamics by enforcing additional relaxation for
two-level systems.®” In this paper, our goal is to general-
ize Ehrenfest+R to the case of a multi-level quantum sub-
system. We will show that such a generalization can cap-
ture both resonant and off-resonant Raman scattering (at
least for a three-level molecular system). Our results are in
quantitative agreement with KHD theory. The data presented
here strongly suggest that Ehrenfest+R dynamics (and other
spruced-up versions of mean-field dynamics) can be excel-
lent tools for exploring interesting light-matter interactions
far beyond simple linear absorption or Raman phenomena
(and also applicable to large subsystems, e.g., exciton—plasmon
systems).

This article is organized as follows. In Sec. I, we review
the KHD formalism and calculate the polarizability and Raman
scattering profile for a three-level system. In Sec. III, we for-
mulate an Ehrenfest+R approach for a three-level system. In
Sec. 1V, we show Ehrenfest+R dynamics results for Raman
spectra and compare against the KHD formalism. In Sec. V, we
conclude with an outlook for the future. In this article, we use
a bold symbol to denote a space vector in the Cartesian coor-
dinate, such as E(r) = Ex(r)& + Ey(r)y + E,(r)z, and H denotes a
quantum operator. We work in SI units.

Il. QUANTUM THEORY OF RAMAN SCATTERING

Raman light scattering is an inelastic process whereby the
interaction between the incident photons and molecules can
lead to an energy shift in emission spectra for a small frac-
tion of the scattered photons. To qualitatively describe Raman
light scattering, consider a molecular system with interac-
tions between electronic states and nuclear vibrations. Inci-
dent photons excite the molecular system to an interme-
diate state (which could be a virtual state), and that inter-
mediate state is subsequently coupled both to the ground
state and to other vibronic states. Thus, the system can
emit photons with two different frequencies through sponta-
neous emission.>® On the one hand, a transition back to the
ground state yields scattered photons with the same energy
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with the incident photons (which is known as Rayleigh scat-
tering). On the other hand, a transition to other vibronic
states will generate scattered photons with energies differ-
ent from the incident photons (which is known as Raman
scattering).

In this section, we review the KHD dispersion formula
which quantifies the Raman scattering cross section,'®17.20
assuming the knowledge of the polarizability and we evalu-
ate the KHD formalism for a three-level model system in 1D
space.

A. Kramers-Heisenberg-Dirac formalism

For a quantitative description of Raman scattering, the
KHD formula is the standard, frequency domain expression for
the scattering cross section'®

87rw1w§’

w'|?
oP(ws ) = —5 ;'[aﬁ(wl)] , (1)

where the polarizability is given by

& + hwy — &gy + 1y

(e g
[apten]” = _Z(Wﬂ ) 0

)

Ll e i 19
& — lwy — &gy + iy ’

The frequency of the incident photons is wj, and the fre-
quency of the scattered photons is ws; these frequencies
satisfy energy conservation fiws = &; + hwy — & The KHD
formula is known as the “sum-over-states” formula since
the polarizability expression requires a summation over all
possible intermediate states yn, where the index k labels
electronic states and the index n labels vibrational states
corresponding to electronic states. u” denotes the transi-
tion dipole moment operator for v = {x,7y,z}. The linewidth
v corresponds to the average lifetime of the intermediate
state.?829

According to the scattering cross section given by Eq. (1),
Raman spectroscopy is a two-photon spectroscopy. Exper-
imentally, one typically fixes w; and observes the emission
spectrum as a function of wg. The frequency ws = w; corre-
sponds to the contribution of Rayleigh scattering, and other
emission peaks are attributed to Raman scattering. The KHD
formula is derived using second order perturbation theory for
a quantum subsystem in the presence of the incident pho-
tons,'? and the scattering cross section is extrapolated from
the change in electronic population.

B. Three-level system

To quantify the KHD Raman scattering formalism, we
consider a three-level system (|0), [1), |2)) with the energies
&0 < &1 < &2. We assume that the electric dipole interactions
couple the states 0 & 2 and 1 & 2 only (i.e., a A-type coupling
system). Thus, the electronic Hamiltonian is time-dependent
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where the electric dipole coupling is

Vij(t) =- /de(X, t) ’PU(X) 4)

Here we are working in 1D.

