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ABSTRACT: The optical response of an electronic two-level system (TLS)

coupled to an incident continuous wave (cw) electromagnetic (EM) field is ¢ O@

simulated explicitly in one dimension by the following five approaches: (i) the “\,b.,si’\\ &5,

coupled Maxwell—Bloch equations, (ii) the optical Bloch equation (OBE), & %
(iii) Ehrenfest dynamics, (iv) the Ehrenfest+R approach, and (v) classical % I @

dielectric theory (CDT). Our findings are as follows: (i) standard Ehrenfest % & 's'l‘;ﬂ‘;'ig';t @
dynamics predict the correct optical signals only in the linear response regime ~ fenrenfest

where vacuum fluctuations are not important; (ii) both the coupled Maxwell—

Bloch equations and CDT predict incorrect features for the optical signals in

the linear response regime due to a double-counting of self-interaction; (iii) by

exactly balancing the effects of self-interaction versus the effects of quantum fluctuations (and insisting on energy conservation),
the Ehrenfest+R approach generates the correct optical signals in the linear regime and slightly beyond, yielding, e.g., the correct
ratio between the coherent and incoherent scattering EM fields. As such, Ehrenfest+R dynamics agree with dynamics from the
quantum OBE, but whereas the latter is easily applicable only for a single TLS in vacuum, the former should be applicable to
large systems in environments with arbitrary dielectrics. Thus, this benchmark study suggests that the Ehrenfest+R approach
may be very advantageous for simulating light—matter interactions semiclassically.

1. INTRODUCTION

The nature of light—matter interactions is a never-ending source
of stimulation in both experimental and theoretical science. To
theoretically study light—matter interactions at the atomic and
molecular level, nonrelativistic quantum electrodynamics
(QED)' is the ultimate theory: the matter side obeys the
Schrodinger equation (or the quantum Liouville equation) and
the radiation field is quantized as photons. And for weak light—
matter interactions, perturbative approximations of QED are
both practical and adequate for describing most experimental
findings. However, to understand recent experiments that
involve strong light—matter interactions,””’ one must go
beyond the perturbative limit of QED. Furthermore, if we
cannot use linear response theory, then both matter and photons
must be simulated explicitly and on the same footing. Moreover,
because photons are described in a vast infinite-dimensional
Hilbert space, a rigorous QED treatment becomes a computa-
tional nightmare for calculations applicable to most modern
work in nanoscience.

To reduce the computational cost of QED, one plausible
simplification is to work in a truncated space of photons, i.e., to
consider a subspace with either only a few photon modes or a
few photon quanta per mode. In the framework of this
simplification, one approach is to invoke Floquet theory;”’
another approach is to construct a dressed state representa-
tion.'” Both techniques can accurately describe strong light—
matter interactions. Unfortunately, however, these techniques
are usually applicable only when modeling either systems
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exposed to cw light or systems encapsulated in model three-
dimensional (3D) cavities.

For large scale simulations of material systems in arbitrary EM
fields and not necessarily in a full-3D cavity, a more promisin
ansatz would appear to be semiclassical electrodynamics,"' ™"
according to which the matter side is described quantum-
mechanically and the radiative electromagnetic (EM) fields are
treated classically. More precisely, one replaces the EM field
operators (acting in an infinite-dimensional Hilbert space) by c-
numbers and propagates the dynamics of the EM field using the
classical Maxwell’s equations. Compared with QED calculations,
semiclassical approaches are computationally much more
affordable, and one can still preserve more of the quantum
nature of light—matter interactions than standard classical
electrodynamics (where the matter side is described as a
dielectric constant'*). Thus, semiclassical electrodynamics
would appear to be a natural compromise between speed and
accuracy.

Now, although semiclassical approaches have many appealing
qualities, one inevitable question arises: can one actually capture
any true quantum effects of the EM field using such techniques?
For example, because of the nature of the quantum radiation
field, an electron in an excited state can automatically decay to its
ground state even when no external field is applied, a
phenomenon known as spontaneous emission. As has been
argued by many (including Cohen-Tannoudji),"”™"® this

Received: December 7, 2018

DOI: 10.1021/acs.jctc.8b01232
J. Chem. Theory Comput. XXXX, XXX, XXX—XXX


pubs.acs.org/JCTC
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jctc.8b01232
http://dx.doi.org/10.1021/acs.jctc.8b01232

Journal of Chemical Theory and Computation

spontaneous process can in fact be dissected into two well-
defined subprocesses: (i) first, vacuum fluctuations that arise
from the zero-point energy of the EM field; (ii) second, emission
carried by electronic self-interaction as the scattered EM field
induced by the electron reacts back on the electron itself. While
the latter has a classical analog (e.g, the Abraham—Lorentz
equation'”*?), the former is a purely quantum effect. Can
spontaneous emission be captured by semiclassical approaches
(i.e., Ehrenfest dynamics™' ~>%)? In fact, it is well-known that,
according to Ehrenfest dynamics (or neoclassical electro-
dynamics™*), only self-interaction is taken into account in the
equation of motion for the electron: vacuum fluctuations are not
included. As a result, an electron is stabilized in the excited state
according to Ehrenfest dynamics, thus violating many
experimental observations of florescence. A lack of spontaneous
emission is one failure of semiclassical electrodynamics theory,
and one would like to go beyond Ehrenfest when simulating
large systems where spontaneous emission cannot be ignored.

1.1. Beyond Ehrenfest Dynamics. Perhaps the most
straightforward way to correct Ehrenfest dynamics so as to
include spontaneous emission is to add a linear, “hard”
dissipative term on top of the Liouville equation for the matter
side and thus force the electron to decay without concern for the
dynamics of the EM fields. This approach makes sense since the
overall spontaneous decay in vacuum (as carried by self-
interaction plus vacuum fluctuations) is always exponential with
a rate constant determined by Fermi’s golden rule (FGR). By
further assuming that the external field influences the electron in
a classical way and does not alter the spontaneous decay rate of
the electron, one arrives at the coupled Maxwell-Bloch
equationsz‘i’26 for modeling light—matter interactions. Accord-
ing to a naive implementation of the coupled Maxwell—Bloch
equations, the EM field that one molecule feels is composed of
both the incident externally imposed EM field plus the scattered
field generated by the molecule itself. Given that Ehrenfest
dynamics already incorporates self-interaction (as just dis-
cussed; see refs 22 and 27), it is then perhaps not surprising that
one can show that a naive Maxwell-Bloch scheme actually
double-counts the electronic self-interaction.”®

To avoid such nonphysical double-counting, many additional
efforts have been made to exclude the self-interaction
component of the EM field so that one need not modify the
linear dissipative term within the Maxwell-Bloch scheme. A
separation of the EM field into incident plus self-interacting
components is possible because of the linearity of Maxwell’s
equation so that in principle we can insist that the molecule
explicitly experiences only the incident field.”*~*° Nevertheless,
for a number of reasons, such an approach becomes difficult for
modeling a network of molecules. The first problem one
encounters when trying to quarantine self-interaction is an
increasing memory cost, as needed to store the incident and
scattered fields for each molecule. T'o reduce this memory cost, a
field-partitioning technique®' was recently developed, whereby
one divides the computational volume of the EM field into the
total field and the scattered field (TF-SF). If each quantum
emitter is allowed only one optical transition pathway, (e.g., a
TLS), this technique can drastically reduce the memory cost of a
simulation. However, the second problem one encounters is the
possibility of one atomic or molecular site hosting more than
two electronic states. In practice, if each quantum emitter is a
multilevel system and more than one optical transition pathway
is allowed, it can become very difficult to model one specific
optical transition pathway: now one must avoid the self-

interaction from this pathway but include the self-interaction
from other pathways coming from the same quantum emitter
(which is effectively a one-site multiple scattering event’).
Thus, one must distinguish between the scattered fields arising
from different pathways at the same spatial position (where the
emitter lies), which violates the entire premise of the field-
partitioning technique (which requires that only one type of field
is defined at one point in space). Thus, implementing an efficient
Maxwell-Bloch scheme is difficult with field partitioning.
Alternativel?r, another option is the symmetry-adapted averaging
technique3 for canceling self-interaction; however, this
technique is computationally less stable than the field-
partitioning technique. Recently, a photon Green functions
(GFs) formulation was proposed, according to which self-
interaction can be excluded by carefully evaluating the real-part
of GFs; however, this method is currently limited to weak
excitations.”

To sum up, the advantage of the Maxwell—Bloch approach is
that the added dissipative term is linear, so that a linear and
stable Liouville equation can be simulated. The disadvantage of
the Maxwell—-Bloch approach is that, in practice, one needs to
exclude the self-interaction from the EM field operating on each
molecule, and when a network of molecules is considered
(especially for multilevel systems), exclusion of self-interaction
is nontrivial.

1.2. Ehrenfest+R Dynamics. When encountering these
difficulties as far as excluding self-interaction while keeping a
linear dissipative term, one is tempted to change strategy: why
not first evaluate the nonlinear dissipative effect of self-
interaction, and then second add another nonlinear dissipative
term to the Liouville equation to mimic solely the effect of
vacuum fluctuations? This approach should also allow one to
recover the correct uniform FGR rate of spontaneous emission
and is the philosophy behind Ehrenfest+R dynamics.

Let us now be more precise mathematically. For spontaneous
emission with a TLS (state 1) and 12)), the semiclassical self-
interaction in Ehrenfest dynamics leads to a decay rate (kg,)
proportional to the ground-state population™”** (p,,):

ken = Pp1keGr (1)

where kpgr denotes the FGR decay rate. By virtue of eq 1, we
know that the rate of decay as arising from vacuum fluctuations
(k) must be of the form

k;ac = (1 - pll)kFGR (2)

According to Ehrenfest+R, we will add another dissipative term
(analogous to eq 2) to the Liouville equation while also taking
care of energy conservation. Already, we have shown that such
an Ehrenfest+R approach correctly captures spontaneous
emission®” and Raman scattering.35 Moreover, by enforcing
energy conservation, Ehrenfest+R can distinguish between
coherent and incoherent scattering as produced during
spontaneous emission from an arbitrary initial state.’