For frequency domain measurements, consider a single-
mode incoming continuous wave (CW) electromagnetic field
with frequency wy,

E(x,t) = j—el cos(k;x — wrt)z, (5)
0
BI(X, t) = —\HoA| sin(k;x - w;t)gl, (6)

where w; = cky and Aj is the amplitude of the incoming field.
We assume that the spatial size of the polarization is small in
space, i.e., Py(x) ~ u;j6(x)2, so that the electric dipole interac-
tions are approximated as [ dxE(x,t) - Pj(x) ~ pj j—ELO cos(wrt).

For light scattering in a 1D space, the scattering cross sec-
tion is defined as the ratio between the number of photons
scattered per time divided by the number of incident photons
per time. With this definition, the KHD Raman cross section
becomes in 1D (see Appendix A)

) 2
S

For a three-level system, the KHD expression for the polariz-
ability for i, f = 0,1is

1D HO2M12
;0 (wr) = — — +
10( 1) (80+hw1—82+1h‘}/

o-}iD(wS, w) =

Ho2H12
&1 — hwy — & +ilty

). ®)

Analogous expression holds for ag;; note that 1o # ag;. Here
we take linewidth y to be the lifetime for the electronic
transitions of the excited state

lzl(LJ,i), 9)

vy  2\koz K2

where the corresponding Fermi’s golden rule (FGR) rates are
given by
& — &
Kﬁ = Wocfﬂfzi (10)
In the case of resonant Raman scattering (where the inci-
dent photon lines up with the excited state, i.e., &; + fiw; = &2),
the first term in Eq. (8) dominates. Resonant Raman scattering
signals are composed of two signals: (i) When fiw; = &2 — &9
and the scattered photon energy is fiws = €2 — &1, the polar-
izability term withi =0 and f =1 (a}g(wl)) leads to a Stokes
Raman peak (i.e., ws < wy). (if) When 7w = &2 — &1, the scattered
photon energy is fiws = &2 — &9, and the analogous polarizabil-
ity term with i = 1 and f = 0 (ag; (wr)) leads to an anti-Stokes
Raman peak (i.e., ws > wj). Obviously, anti-Stokes Raman
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scattering can occur only if state |1) is occupied at steady
state.

In the case that the incident photon does not line up
with any excited state, the excitation is detuned far off res-
onance (known as off-resonance Raman scattering). In this
off-resonant case, the intermediate state of the light scat-
tering process is a virtual state, i.e., &, = & + hwj, and the
two terms in Eq. (8) both contribute meaningfully to the
Raman cross section. Of course, for a weak field, scattered
photons are always dominated by Rayleigh scattering (i.e.,
ws = wp). Note that, in the absence of pure dephasing, there
should not be any fluorescence observed in the scattered
field.>®

Ill. EHRENFEST+R APPROACH FOR RAMAN
SCATTERING

Given that Raman scattering is based on spontaneous
emission,*® Ehrenfest+R dynamics should provide a proper
tool for a mixed quantum-classical simulation since the algo-
rithm was designed to recover spontaneous emission. One
can generalize the Ehrenfest+R method to the case of more
than a two-level system as follows: we add distinct +R cor-
rections for electronic transitions between individual pairs
of states, i.e, 2 —» 0 and 2 — 1. (And this approach can
clearly be applied to treat even more quantum states as well.)
Furthermore, to reach the steady state, we allow a phe-
nomenological, non-radiative dissipation between |0) and |[1).
In this section, we start by formulating such a generalized
Ehrenfest+R approach in the context of a three-level system;
thereafter, we compare Ehrenfest+R results against the KHD
formula.

A. Generalized Ehrenfest+R method

For the Hamiltonian given by Eq. (3), there are two elec-
tronic transitions that are mediated by electric dipole cou-
plings Vy2 and V), corresponding to spontaneous emission
rates oz and «j2 given by Eq. (10). Here, based on Ref. 37,
we will add two pairwise +R corrections on top of Ehrenfest
dynamics in order to recover the individual spontaneous emis-
sion rates (kp) from [i) to |f) while keeping the other state
populations fixed.

1. System propagator

To implement a pairwise treatment for Ehrenfest+R
dynamics, the Liouville equation (together with additional
relaxations) can be written as

=~ i =2-0 =~2-1
% =2 [B5)+ L p+Le A (11)
=i-f

Here, the diagonal elements of the L, super-operators are
defined by

=i-f =i-f

[‘CR /5] =-|Lg 5] = —kppii, 12)

it ff

and the off diagonal element of [Lrp];; is chosen to be
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=i-of =i-f 1% N
(25| - |2 75| =or (13
if A

The +R relaxation rate kg for the transition i — f is given by

kﬁzzkﬁ(1—pﬁ)lm[ il ewr. (14)
R losil

Here, the «j is the FGR in Eq (10). ¢ € (0, 27) is a phase chosen
randomly for each Ehrenfest+R trajectory. The +R dephasing

rate yg in Eq. (13) is chosen to be

7= %(1_Pff+mi)~ (15)

In practice, we use a pure state representation for the
density matrix p = |y )|, with wavefunction |y (t)) = co(t)|0)

=i

+c1(t)[1) + c2(t)|2). The additional relaxation embodied by Ly
is defined by a transition operator>7

a| | lel? - Ry lei dt
TIEE]|: | - : : (16)
C_f oy oy + el

with a fixed relative phase between c¢; and cf, plus a stochastic
random phase operator

Ci ei®ic;
=| : [ifRN <]t (17)

cf ey

Here RN € [0,1] is a random number, and we choose @; = 0,
@; € (0,27) as random phases. In other words, we choose to
assign a random phase only to the final state (f) which has a
lower energy than the initial state (i). This choice is crucial for
ensuring that, e.g., spontaneous emission from 2 — 1 does not
affect the coherence between states 2 and 0.

Thus in practice, the time evolution of the subsystem
wavefunction is carried out as

e+ dv) = e PUEITTE ] PDFITTR2 Je 4 (1), - (18)
where e-iHdt/1 jg responsible for propagating according to the

first term of Eq. (11). Note that ei®[¥] ﬂk}f] and eia’[‘/gz]ﬂkgz]
commute as long as dt is sufficiently small.
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2. EM field propagator

We write the total EM field in the form of E = E; + Eg and
B = B; + Bg, where Eg and Bg are the scattered EM fields. For
a CW field given by Egs. (5) and (6), E; and By satisfy source-
less Maxwell’s equations, so we can treat the CW field as a
standalone external field. Therefore, for the underlying Ehren-
fest dynamics, the scattered fields Es and Bg satisfy Maxwell's
equations

17

_3t Bs =-Vx Es, (19)
d ) 1

ZEg=c*VxBg—- — 2
at S C X bg EOJ’ (O)

where the average current is

Ikt =20 " 2(sf - &) Im[pa(t)] Patx). (21)

i=2 f=0,1

Given the pairwise transitions of the subsystem, the clas-
sical EM field must be rescaled. We denote the rescaling
operator for the EM fields by

Es\ [Es+nfi6E!
R|sU! :( )_> R 22
[ R] B (BS+§ﬁ6B§ 2

where the rescaling coefficients are chosen to be

sUl ‘
G R
\ €0 [ dv|oEy
d sUl A
&= \ (j\_ﬁtﬁ X sgn(Im[pﬁeW]). (24)
v|oby

Here Af is the self-interference length (see Ref. 37). For a
Gaussian polarization profile [as in Eq. (33)], A = 2.363/V2a.
The energy change for each pairwise relaxation i — f is

(3U£1 = (Si - £f)k§pﬁdt. (25)
According to Eq. (18), we need to apply two rescaling operators
(R[sU¥] and R[6UZ?|) corresponding to the two relaxation
pathways (2 - 0 and 2 — 1).

For the results below, we assume that the transition
dipole moments are the same for both the 2 - 1and 2 —» 0
transitions, i.e., Po2 = Pi2 = P, so that the rescaling fields can
be chosen to be 6E§ = 6Egr and 5Bf§ = 6Bg. For a 1D system,
the rescaling fields take the form

SER=VXxVxP-gP, (26)
5Bk = -V x P— h(Vx)*P. (27)
As demonstrated in Ref. 37, for the Gaussian polarization

defined in Eq. (33), we choose g = 2a and h = 1/6a. With this
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assumption, we can combine the two rescaling operators as
R[sUR +5UQ].

In the end, each Ehrenfest+R trajectory for classical EM
fields is propagated by

(Es(t +dt)

_ 12, 7502 s(t)
BS(“dt)) = R[sUY +6UQ ]M[dt]( ) (28)

Bs(t)

Here M([dt] denotes the linear propagator of Maxwell's equa-
tions [Egs. (19) and (20)] for time step dt.