Furthermore, compared with previous approaches for excluding
self-interaction, Ehrenfest+R should be easy to apply to a
network of multilevel molecules with minimum memory cost for
the field variables; after all, only one total E-field and B-field are
necessary. Thus, in the near future, one of our goals is to use
Ehrenfest+R to study a model of electrodynamics with multiple
sites and multiple electronic states per site. Nevertheless, for the
moment, among the benchmarking tests of Ehrenfest+R above,
there is one clear omission. Namely, using FGR to model
spontaneous emission assumes spontaneous emission is
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decoupled from all other dynamical processes. Thus, it is
unknown whether Ehrenfest+R can quantitatively recover
coherent and incoherent scattering in the limit of reasonably
strong cw flelds where electronic populations are oscillating
rapidly on the time scale of spontaneous emission. Our first goal
in this paper is to provide benchmarks for answering this
question: how will Ehrenfest+R perform for a TLS subject to not
weak EM fields?*

In the context of this question, we expect that the key issue of
energy conservation must arise within classical and semiclassical
approaches. Standard classical EM theory as well as the coupled
Maxwell—Bloch equations do not satisfy energy conservation;
and though these ansatzes make sense in the linear regime with
low incoming intensities and small excited state populations, one
must wonder if/how a lack of energy conservation shows its face
when modeling optical signals beyond the linear regime. Thus,
our second and more general goal for this paper is to compare
the performance of quantum, classical and especially semi-
classical methods for modeling stimulated emission, paying
special attention to energy conservation (which is not standard
in most EM treatments).

1.3. Outline and Notation. This paper is organized as
follows. In section 2, we introduce the simple model TLS we will
study. In section 3, we introduce five methods for simulating
light—matter interactions. In section 4, we give all the simulation
details; see also the Appendix. In section 5, we carefully examine
our simulation results, and compare and contrast different
approaches. In section 6, we discuss the accuracy of energy
conservation and highlight why enforcing energy conservation is
crucial for all semiclassical algorithms. We conclude in section 7.

For notation, we use the following conventions: Aw,
represents the energy difference between the excited state le)
and ground state Ig), y4,, denotes the electric transition dipole
moment, o denotes the width of molecule, U, Ugy,, and U,
represent the energy of the quantum subsystem, the EM field
and the total system, respectively. We work below in SI units, but
will present all simulation results in dimensionless quantities to
facilitate conceptual understanding.

2. MODEL

To compare different methods clearly, we are interested in the
following model problem: an electronic two-level system (TLS)
is coupled to an incident cw EM field propagating in one
dimension (say, along the x-axis).”” Without loss of generality,
we suppose the TLS is fixed at the origin. We further suppose the
incident E-field is directed along the z-axis:

E,(x,t) = E, cos(kx — wt)e, (3)

Here, E, and @ are the amplitude and frequency of the cw EM
field, e, is the unit vector along z-axis, and k = w/c, where ¢
denotes the speed of light in vacuum.

The Hamiltonian for the TLS reads

ot
S0 hw, (4)

in the basis of ground state lg) and excited state le). iw, is the
energy difference between two states. We further suppose that
the TLS has no permanent electric dipole moment and is
coupled to the E-field by the transition dipole moment. In
general, the coupling between the incident E-field and the TLS
can be written as

V=- f dr P(x) E, (r, t) )

Here, E;, is expressed in eq 3 and the polarization density
operator 73(1‘) is defined as

CRTC

(6)
where
% _ My 24 2
&(r) = Ve qry, = N exp(—x"/20")e, )

denotes the polarization density of the TLS in 1D. In eq 7, we
assume |g) is an s-orbital, le) is a p, orbital, o denotes the width of
the electronic wave functions, j,, = [{glgrle)! is the magnitude of
the transition dipole moment, and g is the effective charge of the
TLS. For convenience, we assume that the orientation of the
transient dipole is parallel with the incident E-field (both along
the z-axis).

In realistic calculations, one frequently makes the point-dipole
approximation, assuming that the length scale of the TLS is
much less than the wavelength of the incident wave, ie.,

P(r) — fib(r), where we define 8(r) = 5(x)e,. In terms of the
transition dipole operator fI, the coupling in eq 5 can be written
as

V=—f-E,0,1) (8)
where

. 01

e ”ez(l 0) ©)

In order to quantify the magnitude of this coupling, a
dimensionless quantity Q/kgg is frequently used,””** where

Q= /'lleO
h (10)
is called the Rabi frequency’” and
)
kegr = ——lu,,F°
FGR ey iy (11)

is the FGR decay rate for the TLS in one dimension.””"’

Q/kpcr < 1 represents the weak coupling regime and €/kgqr
> 1 represents the strong coupling regime.

Throughout this work, we will make the point—dipole
approximation, and we limit ourselves to discussion of a single

TLS, so that using P(r) or ji will not change the results.
However, for historical reasons (i.e., so that we may be
compatible with most references), below we will use fi when
discussing the coupled Maxwell-Bloch equations and the

optical Bloch equation (OBE), while we will use ?(r) when
discussing Ehrenfest dynamics and the Ehrenfest+R approach.

Note that if we use the more general notation SAD(r) (instead of
J1), one can generalize the problem of light—matter interactions
from one TLS to multiple TLSs at different positions r without
changing the form of the equations of motion.

3. METHODS

As discussed in the introduction, many methods have been
proposed to model light—matter interactions. Here, we are
interested in the following five methods, each of which treats
self-interaction and vacuum fluctuations differently: (i) the
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coupled Maxwell—Bloch equations, (ii) the OBE, (iii) Ehrenfest
dynamics, (iv) the Ehrenfest+R approach, and (v) classical
dielectric theory (CDT). Apart from the newly developed
Ehrenfest+R approach, all other methods are widely applied in
different areas of chemistry, physics, and engineering. For
instance, the OBE is widely applied in quantum optics and
quantum information, the coupled Maxwell-Bloch equations
and Ehrenfest dynamics are used to simulate laser experiments,
and CDT is routinely applied in engineering and optics.

3.1. Coupled Maxwell-Bloch Equations: a Double-
Counting of Self-Interaction. One of the most widely applied
methods to model light—matter interactions is the coupled
Maxwell-Bloch equations.”** For the dynamics, the matter
side is described by the density operator p, which is propagated
quantum-mechanically:

Lo LA, - B0, 0, 7] + L)

dt (12)

Here, the phenomenological dissipative term Lgp[p] reads

1
Pay _Eplz
Leglp] = kggr
_E'DZI ) (13)

L[p] describes the overall effects of the quantum field (self-
interaction + vacuum fluctuations), which can be derived from
quantum calculations, i.e., from a Lindblad term®>*' for an open
quantum system. Note that in eq 13, the diagonal decay rate is
called the population relaxation rate (kggr) and the off-diagonal
decay rate is called the dipole dephasing rate (kggp/2). For
spontaneous emission in a secular approximation, the dipole
dephasing rate is half of population relaxation rate. However, for
realistic systems, these two rates do not necessarily satisfy this
relation and can be adjusted empirically.**

As far as the EM field, all dynamics obey Maxwell’s equations.
The E-field is composed of the incident field plus scattered field
generated by the TLS itself,

E = Ein + Escatt (14)

From eq 14, to propagate E, since the explicit form of E, at
different times is given in eq 3, we need only to propagate E_:

d
_Bscatt(r’ t) =-VX Escatt(r’ t)

& (15a)
iEscavct(r) t) =V x Bscatt(ry t) - M
i €o (15b)

where €, denotes the vacuum permittivity and the current
density J is calculated by the mean-field approximation

dp d, ..

o, ) = S0(e) = STH) »
Note that, according to Maxwell—Bloch, the E-field influences
the electronic dynamics through the commutator
[H, — i - E(0, t), p], where the E-field is expressed in eq 14.
Because this commutator obviously includes the effect of self-
interaction, and yet the spontaneous emission rate kpgr accounts
for both self-interaction and vacuum fluctuations in the L¢g[f]
term on the right-hand side (RHS) of eq 12, Maxwell-Bloch
evidently double-counts self-interaction.

3.1.1. Advantages and Disadvantages. Because the
scattered field is explicitly propagated, the advantage of the
coupled Maxwell—Bloch equations is that one can model not
only a single site, but also many quantum emitters as found in
the condensed phase. That being said, however, this method
double-counts self-interaction, leading to nonphysical results in
both the electronic decay rate and the optical signals, which will
be shown in this paper. More generally, stable and fast
techniques are needed to separate self-interacting fields from
otherwise incident fields in order to avoid double-counting.

3.2. The Classical Optical Bloch Equation: Exclusion of
Self-Interaction in the EM-Field. To exclude the self-
interaction in eq 12, one needs to replace E by E; in the
commutator on the RHS of eq 12, resulting in the following
Liouville equation

Y o i aE(0, 1), P+ Lalp

dt - fl[ s H-E (0, ;P]+ SE[p] (17)
For the present paper, E;, is defined in eq 3; one propagates eqs
15 and 17 to obtain the dynamics of E_,,. When multiple sites
are considered, one would need to distinguish between the
incident and scattered fields for each site, which increases the
complexity of the EM propagation scheme dramatically, just as
for the coupled Maxwell—Bloch equations. However, for a single
TLS, eqs 15—17 form an eflicient approximation known as the
classical OBE.*

3.2.1. Advantages and Disadvantages. The advantage of
the OBE is its accuracy and solvability. This technique can
provide useful analytical results, including, for example, the
steady state solution of p and the susceptibility of molecule when
exposed to a cw field. As mentioned above, the disadvantage of
the OBE is the implementational difficulty distinguishing the
incident and scattered fields for each site when a large system
(with multiple sites) are considered; this inefficiency is exactly
the same problem as for the coupled Maxwell—Bloch equations.

Before concluding this subsection, we must re-emphasize the
obvious: eqs 15a and 15b are the classical equations of motion
(i.e., Maxwell’s equations) for a classical EM field, which is why
eqs 15 and 17 constitute the classical OBE. Within the quantum
optics community, when field strength is large, one usually does
not consider a classical EM field, so that one never propagates
eqs 15a and 15b, and instead uses the quantum OBE. According
to such the quantum OBE, one first propagates the matter
quantum-mechanically with eq 17, and second one calculates the
intensity of the E-field at point r quantum-mechanically by
evaluating the correlation function for the matter degree of
freedom.” For example, for the TLS in our model, the intensity
at point r at time t becomes

1) = &7 DB, 1) o <S(t - E)g-(t - ‘)>
(18)

where E*) and EC) represent the positive and negative
frequency components of operator E = E®) ¢ + E(Je7,
S, = e™e)(gl and S_ = ¢Ig){el. Similar expressions can be
found for the B-field.

For this paper, we will mostly restrict ourselves to the classical
rather than quantum OBE; we wish to evaluate comparable
classical and semiclassical approaches without quantized
photons. Nevertheless, in Figure 3 below, we will compare
Ehrenfest+R dynamics to the quantum OBE in the discussion
section, when we investigate the ratio of coherent to incoherent
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EM intensity (and it would not be fruitful to consider the
classical OBE). In general, the quantum OBE approach operates
today as the standard treatment for describing the dynamics of a
TLS coupled to the radiation field."**

3.3. Ehrenfest Dynamics: Including Self-Interaction
and Ignoring Vacuum Fluctuations. Ehrenfest dynamics are
a semiclassical approach to electrodynamics derived from the
full Power-Zienau-Woolley quantum Hamiltonian after invok-
ing the Ehrenfest (mean-field) approximation for both matter
and photons.”"*® According to Ehrenfest dynamics, the
semiclassical Hamiltonian reads

Hsc = I:Is - /dl‘ @(l‘)'EJ_(l‘, t) (19)
and the full dynamics are defined by

dp iAo

— = ——[H_,

dt h[ w /] (20a)

iB(r t) = =V X E(r, t)

ot Y (20b)
r, t

iEl(r, t) = *V X B(r, t) — M

ot €y (20c)

Here,  is the polarization density operator; see eq 6. As
mentioned above, after invoking the point-dipole approximation
(e, P(r) = ib(x)), /dr P(r)-E(r, t) = i-E(0, t), so that eq
19 is equivalent to the form of coupling in eq 12. E; (J,) denotes
the transverse E-field (current density). For a single site, one can
usually just neglect the L nuance in eqs 19 and 20.

Note that due to the lack of explicit dissipation, we can
propagate Ehrenfest’s electronic dynamics with a wave function
formalism instead of with a density operator. In other words, we
can replace eq 20a by

Lo_ig,
dt n (21)

For a TLS, C = (¢y, ¢,), where ¢, (c,) is the quantum amplitude
for the ground state (excited state). In realistic simulations, it is
always more computationally efficient to propagate C rather
than p.

From eq 20a, in capturing the quantum nature of radiation
field, Ehrenfest dynamics consider only the self-interaction
induced by the scattered field; one neglects the effect of vacuum
fluctuations on the Liouville equation (i.e., there is no explicit
dissipative term), which causes problems when describing

spontaneous emission. In other words, if p = (8 (1)) and E(r) =

B(r) = 0 at time zero, the electronic system will not relax
according to eq 20. Let us now investigate spontaneous emission
in more detail.

3.3.1. The Analytical Form of Dissipation Induced by Self-
Interaction. To begin our discussion, we rewrite eq 20a as

d ~ N A A~
E[) = Ls[ﬂ] + LEm[p] + '[‘:Escatt[p] (22)

where we denote

A —_L A A
Lpl = h[H ) Pl (232)

U A A
LEm[p] = E[ﬂ m(ol t)’ p] (23b)

=t
Ly [P]= 7 (23¢)

Here, L[p], LEm[pA] and 'EEsm[ﬁ] denote the evolution of p due

to H, the incident field and the scattered field, respectively.
While L[p] and Lg [p] do not cause electronic relaxation

explicitly, in Ehrenfest dynamics, one can prove that Ly []is

[I’l Escatt(o t)) ,0]

effectively a dissipative term that is similar to eq 13,

kEh/’zz T 12
Ve T kEhpzz

‘ (24)
See Appendix A for a detailed derivation. Over a coarse-grained
time scale (7) satisfying 1/w, < 7 << 1/kggg, the nonlinear
population relaxation rate reads

2
I,

Py (25)

Since no non-Hamiltonian term appears in Ehrenfest dynamics
(see eq 20a), purity is strictly preserved for each trajectory, i.e.,
lp1al* = p11p2y, and thus eq 25 is equivalent to the expression in
eq 1. Similarly, within the same coarse-grained average, the

effective off-diagonal (dipole) dephasing rate reads

gy (t) = kpgr——

Talt) = O

1 pzz) (26)
When a TLS is weakly excited (p,, — 0), according to eqs 25
and 26, kg, — kggr and Ten = kegr/2, and thus Ly [/]

defined in eq 24 agrees with Lgp[p] defined in eq 13. In other
words, Ehrenfest dynamics describe almost exactly the same
dynamics as the OBE in the weak excitation limit.*”

3.3.2. Advantages and Disadvantages. Ehrenfest dynamics
explicitly propagate the total EM field and are obviously
equivalent to the coupled Maxwell—Bloch equations without the
“hard” dissipative term (Lgg[p]in eq 13): both techniques are
applicable to the condensed phase with many emitters. Near the
ground state, Ehrenfest dynamics effectively predict the same
results as the OBE for a single TLS (which the coupled
Maxwell—Bloch equations do not achieve because of double-
counting). Another advantage of Ehrenfest dynamics is the
enforcement of energy conservation (which the coupled
Maxwell—Bloch equations do not satisfy); see Appendix D.
The disadvantage of Ehrenfest dynamics is obvious: Ehrenfest
cannot describe the dynamics correctly when the system is
strongly excited (p,; — 0), which is why one introduces the extra
dissipation in eq 12 in the first place.

3.4. The Ehrenfest+R Approach: Counting Self-
Interaction and Vacuum Fluctuation Separately. We
have recently proposed an ad hoc Ehrenfest+R approach to
improve Ehrenfest dynamics in the limit of a strong excitation
out of the ground state (as applicable under strong EM fields).
With the Ehrenfest+R approach, we want not only to describe
the electronic dynamics correctly, but we want also to describe
the EM field correctly. The former is rather easy to implement:
we need simply to augment Ehrenfest dynamics by adding the
difference between L;[p] (eq 13) and Lg_[7] (eq23c) to the

Ehrenfest equation of motion for the quantum subsystem. The
latter, however, is difficult to implement: quantum-mechan-
ically, the EM fields are operators and are fundamentally
different from c-numbers. For example, according to QED, (EZ)
> (E)2 but this difference cannot be recovered in any classical
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Algorithm 1 Ehrenfest+R Algorithm

1: for Traj. [=1: N do

2 Assign a random phase ¢

3 for ¢ = tyegin : dt : tepg do

4: Propagate Ehrenfest dynamics [Eq. (20)]

5 +R correction for p (or C) to enforce FGR decay for both diagonal
and off-diagonal elements of p [Eqs. (B40-B41)]

6: Rescale EM field to comnserve energy [Eqs. (B50-B52)]

7: end for

8: end for

9: Average over Trajectories for (p),, (E), and (E?),

scheme if only one trajectory is simulated. Now, if one wants to
distinguish between (E*) and (E)? in a semiclassical way, the
standard approach is to introduce a swarm of trajectories. By
calculating (E?) and (E)* with an ensemble average over many
trajectories, one can find different values, especially if there is
phase cancellation. Such quasi-classical techniques have long
been used in semiclassical quantum dynamics.”*~>® Within the
context of coupled nuclear-electronic dynamics, all successful
semiclassical approaches average dynamics over multiple
trajectories (including, e.g., surface hopping,*” the symmetrical
quasi-classical (SQC) method,”””" multiple spawning,”” and the
Poisson bracket mapping equation,”>** etc; see ref 55. for a
general review).

Let us now briefly review the operational procedure for
Ehrenfest+R; a full description of this method can be found in
ref 27. An overall flowchart of the algorithm for Ehrenfest+R is
shown in Algorithm 1: for each trajectory, we assign a random
phase ¢' € [0,27), (which will be motivated later), we propagate
Ehrenfest dynamics for a time step dt (see eq 20), and then we
introduce a nonlinear dissipative event—the +R correction—
which forces p to decay with an overall FGR rate; since this
correction leads to energy dissipation for the quantum
subsystem, we also rescale the EM field at each time step dt to
conserve energy; finally, we perform an ensemble average over
trajectories to calculate (p), (E), and (E?). Explicit equations are
provided in Appendix B.

3.4.1. Advantages and Disadvantages. The advantages of
Ehrenfest+R approach are obvious: (i) this method recovers the
correct spontaneous decay rate, while the coupled Maxwell—
Bloch equations and Ehrenfest dynamics cannot; (ii) by taking
an average over a swarm of trajectories (with random values of ¢’
determined for each trajectory at the start of the simulation),
Ehrenfest+R not only conserves energy, but also distinguishes
coherent scattering from incoherent scattering. The disadvant-
age of Ehrenfest+R is the computational cost necessitated by
introducing a sampling of trajectories with different phases.
However, in the benchmark work presented here, to obtain
acceptable results, we find the Ehrenfest+R requires only on the
order of 10” trajectories. Our hope is that, for large systems, the
cost of Ehrenfest+R will remain very moderate.