3. Non-radiative dissipation

Without any non-radiative dissipation, the three-level
system in Eq. (3) eventually reaches the asymptotic state
| (t = o)) = |1y in the presence of the CW field. By contrast, to
reach the correct steady state, we must take into account non-
radiative relaxation. Thus, we also introduce a phenomeno-
logical, non-radiative relaxation from [1) to |0) by a transition
operator

[ (t +dt)) - 7'[k (e + dt)), (29)

where the operation of the transition operator 7 is defined
in Eq. (16). The classical EM field is not rescaled for this non-
radiative transition, and the non-radiative decay rate k3! is an
empirical parameter which will be specified later. Note that
we exclude thermal transitions from |0) to |1) since we assume
that the system is at a very low temperature.

In the end, Ehrenfest+R dynamics are specified by
Egs. (18), (28), and (29).

4. Coherent and incoherent emission

Our primary interest is in the scattering EM field when
the system reaches the steady state (t — tg) in the presence
of an external CW field. Let {Eg(x tss); € € Ntraj} be the set of
scattering electric fields at a steady state for an ensemble of
Ehrenfest+R trajectories (labeled by ¢). The average electric
field (Es(x, tss)) represents coherent emission, and the Fourier
transform of the average electric field yields the scattering
spectrum for coherent emission,

NtraJ

(Es(ws)) = / dxeiwsxfc Z E5(x, tss). (30)

We expect that, in Eq. (30), all incoherent contributions with
random phases will vanish when we take ensemble average.
We denote the magnitude of the coherent emission intensity
at scattering frequency ws as [(Es(ws))*.

We now turn to the incoherent emission. The expectation
value of the intensity distribution <|Es(x, tss)|2> corresponds to
the energy distribution of the scattering EM field. We can
obtain the total emission power spectrum by averaging over
the intensity in Fourier space,

Ntra]

([Es(ws)P) = N Z (31)

/dxe““sx/CE{ X tss)
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Note that the total intensity in Eq. (31) includes the contri-
butions of both coherent and incoherent scattering signals.
Thus, <|Es(ws)|2> can be considered as the energy distribution
of scattering photons with mode ws. Finally we can extract
a scattering cross section from Ehrenfest+R dynamics by the
formula

(|Es(ws)I*Y/ws

1D
2w, wr) = , (32)
10 AIZ/u)I

according to the definition of the 1D scattering cross section
and the Einstein relation [see Eq. (A5)].

Before concluding this section, let us once more empha-
size the conclusion of Ref. 37. Within Ehrenfest+R dynamics,
standard Ehrenfest dynamics yields only coherent emission;
at the same time, however, the +R relaxation pathway is able
to produce incoherent emission.

IV. RESULTS

As far as simulating Raman scattering by the Ehrenfest+R
approach, we consider a three-level system with g9 = O,
g1 = 4115 eV, and &> = 16.46 €V so that we can define the fre-
quencies of the system: 7iQy0 = €2 — €9 and i = &2 — &1. In
all that follows, we will normalize all frequencies in units of
Q = Oy = 16.46 eV. For instance, Qy = 12.345 eV = 3Q. Note
that, for demonstration purposes only, we have chosen the
energy scale ratio to be Qp0:Qp; = 1:3/4 so that we can easily
observe a clear separation between the Raman peak and the
Rayleigh peak in a reasonably short time. Thus, the present
model is for electronic Raman scattering, rather than vibra-
tional Raman scattering. That being said, the performance of
the proposed Ehrenfest+R dynamics for Raman scattering will
not depend on the particular energy difference of the three
level model system and our results will be applicable to a
broader regime of parameters (vibrational or electronic).

We assume that the initial state of the system is the
ground state, |y(t = 0)) = |0), and we turn on the incident CW
field at t = 0. The transition dipole moment takes the form of a
Gaussian distribution

Poz(x) = P12(.’>C) = ,u\/ge_axzi, (33)

where yu = 11282 C/(nm/mol) and a = 1/25? with o = 3.0 nm.
With this polarization, the rescaling fields are (from Ref. 37)

—,u\/7 4a2x%e ', (34)

SBR(x) = y(iazxse‘“xﬁ (35)

5ER(X) =

The average lifetime is 1/y ~ 40 fs. We run dynamics for
tss = 200 fs to reach a steady state, averaging over Nyg,j = 400
trajectories. For the non-radiative dissipation, we choose a
non-radiative decay rate to be k9. /y = 37.33. Note that, as long
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as k9! > y is large enough, our results do not depend on the
choice of k9.

A. Resonance and off resonance scattering

We first focus on Raman scattering in the frequency-
domain spectrum. In Fig. 1, we plot the spectrum of coher-
ent emission and total scattering at the steady state as
a function of wg for various incident frequencies ;. In
Fig. 1(a), we plot results from Ehrenfest dynamics, and in
Fig. 1(b), we plot results from Ehrenfest+R dynamics. When the

1 I 1 I 1
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— Eh: (|Eg(ws)|*)"/? = |(Bs(ws))]
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Fenr Fonr

FIG. 1. Raman scattering spectra as a function of ws/Q when varying the incident CW field frequency «w;/Q. We plot the total intensity spectrum (IEs(ws)I

(A) anti-Stokes Raman
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incident field is far from resonance, we find that the
scattered EM field is dominated by Rayleigh scattering
(ws = wi), as expected from the KHD formula. Qualitatively,
both standard Ehrenfest dynamics and Ehrenfest+R dynam-
ics predict Rayleigh scattering peaks at the correct frequency
and show a linear shift with respect to the incident frequency.
When the incident photon is at resonance (i.e., the inci-
dent frequency wj lines up with electronic excitation), Ehren-
fest+R dynamics captures Raman scattering peaks at (wy, ws)
= (Q20,Q2). Note that anti-Stokes Raman scattering is rela-
tively weak here.

()} s R A

X 25

scattering spectrum (log)

-
wr/Q=0.75
- —

— Eh+R: (|Es(ws)|®)*/?
Eh+R: [(Es(ws))|
] I L
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j:w Stokes
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% l l Raman
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S !
N
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3
knr g
3]
@

1.2

ws /N

2>1/2

= |(Es(ws))| obtained by standard Ehrenfest dynamics in (a). For Ehrenfest+R dynamics, we plot both the coherent emission spectrum [{Es(ws))| (colored cyan) and

1/2
the total intensity spectrum <|Es(ws)|2> / (colored blue). The incoming field amplitude is A;/VAQ = 6 x 103, For all CW frequencies, Rayleigh scattering peaks are
observed at wgs = w. Stokes Raman scattering is always observed at ws = w; — }LQ. In the case of resonant Raman, when «w,/Q = 1, a strong Stokes signal occurs at

3

ws/Q = %; there is also a small anti-Stokes signal occurring at wgs/Q = 1 when w;/Q = 3. Obviously, the anti-Stokes resonant Raman signal is always much smaller
than the Stokes Raman signal, on or off resonance. (c) A semi-log plot of the scattering spectrum for w;/Q = %. With this log scale, one can clearly see that Ehrenfest+R
dynamics recovers both Stokes and anti-Stokes Raman scattering peaks (whereas standard Ehrenfest dynamics produces only Rayleigh scattering). Note also that only
Rayleigh scattering comes in the form of a coherent emission field; Raman scattering are both incoherent emission fields.
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In contrast to Ehrenfest+R dynamics, we also plot the
spectra obtained from standard Ehrenfest calculations in
Fig.1(a). From Iig. 1, we must emphasize that Ehrenfest dynam-
ics capture only Rayleigh scattering peaks, but not Raman
scattering peaks. To rationalize this behavior, we recall that
the Ehrenfest decay rate for spontaneous emission depends
linearly on the lower state population.>” For the initial state
co = 1and ¢ = ¢ = 0, the system is excited to state
|2) by the incident field, but will never populate state |1).
Therefore, effectively we always have ¢; = 0 within Ehren-
fest dynamics and the spontaneous emission via electronic
transition 2 — 1 never occurs. As a general rule of thumb,
because standard Ehrenfest dynamics are effectively classi-
cal dynamics, whereas there is only a single frequency w
in the EM field and the EM field strength is weak, Ehren-
fest dynamics will predict all responses to be at the same
frequency wi.