3.5. Classical Dielectric Theory (CDT): A Nonexplicit
Double-Counting of Self-Interaction. Classical electro-
dynamics is always a competing approach for modeling light—
matter interactions. According to CDT, without any free charge,
the displacement field D, the auxiliary magnetic field H, the
electric field E and the magnetic induction B are all transverse,
and the EM field obeys the classical Maxwell’s equations:

0
EB(r’ t) = =V X E(x, t) (27a)

9D, t) = -V x H(r, 1)
ot Hy (27b)

Here, as always, the equations that relate fields with and without
matter are D(r, t) = ¢y E(r, t) + P(r, t), B(x, t) = po(H(r)t) +
M(r, t)), where P is the polarization field and M is the
magnetization field. If we assume a linear medium, the
constitutive relationships become:

1
H=-B
U (28a)
1
E=D (28b)

Here, € and u denote the electric and magnetic permeabilities.
Today, the most popular method for numerically solving eqs 27
and 28 is the finite-difference time-domain (FDTD) method,>’
wherein the displacement field D and the magnetize field H are
explicitly propagated in the time domain (instead of E and B),
and all vector fields are propagated with a Yee cell.”®

When one can ignore the magnetic interactions (as is true for
our model with no magnetic susceptibility), one can propagate
either H or B. Since H = B/u,, where i, denotes the vacuum
magnetic permeability, eqs 27 and 28 are reduced to

I M, ) = —LV x Er, 1)
ot

Ho (29a)
I D(r, t) = V x H(r, t)
o ' (29b)
D(r, w) = e(w)E(w) (29¢)

Here, D and E are connected by D = €,E + P. In general, the
optical response of materials is described by the frequency-
dependent dielectric function €(w). By defining
e(w) = €y(1 + y(w)), one obtains

P(w) = eyy(w)E(w) (30)

As long as the dielectric function is given, in principle one can
apply FDTD to propagate the D, H, and P fields in the time
domain (using eqs F85-F86). For details see section 4 and
Appendix F.

A derivation of the dielectric function for a TLS is well-
known,”"** and the standard approach is rederived in Appendix
E. Here, we present only the final expressions for y(®). In the
weak-excitation limit (linear response regime), the dielectric
function for a TLS is

2
,
L P
X (a)) ~ 2 2 )
w," — " — iwkpgy (31)
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Table 1. Synopsis of the Main Features for the Five Different Approaches Chosen for Modeling Light—Matter Interactions

Approach

optical Bloch eqs 13 and 17
Maxwell—Bloch, eqs 12—16

true

false

Recover SE

equation of motion for optical polarization
P(t) + kFGRP(t) +0’P(t) = eowpzwlz(t) E,(t)
P(t) + kprP(t) + w?P(t) = eprZWIZ(t)E(t)

. 59
energy conservation

true (QOBE) /false (COBE)

false

Ehrenfest, eqs 20 and 16 false (true only when p;;—=1)  P(£) + 0*P(t) = €w,” Wi, (HE(t) true
Ehrenfest+R, Appendix B true P(t) + 27 (OP(D) + [0 + 7o (t) + 72(D)]P(2) = eoa)PZWn(t)E(t) true
CDT-Lorentz, eqs 29—31 — B(t) + kigrP(£) + 0P(t) = €, E() false
Q/]{IFGRZO.O?) Q//CFGRZOOS Q/kFGR:O.?) Q/k'FGR =0.3
a At resonance b Off resonance C At resonance d Off resonance
T T T T T T T T T T T T
0.00100 - 0.00100 | — 0.100 [ 0.100 | —
0.00075 - 0.00075 [ b 0.075 /-.H-H- 0.075 | T
N
S 0.00050 - 0.00050 | — 0.050 | b 0.050 | = b
e T Ay
0.00025 = 0.00025 - 0.025 | = 0.025 | —
0.00000 L L L 0.00000 L L L 0.000 L L L 0.000 . L L
e f g h
1 1 T T T T T T T
0.02 0.02 0.2 F
™
& 0.00 0.00 0.0
—0.02 —0.02 —0.2 | 1
1 1 1 1 1 1 1 1 1 1 1 1
0 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300
time (fs) time (fs) time (fs) time (fs)
= Eh == Eh+R -— - OBE = Maxwell-Bloch

Figure 1. Electronic dynamics of a TLS excited by an incident cw field: (upper) the excited state population (p,,) versus time, (bottom) the imaginary
part of coherence Im p, versus time. Four different conditions are plotted: (from left to right) weak on-resonant field (Q/kggg = 0.03, @ = @), weak
off-resonant field (Q/kpgg = 0.03, (w — ) /kpgr = 0.64), slightly stronger on-resonant field (€2/kggr= 0.3, @ = @) and slightly stronger off-resonant
field (Q/kpgr= 0.3, (0 — @,)/kpgr = 0.64). In each subplot, four methods are compared: (i) Ehrenfest dynamics (cyan solid), (ii) the Ehrenfest+R
approach (red solid), (iii) the OBE (dashed-dotted green), and (iv) the coupled Maxwell—Bloch equations (dashed blue). Other parameters are listed
in section 4. Note that for the weak coupling case, Ehrenfest, Ehrenfest+R, and OBE roughly agree. For the case of the stronger incident field, Ehrenfest
+R predicts almost the same results as the OBE; Ehrenfest dynamics overestimate the electronic response at resonance because the method ignores of
vacuum fluctuations. The coupled Maxwell—Bloch equations underestimate the electronic dynamics in all situations because of the double-counting of

self-interaction.

which corresponds to a Lorentz medium. Here,

w, = 1/2/4122600/60fl. Beyond linear response, a nonlinear

dielectric function can be expressed to the lowest nonlinear
order in the series expansion of the incoming field (see Appendix
E):

1 IE,
1+ 4(0 — @) /kicp IEJ

(o) %t (w)|1 -

(32)
In eq 32, E, is the amplitude of the incident wave defined in eq 3
and we define |E* = A kpgr®/2 luy,l*. One interesting property
of the series expansion leading to y" is that the series converges
only when |El/IE] < 1. Therefore, this expansion cannot be
used to model very strong light—matter interactions.

In Appendix E, we show that CDT (eq 29) with eq 31 for the
dielectric function double-counts self-interaction for a TLS
because of a mismatch between the derivation of y(w) (which
assumes P = ¢, yE,,) and the way the polarization is used within
CDT (P = €/E, eq 30). In other words, CDT suffers the same
problem effectively as the coupled Maxwell-Bloch equation.

This double-counting becomes obvious if we evaluate the
equation of motion for the optical polarization. See Table 1.

3.5.1. Advantages and Disadvantages. For CDT, one
propagates only Maxwell’s equations (i.e., no Schrodinger
equation) in the time domain, and one can perform large-scale
calculations within a parallel architecture. The disadvantage of
CDT is that, by treating the matter side classically, one fails to
capture any quantum features of the light—matter interactions,
unlike the case for semiclassical simulations. Furthermore, CDT
double-counts self-interaction for a TLS in a similar manner to
the coupled Maxwell—Bloch equations.

3.6. Summary of Methods. After introducing the five
methods above, we now summarize the main features of each
method in Table 1, highlighting (i) the ability to recover the
FGR rate in spontaneous emission (SE), (ii) the effective
equations of motion for the optical polarization (P), and (iii)
whether or not energy is conserved. See Appendix C for all
derivations.

Note that in Table 1, we define P = /dr Tr(pP) = Tr(ph);
we also define @, = l2/4122w0/ €,/t as the plasmon frequency,
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Figure 2. Steady-state intensities (integrated over all frequencies) for the scattered E-field for a TLS as a function of frequency of the incident cw field:
(left) weak incident field (€2/kpgg = 0.03) and (right) slightly stronger incident field (Q/kggg = 0.3). Six methods are compared (from top to bottom):
(i) Ehrenfest dynamics (cyan), (ii) the Ehrenfest+R approach (red for coherent scattering and gray for total scattering intensity), (iii) the OBE
(green), (iv) the coupled Maxwell-Bloch equations (blue), (v) CDT with a Lorentz medium (black, y*(w) given in eq 31), and (vi) CDT with a
nonlinear medium (purple, (@) given in eq 32). Simulation data (dots) are fitted to a Lorentzian function defined in eq 33, and the fitted
parameters are also labeled (integral area and fwhm of Lorentzian). Simulation parameters are listed in section 4. Note that in the linear response
regime (left), Ehrenfest and Ehrenfest+R agree with the OBE, while Maxwell—Bloch and CDT predict different results because of the double-counting
of self-interaction. Beyond linear response (right), Ehrenfest dynamics overestimate the intensity and underestimate the fwhm because of the absence
of vacuum fluctuations; Ehrenfest+R and the OBE predict the correct trends: less intense and broader peaks, which are known as saturation effects; for
Maxwell—Bloch or CDT, these tendencies are not obvious. Finally, when including only the third-order nonlinear term, the performance of CDT is not

enhanced, as the method still does not capture the broadening correctly.

Wiy = p11 — Paay Ein(t) and E() are short for E; (0,t) and E(0,t).
From the equations of motion of P for each method, we can
clearly ascertain whether a method double-counts self-
interaction or not. For example, in the coupled Maxwell—
Bloch equations as well as CDT, both a dissipative term kgggP
and the total E-field appears, indicating a double-counting of
self-interaction.

4. NUMERICAL DETAILS

Our parameters are chosen as follows (listed both in natural
units ¢ = i= €, = 1 and [t] = 1 X 1077 s as well as in SI units): the
energy difference of TLS is iw, = 0.25 (16.5 eV), the transient
dipole moment is y;, = 0.025 \fZ (11282 C-nm/mol), the width
of the TLS is ¢ = 0.50 (1.5 nm). We propagate Maxwell’s
equations on a 1D grid with spatial spacing Ax = 0.10 (0.3 nm),
time spacing At = 0.05 (S X 107* fs), and our spatial domain
ranges from x,;, = —4 X 10* (=12 ym) to x,,,, = 4 X 10* (12
pm). The propagation time is £,,,, = 10° (1 ps). We calculate the
steady-state intensity of the EM field by averaging the EM field
generated in the time range [t — fo, tmax), Where £, = 10* (100
fs).

For the CDT simulation, we use FDTD with the standard Yee
cell.®® For a Lorentz medium (y*(@)), we propagate egs 29, 30,
and C63 simultaneously as is standard.”” For the nonlinear

dielectric function y“(w) in eq 32, since the incident field is

monochromatic, we need simply to treat
2

{1 ST ——yT— ;0)2 T % as a constant during the simulation

so that the equations of motion are similar to the linear case. The

standard trick for simulating dynamics with a Lorentz

susceptibility is repeated in Appendix F.

For all methods apart from CDT, all time derivatives for fields
and matter are propagated by a Runge—Kutta fourth-order
solver’' and spatial gradients are evaluated on a real space grid
with a two-stencil. For the Ehrenfest+R approach, we average
over 48 trajectories unless stated otherwise.

5. RESULTS

In this section, we report the electronic dynamics and the steady-
state optical signals arising when an incident cw field excites a
TLS starting in the ground state.

5.1. Electronic Dynamics. Figure 1 shows the electronic
dynamics of a TLS as a function of time for all methods (except
CDT for which there are no explicit TLS dynamics). Among
these methods, the OBE (green dashed-dotted line) can be
regarded as a “standard” method for all conditions. Our results
are as follows.
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1. For a weak on-resonant cw field (Q/kggg = 0.03, = w,),
both Ehrenfest (cyan solid) and Ehrenfest+R (dashed
red) quantitatively agree with the OBE for the evolution
of the excited state population p,, (Figure 1a) and the
imaginary part of Imp,, (Figure le). Ehrenfest and
Ehrenfest+R agree in the limit of weak excitation (where
the +R correction [proportional to p,,] for Ehrenfest+R is
negligible) and both methods agree with the correct OBE.
That being said, the coupled Maxwell-Bloch equations
(blue solid) predict different results: both p,, and Imp;,
are drastically suppressed (see Figures lae) because of
the double-counting of self-interaction.

2. For a weak off-resonant cw field (Q/kpgg = 0.03,
(w—wg)/kggr = 0.64), not surprisingly, the dynamics
for p,, and Imp,, are suppressed (Figures 1b,d,
respectively) compared with the resonant case. Interest-
ingly, both Ehrenfest and Ehrenfest+R predict a slightly
higher response of p,, compared with the OBE. This
slight difference originates from two factors. (i) The
effective Ehrenfest dissipative term Ly _[/] approaches

L[] near the ground state only in a coarse-grained
sense. (ii) More importantly, the off-diagonal Ehrenfest
term Ly _[p]is purely imaginary, which leads to slightly
less dephasing compared with the Lgg[/] term from the
OBE, which has areal part, e.g., kpgrp1,/2. Thus, the OBE
and Ehrenfest do not yield the exact same dynamics even
though the absolute values of the off-diagonal compo-
nents of both LESCm[pA] and Lgg[p] are identical. See

Appendix A for a detailed discussion. Again, Maxwell—
Bloch disagrees with all of the other methods because of
double-counting.

3. When the cw field is amplified to slightly beyond the weak
coupling limit (/kpgr = 0.3), the new feature that arises
is that Ehrenfest now over-responds both for p,, and p;,
compared with the OBE; at the same time, Ehrenfest+R
still nearly agrees with the OBE, just as in the weak
coupling case. Obviously, the inclusion of vacuum
fluctuations becomes more and more important as the
amplitude of the incident field and the excited state
population increases. For strong fields, Ehrenfest+R
becomes an important correction to Ehrenfest dynamics.

5.2. Steady-State Optical Signals. In Figure 2, we plot the
steady-state intensity of the scattered field (IE../*/IEo*) as a
function of incident cw wave frequency ((@ — @,)/kpgr) when
the light—matter coupling (Q/kpgr) is weak (Q/kpgr = 0.03,
left) and relatively strong (€/kpgr = 0.3, right). Note that we
plot the overall scattered field intensity, integrated over all
frequencies. While the dots in Figure 2 represent the simulation
data with specific incident frequencies , we also fit these data to
a Lorentzian in order to better capture the line width and the
magnitude of the optical signal; the Lorentzian is defined as

1

fl) = & 2
T (o - a)o)2 + (%F) (33)

where A denotes the total integrated area of f(w) and I" denotes
the full width at half-maximum (fwhm) of flw).

For the weak coupling (Q/kpgg = 0.03; see Figure 2a), just as
for electronic dynamics (see Figure 1), Ehrenfest (cyan) and
Ehrenfest+R (red) agree with the OBE (green) while both
Maxwell—Bloch (blue) and CDT (black for linear y and purple

for nonlinear y) predict different results. When the excitation is
weak, Ehrenfest, Ehrenfest+R, and the OBE correctly predict the
FGR rate for the electronic relaxation, which now becomes the
fwhm for the line shape. Due to the double-counting of self-
interaction, however, the coupled Maxwell-Bloch equations
and CDT predict twice the correct fwhm; see the detailed
discussion in Appendix C. Lastly, we note that, if one wants to
use CDT to predict the correct fwhm for a TLS, one can reduce
the width of the dielectric function in half (i.e., reduce kggy to
kpgr/2 in eq 31) and efficiently avoid double-counting.
However, we emphasize that generalizing this result to larger
quantum subsystems (e.g., beyond a TLS) is either tedious or
impossible. For this reason, in this paper, we have used the
standard susceptibility for a TLS, i.e., eqs 31 and 32, as found in
refs 21 and 42.

Now let us move to a slightly stronger cw field (€/kggg = 0.3).
See Figure 2b. We do not choose a very large field because the
nonlinear FDTD simulation will become unstable when Q/kggr
— 1 due to the convergence issue of y""(®) ; see eq E83. For
even a moderately strong field (Q/kpgg = 0.3), the OBE predicts
a saturation effect, for which the intensity of the scattered field is
suppressed and the fwhm is broadened. Similar tendencies can
also be found in Ehrenfest+R.

Interestingly, for the coupled Maxwell-Bloch equations, a
saturation effect is not obvious because of the double-counting
of self-interaction. Furthermore, because Ehrenfest does not
include vacuum fluctuations, this method predicts the exactly
incorrect trend: the fwhm decreases for large incident fields.
Finally, regarding CDT, it is not surprising at all that the linear
Lorentz medium results do not change when the incident field
strength is increased. More interestingly, even if we include the
lowest order of nonlinearity, CDT predicts the incorrect trend
for the absorption fwhm (just like Ehrenfest). Apparently,
including only the lowest order of nonlinearity is not enough for
an accurate description of optical signals outside of linear
response.

Finally, before concluding, we note that Ehrenfest+R also
makes a prediction of the total scattering intensity ((IEI*)). As
such, Ehrenfest+R differs from all the other methods presented
in Figure 2, which predict only the intensity of coherent
scattering. The only other method which can make prediction of
coherent versus incoherent EM dynamics is the quantum OBE
(see section 3.2), which is considered the gold standard for
modeling a quantum field of photons interacting with a TLS.
Although we do not plot the quantum OBE results in Figure 2,
we will compare Ehrenfest+R with the quantum OBE below in
the Discussion.

6. DISCUSSION

The above results demonstrate that the Ehrenfest+R approach
may be an advantageous method to model light—matter
interactions: this method not only predicts similar electronic
dynamics and the same coherent scattered field as the classical
OBE, but also directly models the total scattered field by
enforcing energy conservation so that one can predict (E*) and
(E)? independently. Thus, in the future, we believe we will be
able to use the Ehrenfest+R approach to correctly model light—
matter interactions for many emitters (without the requirement
of excluding self-interaction, as needed for the coupled
Maxwell—Bloch equations). Because so many collective optical
phenomena have been recognized—for example, resonant
energy transfer,””°>%® superradiance,"*"°° and quantum

DOI: 10.1021/acs.jctc.8b01232
J. Chem. Theory Comput. XXXX, XXX, XXX—=XXX


http://dx.doi.org/10.1021/acs.jctc.8b01232

Journal of Chemical Theory and Computation

beats®’—the Ehrenfest+R approach is a very tempting tool to
generalize and apply.