B. Coherent emission and total intensity

Several words are now appropriate regarding the char-
acter of the outgoing fields: are they coherent (with |(Eg)|?
= <|ES |2>), are they partially coherent, or are they totally inco-
herent? In Fig. 1(b), we observe that Rayleigh scattering is made
up of completely coherent emission according to Ehrenfest+R
dynamics. For an elastic scattering process (ws = wj) such as
Rayleigh scattering, the outgoing field retains the phase of the
incoming field so that the signal is not canceled out in the
average electric field (Eg(ws)).

By contrast, Raman scattering peaks are dominated by
incoherent signals. For these signals, the coherent emission
is much smaller than total scattering intensity, i.e., |(Es(ws))/*
< <|Es(ws)|2>- To understand this, we show in Appendix B that,
for a simplified model within the rotating wave approximation
(RWA), the average electric field does not include a contribu-
tion at frequency ws = Q. Instead, the signal is entirely inco-
herent. Note that, within Ehrenfest+R dynamics, this incoher-
ence is introduced by applying the stochastic random phase
operators in Eq. (17).

C. Resonant Raman cross section

We now turn our attention to the near-resonant regime,
i.e., wr » Qo, and focus on Raman scattering. To compare
against the KHD formula, we extract the scattering cross
section from Ehrenfest+R dynamics by Eq. (32). In Fig. 2(a),
we compare Ehrenfest+R dynamics with the KHD formula
[Eq. (7)]. We demonstrate that Ehrenfest+R dynamics can
quantitatively recover the enhancement of the Raman scat-
tering cross section in the nearly resonant regime, while the
standard Ehrenfest dynamics does not predict any enhance-
ment. Furthermore, the linewidth obtained by the Ehren-
fest+R approach agrees with the average lifetime for the
KHD formula [Eq. (9)]. In Fig. 2(b), the difference between
standard Ehrenfest and Ehrenfest+R results is plotted in
logarithmic scale. The +R correction is necessary in order
for semiclassical simulations to recover resonance Raman
scattering.

ARTICLE scitation.org/journalljcp

=
S
5
[<3]
wn
2
S
8
g
3
g
3
~
0.995 1.000 1.005
wr /Q

FIG. 2. The Raman scattering cross section as a function of incident frequency
near resonance (w;/Q ~ 1). Standard Ehrenfest dynamics are colored red, and
Ehrenfest+R dynamics are colored blue. The KHD formula is plotted in dashed
lines. The incoming field amplitude is A;/VAQ = 6 x 1073, (a) is a linear plot,
and (b) is a semi-log plot. Note that Ehrenfest+R dynamics match the KHD Raman
signal, whereas Ehrenfest dynamics alone do not.

D. Field strength

Finally we focus on the intensity of resonance Raman
scattering (i.e., w; = Q) in response to various incident field
amplitudes. Indeed, one might question whether or not the
Raman signals as predicted by Ehrefenst+R dynamics scale
correctly with respect to the EM field strength; indeed a devil’s
advocate might argue that these “Raman-like” features emerg-
ing from semiclassical dynamics are really non-linear features
that arise from strong EM fields incident in the molecule. And
yet, it is crucial to emphasize that Raman is a linear spec-
troscopy. From the KHD formula, the resonant scattering sig-
nal intensity in the weak field regime scales as |Es| ~ A; for all
scattered frequencies wg,

2 4
2 Ws u
(Estws)’) = At 522 2. (36)

Here v is given in Eq. (9). Furthermore, we note that, from
Eq. (36), one can derive a simple relation for the ratio between
the intensity of the Raman scattering (iws = Q) and the
intensity of the Rayleigh scattering (fiws = Q) given by

37)

(Es(ws = Qa)’) (%)2
<|Es(ws = ng)|2> Q20 '

Do Ehrenfest+R dynamics capture these scaling relationships?
To answer these questions, in Fig. 3, we plot the Raman
and Rayleigh scattering intensity signals as obtained from
Ehrenfest+R dynamics as a function of A;. We show conclu-
sively that the Ehrenfest+R signals are linear with respect
to Aj, in agreement with the KHD formula. This also shows
that the ratio of the Raman and Rayleigh signals agrees with
Eq. (37).