That being said, it remains to demonstrate that the Ehrenfest
+R approach predicts the correct total scattered field as
compared with the quantum OBE. To that end, in Figure 3

wfe=-—e-&_ '
e e=el_ O Eh+R
0.8k ’0\ = = theoretical
igOb- \ 1
So4af &\Q ]
\
0.2 \ 8
\“&
00 , . . e-—q.)._o_
T (A (T

Q/krcr

Figure 3. Ratio between the steady-state intensities of coherent and
total scattered fields (I.,n/I) as a function of light—matter coupling
(Q/kggr) when a TLS is excited by an incident cw field at resonance (@
= @,). Ehrenfest+R result (open circle) is compared with the
theoretical prediction (dashed line) in eq 34. A total of 480 trajectories
are averaged for Ehrenfest+R. All other parameters are the same as in
Figure 2.

we plot the ratio between the coherent and total scattered fields
(Ion/Loy) for a wide range of field intensities (Q/kpgr) for the
case that the TLS is excited on resonance by an incident cw field
(@ = @,). From Figure 3, results for Ehrenfest+R (open circle)
quantitatively match the theoretical prediction calculated by
Mollow®® (dashed line):

Lon (@ — wp)* + ikFGR2

1 1
I EQZ + (w — a)O)Z + ZkFGRZ (34)

The quantitative agreement between Ehrenfest+R and the
analytical calculation based on the quantum OBE in Figure 3 can
be understood as follows. From the procedure of Ehrenfest+R
(see section 3.4), we are guaranteed both that the excited state
will relax with the FGR rate and that energy will be conserved.
On the one hand, because of the correct electronic relaxation,
Ehrenfest+R must predict nearly the same electronic dynamics
as the OBE, so that the coherent scattered field predicted by
Ehrenfest should be accurate. On the other hand, because
energy is conserved at each time step, the total intensity of the
scattered field has to be correct. By combination of these two
sides, it is not surprising that Ehrenfest+R predicts I/I;o,
quantitatively. However, for very strong incident fields, beyond
the correct prediction of intensities, one can wonder: will
Ehrenfest+R also quantitatively capture the frequency dependence
of the scattered fields (which is not required in an algorithm of
Ehrenfest+R)? For example, can Ehrenfest+R recover the
Mollogg triplet™® correctly? Preliminary results are encour-
aging.

7. CONCLUSION

In this paper, we have benchmarked the performance of five
methods (the coupled Maxwell-Bloch equations, the classical
OBE, Ehrenfest, Ehrenfest+R, and CDT) for modeling light—
matter interactions. When studying a TLS excited by an incident

cw field, we find the following: (i) Because Ehrenfest dynamics
include only self-interaction for electronic relaxation, this
method fails to correctly describe the electronic dynamics and
optical signals beyond the linear response regime. (ii) The
coupled Maxwell—Bloch equations and CDT fail to predict the
correct optical signals even in the linear response regime,
because both methods effectively double-count self-interaction:
the self-interaction is accounted for through the spontaneous
emission with both the scattered field and an explicit dissipative
term; see eq 12. As a consequence, these methods predict
spectra with twice the correct fwhm in Figure 2. (iii) Because
both the classical OBE and the Ehrenfest+R approach carefully
count self-interaction only once (but in different ways), these
two methods describe both the electronic dynamics and the
optical signals correctly in both the linear response regime and
slightly beyond linear response. Moreover, because Ehrenfest+R
preserves the self-interaction due to the scattered field and also
enforces electronic relaxation due to vacuum fluctuations, this
approach should be applicable for modeling light—matter
interactions for a network of molecules, whereas for the OBE,
one would need to carefully exclude the self-interaction due to
the scattered field. Finally, by conserving energy, Ehrenfest+R
can correctly distinguish between coherent and incoherent
scattering over a wide range of light—matter couplings and all
results are in agreement with the quantum OBE.

The role of the total scattered field is essential for many
collective phenomena, including, for example, resonant energy
transfer and superradiance, and our laboratory is very excited to
learn what new physics can be predicted with a powerful, new
semiclassical approach to electrodynamics.

Bl APPENDIX A: ELECTRONIC RELAXATION WITHIN
EHRENFEST DYNAMICS

One significant difference between Ehrenfest dynamics and the
other methods studied in this paper is that the equation of
motion for Ehrenfest dynamics has no explicit dissipative term;
see eq 20a. One may ask, do Ehrenfest dynamics still recover
electronic relaxation? Here, for completeness, we summarize the
main points in ref 27.

To understand electronic relaxation for Ehrenfest dynamics,
we can split the total E-field into the incident field plus the
scattered field: E(r, t) = E;,(r,t) + E,,(r, t). While the incident
field obeys E(r, t) = E;,(r — ct, 0), we must explicitly propagate
E,..«(r, t) and solve Maxwell’s equations. In 1D, if we initialize
the TLS such that Imp;,(0) = 0 at time zero, the solution for
| S is”

xtc(t—tr

)
da’ &)

(A3S)

W t
Escatt(‘x’ t) = / dt’ Im /)12 (t/) /
cey Jo

x—c(t—tr)

where (x) = u;, 6(x) if we assume a point-dipole, and p, is the
time derivative of p;,, so that f-E,,.(0,t) =

/dx E(x)-E, (%, t) 6, = hkpgr Imp,,6,, where 6, = (? (1))
By substituting eq A3S into eq 204, one finally obtains

b _ .
dt - ‘Es[p] + LE[p]

= Ls[ﬁ] + Lgm[ﬁ] + LEscatt[pA] (A36)

where L[p] and Ly [p] are defined in eq 23 and
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i

LEscm[ﬁ] = E[ﬁ'Escatt(O) t)) /3]
2[Imp,, I —ilm p, (py, — py,)
= kpgr ) ,
—ilm p, (py, = py,) —2[Imp,, ]
(A37)

Equation A37 defines kg, and g, in eq 24, which clearly shows
that the scattered field contributes to the electronic relaxation if
Imp,, # 0. Furthermore, though not proven here, eq A37 is valid
in 3D (as well as 1D).”” We will now analyze eq A37 in the weak
coupling limit.
Population Relaxation Rate
In the weak coupling limit, @, >> kggr, and we can define a time
scale (1) 1/wy < 7 < 1/kpgg. With this time scale, one can
assume p, & lpp,le™ so that [Imp;,]* = Ipp,I* sin?(w,t). We
may then define an instantaneous decay rate kg, (t) for py,,
satisfying p,, = —kg,(£) 2y, where
p, I*
ken(t) = kpgr——[2 sin*(@yt)]
Py (A38)

We call eq A38 the Ehrenfest decay rate. If we average this rate
over all relevant 7, we find sin*(w,t) = % ,and one obtains eq 25.

For Ehrenfest dynamics, because no non-Hamiltonian term
appears in the Liouville equation, purity is strictly conserved, so
that Ip;,I* = p11p, and eq 25 reduces to eq 1.

Off-Diagonal (Dipole) Dephasing Rate

When comparing the Ehrenfest effective dissipative term
(LgeanlA] in eq A37) against the OBE (Lg[p] in eq 13), we
find one interesting disagreement: for Ehrenfest dynamics, the
off-diagonal dissipation is purely imaginary, but for the OBE,
there is a real component. When averaged over a time 7, the
absolute values of these off-diagonal terms remain the same.
However, as shown in Figs. 1b,d, this difference causes the
electronic dynamics for Ehrenfest dynamics to differ slightly as
compared with the OBE when an off-resonant cw field excites
the TLS. This difference can be explained as follows. On the one
hand, for the classical OBE, if we consider only the effect of the

dipole-dephasing for p,, ie., %plz = —7p,, the off-diagonal
density matrix element clearly satisfies p;,(t) = e "/p;,(0).

On the other hand, for Ehrenfest dynamics, even though we
still find %pn = —¥p,,» 7 is now purely imaginary (see eq A37).
Hence, it is natural to consider the absolute value of p;,, which

. d
satisfies alpml = =7 (t) lppal,
th(t) = kFGR(pll - pzz) Sinz(wot) (A39)

In a coarse-grained picture, yg;,(¢) reduces to eq 26. When p;; —
1, 7gy agrees with the OBE (¥pjoq, = kpgr/2) and Ehrenfest+R is
not needed. Thus, the major difference between Ehrenfest+R
and the OBE is just the phase of dipole dephasing rate y, which
can lead to a slight difference in p, at later times.

B APPENDIX B: DETAILS OF THE EHRENFEST+R
APPROACH

B.1. +R Correction for the Electronic Dynamics

According to Ehrenfest dynamics, including self-interaction
leads to incorporating some fraction of the true FGR rate of
electronic relaxation (LEm[pA] in eq 24; see also eqs 25 and 26).

In order to correctly recover the full FGR decay rate, Ehrenfest
dynamics include an additional dissipative (“+R”) term (L[/])
on top of the normal Liouville equation in eq 20a. At every time
step, we write

Pepor (+ dt) = py (£ + dt) + Lylpy, (£ + d)] dt
(B40)
Here, pg, refers to the electronic density operator that is

propagated with Ehrenfest dynamics for one time step; Ly[p] is
defined as

LR[ﬁ] _ kR(t)pzz _}/R(t)plz
_yR(t)pZI _kR(t)pzz (B41)

where we define kp and yy to be the +R population relaxation
and dipole dephasing rates, respectively:

2
lp, I* .
ke (£) = 2kFGRI1 L EA ﬂe"”}
Prs Ip,,| (B42a)
(0= R (1 _ g
yR - pll p22 (B42b)

According to eq B42a, each trajectory | experiences its own kg (t)
with an arbitrary phase ¢' € [0, 27). Note that this phase does
not change during the simulation. From our point of view,
introducing this stochastic element on top of Ehrenfest
dynamics is entirely reasonable; and similar approaches have
already been zproposed in the context of nuclear-electronic
dynamics.*” ™’

In a coarse-grained picture, averaging over the random phase

2
ol
@', one finds Im[ﬁe“/’] = %, so that

Ip,!

_ lp, I*
ke(t) = kFGR[l - B }

22

(B43)
Thus, the total emission (including the self-interaction of the
scattered field in Ehrenfest dynamics (Lg_ [A] in eq 24) plus

the +R quantum vacuum fluctuations pathway (Ly[4] in eq
B41)) is identical to the total dissipation found in the OBE

(Lgg[plin eq 13):

ke (8) + ke (£) = keer (B44a)

kFGR

Ten(t) + % (8) = (B44b)

+R Correction in the Wave Function Picture

One appealing quality of Ehrenfest dynamics is that the purity of
the electronic subsystem does not change within a single
trajectory, and one can propagate Ehrenfest dynamics with a
density operator p or a wave function C. The Ehrenfest+R

approach is consistent with this structure, and can be
implemented in the wave function picture as well:

Cppap(t + dt) = RIT [k ]1Cy (£ + dt) (B4S)

Here, Cyg, is the quantum amplitude after one time step
propagated according to Ehrenfest dynamics, and Cgy,p is the
corresponding quantum amplitude after the +R event. The

quantum transition operator ‘7A'1<_2[kR] in eq B4S is responsible
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for enforcing additional population relaxation, and changes C to
C’:

. c ¢/
‘mz[kR](c‘] = [ ]
2 %) (B46)

For a TLS, the relationship between C’ and C is

C
¢ = Ll + ke(8)lc, P dt
Ie, (B47a)

G 2 2
¢, = —=/le,I* — kp(t)lc,|” dt
g Iczl\/ 2 R (B47b)

where kg is defined in eq B42a. When ¢; = 0 (and the electronic

subsystem is in the excited state), kg = kggg, and |C_1| and IC_ZI are
Gl )

not well-defined. For a practical implementation, when ¢, = 0, we
force lz—ll = 1 and we fix If:_zl = ¢ where 0 €[0, 2x) is a random
1 2
number. Note that 6 and ¢ have no correlation.
In eq B4S, after invoking the quantum transition operator

A

71 c,lkg], we next multiply by a stochastic random phase

operator ¢®") to enforce the additional dipole dephasing:
i®,
e 0] .
& , if RN <y, dt
et@'[}’R] - ( 0 1] R
i, otherwise (B48)

where 1 is the identity operator. ®, and RN are independent
random numbers with range ®, € [0, 27) and RN € [0, 1).
During the time interval dt, eq B48 efficiently reduces the
ensemble average coherence (c,cf) by an amount y d#{c;c¥).

Note that, for Figures 1—3, we have confirmed numerically
that propagating the +R correction in the wave function picture
(eqs B45—B48) yields the same results compared with the
density matrix picture (eqs B40—B42). However, for stronger
incoming fields, the two methods will not always agree. For
instance, the wave function picture that uses stochastic
dephasing (eq B48) can sucessfully predict a Mollow triplet,
while the density matrix picture fails to do so; see ref 68 for more
details. Hence, we recommend always implementing Ehrenfest
+R with the wave function picture.

B.2. Rescaling the EM Field

After enforcing the +R correction for the electronic subsystem,
in order to conserve energy, one needs to rescale the classical
EM field at each time step dt by giving energy Uyto the EM field:

d
— = h
dt UR kaR(t)pzz (B49)

In practice, we rescale the EM field after every time step dt by
Ei&h+R = Eé:h + aléER (B50a)

I ] ]
Bg r = By, + /6By (B30b)

where El, denotes the E-field for trajectory [ with no field
rescaling and EL, . denotes the E-field after field rescaling; the
rescaling functions O0E and OBy are chosen according to
polarization density and these fields should not self-interfere
with the TLS or otherwise influence the propagation of p
(because the addtion of Ly[A] already leads to the correct
spontaneous decay rate). In 1D, for the polarization profile
defined in eq 7, these rescaling functions are defined as

Hi 2 %262

SEp(x) = ————«x"e e
R NGY T ‘ (B51a)

Hia x3e—x2/202e
3276’ ! (Bs1b)
More generally, in 3D, 0Eg=VXP X P and

5By = V X P.*""> The parameters @ and f# are defined to
conserve the total energy:

5BR(x) =

1 _ i) 4 UR
a = sgn(Im[p,e”]) | ———F——— dt
A ey [dvSE,P (Bs2a)
i c H U
ﬂl = sgn(Im 12645]) —LRZ
A [dvisByl (Bs2b)

Here, UR is short for iUR, and Uyis defined in eq B49; A is the
self-interference length, which is defined as
_ 277 IBER (0)F
[drI5E,P

277168, (0)
[drioBy (Bs3)

SEg and 6By are the Fourier components of the rescaling fields
OEg and OBg:

SEg(x) = / dk 5E (K)e™* (Bs4a)

5By (r) = f dk 5B, (K)e*"

For the polarization profile in eq 7, we find
A =576 =2363.

(BS4b)

B APPENDIX C: OPTICAL POLARIZATION FOR EACH
METHOD

C.1. The Optical Bloch Equation
For the OBE, one calculates the effective optical polarization,
P(t), according to the mean-field approximation:

P(t) = Tr(p(H)A) (Css)

Here, one needs to be careful about notation. P denotes the total
optical polarization, which is the integral over the polarization

density operator, 73(1‘) ineq6: P = /dr Tr(ﬁf’(r))
By taking the second-order time derivative of eq C55, using
P =2 Re pyi,e, calculating %Re p,, and %Im py, and further

applying eqs 9 and 17, the equation of motion for P() can be
expressed as

B(t) + kprP(t) + wozp(t) = eowpzmz(t)Ein(t) (Cse6)

Here, we define w, = 1/2/4122600/60f1 to be the plasmon

frequency, Wy, = pi; — Pay Ein(t) is short for E; (0, t).
Equation C56 is an anharmonic oscillator picture for optical
. : 21 . coees cpe .
polarization.” Given an initial condition for P, according the
classical OBE, one evolves eq C56 coupled with Maxwell’s
equations in eq 15 to obtain the optical signals for a TLS.

C.2. The Coupled Maxwell—Bloch Equations

Following the procedure for the OBE, one obtains a very similar
equation of motion for optical polarization P in the case of the
coupled Maxwell—Bloch equations:
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B(t) + kpgrP(t) + o P(t) = eoa)pZle(t)E(t) (Cs57)

Here, w, and W, are defined the same as in eq C56. Comparing
eq C57 to eq C56, because E = E; + E,_,, we see that the optical
polarization can be significantly different if the scattered field is
not negligible.

C.3. Ehrenfest Dynamics
For Ehrenfest dynamics, from eq 20, the equation of motion for
the optical polarization is easy to derive:

p(t) + wozp(f) = eowpzvvlz(t)E(t) (Cs8)

Compared to the other equations of motion for P in eqs C56 and
C57, the major difference is that eq CS8 has no explicit
relaxation term (kpcrP). However, the lack of such a relaxation
term does not imply that the anharmonic oscillator will not be
damped to zero at long times. In fact, since P = Tr(pft), and p is
relaxed by the scattered field E,,,, (see the discussion in section
3.3.1), P will eventually be damped to zero as long as the TLS is
not initiated exactly in the excited state. More explicitly, if we
separate the electric field as E = E,,, + E;,, and use the fact that

fikper dlRe p,,]
M'Escatt = hkFGRIm plz = _ﬂitlz

T where we denote p =
M2, eq CS8 can be rewritten as

lZ(t)Em(t)

(Cs9)
Here, the effective relaxation term Wi,(t) kpcpP causes a
population-dependent damping for P.

C.4. The Ehrenfest+R approach
For Ehrenfest+R, the equation of motion for optical polarization
reads

P(t) + W, (t)kperP + o, p(t) = eoa)

B(t) + 2yR(t)P(t) + [w” + 7 (t) + % (DIP(t)
Wi (£)E(t) (C60)

where yy is deﬁned in eq B42. To derive eq C60, we simply take

= eow

advantage of & p = _E[ o Al — Lplp], whereH and Lg[p]
are defined in eqs 19 and B41, and we find
d[Re p,]
. —wo Im p, — 1 (t) Rep;, (C61a)
d[Im p, ]
le = Wy Re P — I/VlzﬂE - 7R(t) Im Py
(Cé61b)

By taking the time derivative of eq C61a and applying eq C61b,
we obtain

d[Re p,, ]
TH = _wO[wO Re plZ - MZ”E - }/R(t) Im /)12]
dy, () d[Rep ]
- R eplz }/R( ) 2
dt (C62)

Note that, if we set yz(¢) = 0, we recover eq CS8. Nevertheless, if
yr(t) # 0, note also that eq C62 still contains Imp,,. To
eliminate this term, we can rewrite eq C6la as
1 d[Re p ]
Imp, = ]/R(t) Rep, = dt -
tity into eq C62 we finally derive eq C60.
In eq C60, by introducing the relaxation term 2yy(t) P(t)
where yp(t) depends on the electronic state, one recovers the

. By substituting this iden-

FGR rate correctly as compared with Ehrenfest dynamics. One
interesting feature of eq C60 [as compared with eqs C56—C58]
is that the intrinsic frequency is no longer w, but rather

\/ a)02 + YR(t) + yRZ(t) . This frequency renormalization will be
studied in a future publication.

C.5.CDT

The susceptibility y(w), which is derived in Appendix E for a
TLS, plays a significant role in classical electrodynamics. If we
take the Fourier transform of the definition of y(w) in egs
30—-31, we find that the equation of motion for the optical
polarization reads

B(t) + kecrP(t) + 0y P(t) = €., E(t) (C63)

eq C63 is very similar to eq C57 in the weak-excitation limit
(Wy, — 1), indicating that a standard CDT treatment also
double-counts self-interaction, just as do the coupled Maxwell—
Bloch equations. This double-counting orlglnates from the
inconsistency between the derivation of y(w)* (where we
assume P(w) = ¢, y(w) E,(w)), and the numerical
implementation of CDT (where people frequently take P(w)
= ¢, y(w) E(w) for a practical simulation); see Appendix E.

B APPENDIX D: ENERGY CONSERVATION FOR EACH
METHOD

We define the energy of the quantum subsystem as
U(t) = Tr(p()H,) (D64)

For a classical EM field, the energy is defined as

Ugy(t) = % / dr [eOIE(r, OF + LIB(r, )P

Ho (D65)

For semiclassical approaches, the total energy is expressed as Uy,
= U + Ugp
D.1. The Optical Bloch Equation
For the OBE, similar to Ehrenfest dynamics (see eq 22), we can
express eq 17 as

d

Eﬁ = L[] + L [p] + Llp] (D66)

where L[p] and Ly [p] are defined in eq 23 and Lg[p] is

defined in eq 13. If eq D66 is substituted into eq D64, the energy
loss rate for the TLS reads

d DN A
e Tr(Ly, [p1H,) + Tr(Lgslp1H,)
By taking the time derivative of eq D65, and applying Maxwell’s
equations as defined in eq 20, the energy gain rate of the EM field
is

(Dé67)

d
3 Ve = édsE X B — /drEJ (D6s)

Here, X denotes the sphere in real space over which we integrate.
If we integrate over a large sphere, the first term on the RHS in
eq D68 vanishes.