To contrast the coherent emission with the total scat-
tering intensity, we also plot the coherent emission intensity
((Es(ws))|?) at the Raman and Rayleigh frequencies as a func-
tion of A;. As we discussed above, the coherent emission of
Raman scattering is approximately zero for all A;. By contrast,
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FIG. 3. The resonant scattering intensity as a function of incident CW amplitude
A;. The incident frequency is w; = Q. The upper panel is the Rayleigh signal
(ws = Q), and the lower panel is the Raman signal (ws = Q). For Ehren-
fest+R dynamics, the blue circles represent the total intensity (<|Es(ws)|2>) and
the cyan squares represent the coherent emission intensity (I(Es(ws»lz)- The
black dashed line is the total intensity given by the KHD formula [Eq. (36)]. The

value of the KHD intensity in the lower panel is exactly (Qa1/Qa0)* = (3/4)% of
the upper panel. Note that both KHD and Ehrenfest+R correctly capture the Raman
and Rayleigh signals that are linear with respect to the incoming filed. Note also
that the Raman signal is incoherent, whereas the Rayleigh signal is almost entirely
coherent.

the signal at frequency ws = w; = Qyp is almost exclusively a
coherent Rayleigh scattering signal.

V. DISCUSSION AND CONCLUSIONS

In this work, we have generalized the Ehrenfest+R
approach to treat a multi-level (more than two-level) sys-
tem and we have demonstrated that such an approach
recapitulates Raman scattering. In the context of a three-
level system model, the proposed prescription of +R cor-
rections can overcome the qualitative deficiencies of Ehren-
fest dynamics and recover both resonant and off-resonant
Raman scattering. In addition, a comparison with the quantum
mechanical KHD formalism shows that Ehrenfest+R dynam-
ics agrees quantitatively with resonant Raman scattering cross
sections.

Given the promising results in this work, there are
many further questions that need to be addressed. First, the
proposed prescription is based on pairwise +R transitions with
stochastic random phases for decoherence. If we take into
account pure dephasing of the system, can this prescription of
Ehrenfest+R dynamics produce the correct (and fully incoher-
ent) fluorescence signals? More generally, have we found the
optimal semiclassical approach for quantum electrodynamics
with more than two electronic states? It will be very inter-
esting to compare the present Ehrenfest+R approach with
more standard nonadiabatic approaches, including partially
linearized density matrix dynamics (PLDM),>° Poisson-bracket

ARTICLE scitation.org/journalljcp

mapping equation (PBME),*® and symmetrical quantum-
classical dynamics (SQC)*¢4142 (which has shown great
promise for spin-boson Hamiltonians). Second, the data in this
work were generated for a three level system in one dimen-
sion only, assuming that the polarization density has a sim-
ple Gaussian profile. Does our prescription work for a system
with arbitrary polarization density in three dimensions? Third,
a three level system is usually not a proper model for off-
resonant Raman scattering processes of molecular systems.
Can the Ehrenfest+R approach be generalized to more than
three level systems, ideally ab initio systems? Finally, the cur-
rent setup includes one quantum subsystem only. How can we
to treat the collective behavior of a set of molecular subsys-
tems with strong electronic coupling? These questions will be
investigated in the future.
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APPENDIX A: SCATTERING CROSS SECTION
IN A 1D SPACE

Here we derive the scattering cross section for a 1D sys-
tem within the KHD formalism. Following Tannor’s approach
in Ref. 19, we make the rotating wave approximation (RWA)
such that the electric dipole coupling can be written as
fEe~1t/2 for an incoming photon with amplitude E; and fre-
quency wy and jiEse'@st/2 for an outgoing photon with ampli-
tude Eg and frequency ws. (The amplitude Eg will be deter-
mined below.) Here  is the dipole operator of the electronic
system. According to second order perturbation theory within
the Schrodinger picture, the expression for the second order
wavefunction is

t t2 ifg .
|lﬂ(2)(t)> = —# / dtz/ dtle’zHo(tffz)(I’iESelwstz)
X e_%ﬁo(tz—tl) (l’IEle—iwm)e—;‘iﬁoti i), (Al)

where the initial state of the system is [¢;). Here I:Io is the
unperturbed Hamiltonian of the electronic system and u is the
transition dipole operator.43

Now we would like to express the number of outgoing
photons scattered per unit time in terms of the change in
the second order wavefunction. To do so, we evaluate the
time derivative of the second-order wavefunction and insert
a complete set of final states |1//f> to obtain
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d%”‘/’(z)(t)uz = Z|aﬁ(w1)| S(ws - dw),  (A2)

where the frequency-dependent polarizability is defined by

1.’ +wi)T
ajiwn) = & /0 dr (yy|fze” ot gitorr ) |y, (A3)