However, because one cannot find an exact cancellation
between eqs D67 and D68, the total energy of the classical OBE
is not conserved. That being said, if the EM dynamics are
propagated with the quantum EM field instead of classical EM
field, the quantum OBE should conserve energy, provided we
use the full quantum energy of the EM field:

DOI: 10.1021/acs.jctc.8b01232
J. Chem. Theory Comput. XXXX, XXX, XXX—=XXX


http://dx.doi.org/10.1021/acs.jctc.8b01232

Journal of Chemical Theory and Computation

Upm(t) = % / dr (%(E(r, t)?) + ﬂi<l§(r, t)*)

(D69)

For more details about the quantum OBE and eq D69, see ref 43.

D.2. The Coupled Maxwell-Bloch Equations
Just as for the classical OBE, according to the coupled Maxwell—
Bloch egs (eq 12), the energy loss rate for a TLS reads

d A A

U = TH(LAI) + Te(LoglpIL)
The energy gain for the EM field is the same as eq D68. After
some straightforward algebra, we find the total energy obeys

d P

U= TH(LlP) 0, - 4-B(0, 1)) #0
In most situations, the magnitude of the coupling |#-E(0, £)! is
much less than A®, Under such conditions, we can further
simplify eq D71 to read

d A
E[]tot ~ Tr(Lgglp1H,) = —hwgkpapp,, <0
eqs D71-D72 show that energy is not conserved for the coupled
Maxwell—Bloch equations and the total energy is continuously
decreasing with a speed of Awykpgrp,,. This failure cannot be
corrected by propagating quantum fields and using QED (as in
eq D69). The fundamental problem is not a quantum-classical
mismatch but rather a double-counting of self-interaction.
D.3. Ehrenfest Dynamics

As discussed above, for Ehrenfest dynamics, the energy loss rate
for a TLS is expressed as

(D70)

(D71)

(D72)

d A
where Lg[p] is defined as
s b N
LE[ﬂ] - A [” E(O, t)) P] (D74)

Since the energy gain rate for the EM field is defined just as in eq
D68, the time derivative of the total energy can be expressed as

d A
U= (L) — [arey
= Tr(Lglp1H,) — E(0, t)-Tr(LJpli)
=0 (D75)

where we apply J= Tr(ﬁf)) = Tr(pfi)é(r) and
p = L[p] + Lg[p] for Ehrenfest dynamics. Here, £ [5] is
defined in eq 23. Thus, energy is conserved for Ehrenfest
dynamics if we integrate over all space (where E and B fields
vanish at the boundary).

D.4. The Ehrenfest+R Approach

Ehrenfest+R is designed to yield energy conservation provided
one averages over trajectories; the total average Ehrenfest+R
energy reads

A 1
U = Tr(pH,) + > /df [€0<|EEh+R|2>l

1
+ _<|BEh+R|2>l]
U

0 (D76)

where (-+-); denotes an ensemble average over trajectories
indexed by ! €{1, 2,-, N}. Here, N is the total number of
trajectories. Because Ehrenfest dynamics alone conserve energy,
we need to show only that the energy loss for the quantum
subsystem due to the + R correction balances the energy gain for
the EM field due to the rescaling of fields at every time step dt.
This can be proved by induction: (i) suppose that, at time ¢, the
total energy is conserved; (ii) at t + dt, dUR(t + dt) =
haw, kg(t + dt)p,, dt needs to be dissipated to the classical EM
field; see eq B49. After the rescaling of EM field by eqgs
B50—BS52, the non-zero energy increment for the EM field has
three components: (1) the squared norm of the added +R EM
field at t + dt, (2) the product of the added +R EM field at ¢ + dt
with the EM field generated by Ehrenfest dynamics, (3) and the
product of the added +R EM field at t + dt with the previously
added +R EM fields (7 < t). The overall increase in energy for
the EM fields at ¢ + dt reads:

1 1
dUgy(t + dt) = S / dr [e0|aj+d,5ER|2 + =1, dt&BRIZ]
Ho
! 1
+ [dr|e), 4OEg gy + ”—ﬁHdtéBR-EEh
0

I ! 1 1
+Y / dr [eoat”téERaTéER + A, dtéBRﬁTéBR]
0

<t

(D77)

We now average over the ensemble of trajectories. The first term
in (dUgy(t + dt)), is not zero. The second integral in eq D77
vanishes because ('), = (#'); = 0 by definition. The third integral
represents the self-interference between the current augmented
field and the history of the past augmented EM fields and is also
not zero. By carefully defining the prefactors @ and f (see eqs
B52—BS3) to reflect how long an E or B field remains in the
domain of self interaction, the non-zero energy increment for the
EM fields dUgy(t + dt) can be exactly balanced by dUg(t + dt).””

B APPENDIX E: DERIVING THE DIELECTRIC
FUNCTION FOR A TLS

An accurate expression of y(@) (or ¢(w)) plays a key role for
classical electrodynamics. The most standard approach to obtain
() for a TLS is to use the OBE. Althou%h this approach has
been discussed in many textbooks,’"*” to facilitate our
discussion, we briefly outline the relevant procedure here.

For a TLS excited by an incident cw field of frequency ,
because W,(t) = p,, — py; is a constant in the steady state, after
a Fourier transform of eq C56, the OBE yields

—0’P(0) + iwkpzP(0) + 0,"P(w) = eoprWf;Em(a))
(E78)
where the superscript * represents the steady-state solution.
Then, by using the identity
P(w) = egr(@)E; (@) (E79)
one obtains

2

ss wP
)((CU) = le 2 2 .
w," — 0" + iwkpgr (E80)

Now the steady-state WY, can be calculated using the
pseudospin form of the OBE™ after the rotating wave
approximation. More precisely, if we express the OBE in terms
of the variables S,(t), S_(t), and S,(t), where
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S = %(Ie)(el — Ig){g!) and S, and S_ are defined in section 3,

and then set the time derivatives of these variables to be zero, the
pseudospin form of the OBE yields

WhEp) =Py,
2 2
kegr” + 4(@ — @)

kecr” + 4@ — @) + 2':“12|2|E0|2/h2 (E81)

In the linear response regime (E, — 0), W}, — 1, and the

dielectric function defined in eq E80 can be reduced to
0.2
L P
X (a)) ~x 2 ) ]
Wy~ — " — iwkpgy (E82)

which corresponds to a Lorentz medium. Beyond linear
response, after a Taylor expansion of eq E81 as a function of
|E,l% the corresponding dielectric function becomes

|EI*/IE?
1+ 4(0 — @) /kier

(@) & (w)|1 -

(E83)

where we define IEJ* = 7% kpgp?/2lup,l, and expand to the
lowest nonlinear order (third order). One interesting issue for
eq E83 is that this series converges only when IEj/IE] < 1. For
|Eyl/IE|| not very much smaller than 1, higher order nonlinear
terms are required to enforce convergence; otherwise, an CDT
simulation becomes unstable.

Note that in a regular CDT calculation, one simulates the total
scattered field, so one calculates P by P = eyyE; this working
equation conflicts with the definition of y in eq E79 because E #
E,.. This conflict causes a double-counting of self-interaction, in
a manner similar to the case of the coupled Maxwell—Bloch
equations.

B APPENDIX F: THE FDTD TECHNIQUE
For an FDTD calculation, we propagate H, D and P in the time

domain. Thereafter, we evaluate E = CL(D — P). To numeri-
0

cally propagate P in the time domain, one needs to take the
inverse Fourier transform of P(w) = €, y(@) E(w). For the case
of a Lorentz medium defined by eq E82, one finds the following
equation of motion for P:

B(t) + kegrP(t) + 0y P(t) = €., E(t) (F84)

In eq F84, the lowest-order discretizations of time derivatives for
P ire P(nAf) & P 1)At)2;tp((n- 1)Af)

f’(nAt) ~ P((n+ 1)At) — ZPZZAt) +P((n—1)At)
of time step and At is the time interval between the neighboring
time steps. Substituting these identities into eq F84 and
reorganizing the equation, one finally obtains

and

, where n is the index

At? 2At

1 kFGR n—1y.
Y p
(Atz a2 0

AtloN 1 ey [ 2 P
Pz (]) - 4 kFﬂ eowp Ez(]) At2 + @y Pz(])

(F85)

where we assume P and E are oriented along the z-axis and B is
oriented along the y-axis; the superscript n denotes the nth time
step and the index j denotes the jth grid in space. According to eq

F85, in order to propagate P, numerically to time step n + 1, one
needs to save the data for P, in the previous two time steps (n — 1
and 1) and update them at every time step. One can numerically
propagate the Maxwell’s equations defined in eq 29 by
propagating eq F85 with

D) = DITA() + H[H;(j + l) - H;(j - l)}

Ax 2 2
(F86a)
EF() = DI - PG
€ (F86b)
1 1 At

Hn+l(. + _) — Hn( + _) _ En+1/2 i+ 1

N Vs Wt s —%Ax[z G+1)
- B3] (F86¢)

where Ax is the spatial separation between the neighboring
grids. The coefficient 1/2 in eq (F86) indicates that a stagéered
grid for D, and H, is used, which is known as the Yee cell.” See
ref 57 for a far more detailed account of FDTD.
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