Here Aw = w1 + w; — wy, and fiw; and fiwy are the energy levels
of the initial and final states of the system. If we now invoke the
1D density of states for photons (p(ws) = ), we can eliminate
the delta function in Eq. (A2) and write

_ _EzEzlaﬁ(wI)|2. (A4)

dt”w 2)( )“ 87c

Finally, in order to express the scattering cross section
in terms of photon frequencies, we must calculate the ampli-
tude of the scattered EM field in Eq. (A4) in terms of other
physical observables. To do so, we note the simple and gen-
eral relationship between the electric field amplitude E and
the number of photons N in a volume L,

©E> N
5 =hw (A5)

Here ¥ is the photon density for a 1D system. Note that Eq. (A5)
is valid for both incoming and scattered photons. For incoming
photons, the incident field intensity satisfies

NI@ (A6)
eL

For scattered photons, assuming spontaneous emission, we

must have Ng =1 such that
B2 = 2:)‘15. (A7)
With these relations, we rewrite Eq. (A4) as
loP Ol = 2 Py 49)
Finally, we divide Eq. (A8) by the incident photon flux (Y<)

and obtain the Raman scattering cross section for a 1D system

wiw 2
O'jliD(ws,a)I) = ﬁhﬁ(o);ﬂ . (Ag)

APPENDIX B: COHERENT EMISSION INTENSITY
OF RAMAN SCATTERING

Here, we derive the coherent emission intensity of a
three-level system within the rotating wave approximation
(RWA). We let |1,,) be a state of the EM field with one photon
of mode w and denote the vacuum state as |{0}). The dressed
state representation of the total wavefunction can be written
as

ARTICLE scitation.org/journalljcp
w(t)) = Cjo(0)lj; (0}) + Z Cjw (O ). (BY)
j=0,1,2 j=01,2
Here the basis consists of |j; {0}) = [j)|{0}) and |j; @) = [j)I1e)

including up to a single photon per mode. For the incoming
photon of mode w;, we choose the initial state to be

[(0)) = Co,010; {0}) + Co,0y, 11 wr), (B2)

with |C0’0|2 + |C0,w]|2 = 0. Here, we are approximating a weak
coherent state as the sum of zero and one photon states only.

Now we assume that the incoming field is at resonance
with states |0y and |2), i.e., iw; = 2 — &9. The Raman scat-
tering frequency is hiwg = €2 — &1, and the Rayleigh scatter-
ing frequency is %w;. Within the RWA, we consider the res-
onant states |0;wy), |1;wgr), and |2;{0}) and write the RWA
Hamiltonian as

&0 + hwp 0 Vo2
Hrwa = |0 e +hwr  Vizf, (B3)
Voe Vi &2

where Vs = —pg2A; / v2e0 and Vi = —ppA; / v2eo. In addition to
the resonant states, the excited state |2) is coupled to the con-
tinuous manifolds, {|0;w), |1;w)}. Therefore, the steady state
solution can be expressed in terms of the resonant states and
the initial vacuum state

[vrwa) = Co010; {0}) + Co 0, 10; 1) + Crang I wr) + C2012; {0

+ Y CowlOw)+ Y Crullw) (B4)

WH#wW]| w#w]

Note that the vacuum state |0;{0}) is not coupled to the
resonant states.

Finally, we can evaluate the coherent emission inten-
sity using the expectation value of the electric field. For a 1D
system, the electric field operator is given by

B() =i ) Eu(@e™ - @e™), (B5)
k

with & = ,/26 “ in a space of volume L. Using the form of

the steady state wavefunction, we can obtain the lowest order
approximation of the expectation value of the electric field

(E(x)) = ~2&Im(Co,o Co e €/°). (B6)

We note that there is not any contribution to the electric
field at frequency wg since <1;{0}|m> = 0. Thus, the
Fourier transform of the electric field vanishes at the Raman
frequency,

[(E(wr))| = 0. (B7)

In other words, within the RWA, resonant Raman scattering
does not yield coherent emission.

Therefore, we must conclude that, for a more general sit-
uation not far from RWA, all Raman scattering signals must be
dominated by incoherent emission. As a sidenote, the argu-
ments above also show that the Rayleigh peak should be
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coherent: the electric field in Eq. (B6) does not vanish at
frequency ws = w.
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