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Recently, systems with strong coupling between electronic and vibrational degrees of freedom have attracted
a great deal of attention. In this work, we consider the transient dynamics of the system consisting of strongly
coupled vibrons and excitons driven by an external monochromatic field. We show that, under coherent pumping,
polarization of excitons exhibits complex quantum dynamics which can be divided into three stages. In the first
stage, exciton oscillations at its eigenfrequency relax due to the transition of excitation to a set of shifted Fock
states of vibrons. We demonstrate that these shifted Fock states play the role of an effective reservoir for the
excited exciton state. The time of relaxation to this reservoir depends on exciton-vibron coupling. In the second
stage, excitation transits from the reservoir of the vibronic shifted states to electronic degrees of freedom. As a
result, revival of oscillations at exciton eigenfrequency appears. Thus, the dynamics of molecular polarization
exhibit collapses and revivals. At the final stage, these collapses and revivals dissipate and polarization exhibits
the Rayleigh response at the frequency of the external field. Discovered collapses and revivals manifest in the
radiation spectrum as a multiple splitting of the spectral line near the exciton transition frequency.
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I. INTRODUCTION

The interaction between electronic and nuclear vibrational
degrees of freedom has been investigated for almost a hun-
dred years since the discovery of inelastic Raman scattering
in molecules [1] and Brillouin scattering in solids [2]. This
interaction is at the origin of many phenomena discovered
from that time, including coherent Raman scattering [3-6],
Raman and Brillouin lasers [7-9], optomechanics [10-12],
polariton chemistry [13,14], and room-temperature vibron-
mediated Bose-Einstein condensation [15,16].

The first description of phenomena associated with this
interaction was based on the formalism of absorption and
emission of quanta of nuclear vibrations, e.g., acoustical or
optical phonons. These absorption and emission processes
take place during interaction of the incident field with the
electronic degrees of freedom [3,17], which parametrically
interact with nuclear vibrational degrees of freedom. De-
velopments of theory of open quantum system [18-21] and
solid-state theory [22-24] enabled us to gain a more deep
understanding of these phenomena. Namely, in the case when
the external field interacts with electronic degrees of freedom
only (which takes place for Raman-active molecules), the
energy of the dipole moment excited by the coherent field
results in a shift of nuclei from their equilibrium positions and
their subsequent oscillations [25]. Such interaction between
electronic and nuclear degrees of freedom can be described by
the Frohlich [22-24] or Holstein-Tavis [13,14,26,27] Hamil-
tonian. The latter describes the effective shift of the transition
frequency of the electronic degree of freedom proportional
to the amplitude (generally, depending on time) of nuclear
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vibrations [25]. This interaction Hamiltonian allowed us to
describe spontaneous Raman scattering [25], Raman lasers
[28], surface-enhanced Raman scattering (SERS) [29] and
formation of third-order nonlinear susceptibility produced by
nuclear vibrations [28].

Recently, the systems with strong coupling between elec-
tronic degrees of freedom, e.g., exciton, and nuclei vibration
degrees of freedom, e.g., optical phonons or vibrons, have
been actively investigated [30-32]. The interaction between
excitons and vibrons can be described by the Frohlich con-
stant g of interaction [25,28,33] or, alternatively, Huang-Rhys
factor @ = g/wy [13,14,26,27]. The large value of the Huang-
Rhys factor, @ ~ 10, is achieved in organic materials for
high-frequency vibrational modes [30-32].

To take into account dissipation processes which inevitably
are present in any real molecules, modern theories describe
the dynamics of coupled electronic and nuclear degrees of
freedom excited by external field in terms of master equa-
tion for the density matrix [34]. When reservoir degrees of
freedom are eliminated in the Born-Markov approximation,
such a master equation has the Lindblad form [35,36]. Be-
sides Hermitian interactions, it takes into account dissipation
processes. Generally, to correctly describes the dynamics
of open quantum system with the strong coupling between
subsystems, it is necessary to find eigenstates of the interact-
ing subsystems [37,38] and then consider relaxation-induced
transition between these eigenstates. This approach is called
global approach to the master equation for the density matrix
[37,38]. It is applied when the distances between eigenstates
are larger than the dissipation rates [39] which is fulfilled at
least in the case of strong interaction between subsystems of
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an open quantum system [37]. In the opposite case one can
use the local approach which treats relaxation of interacting
subsystems independently [40].

Recently, the dynamics of excitons strongly interacting
with vibrons have been investigated in the context of phonon
lasers [33,41-43], although in the local approach for the Lind-
blad master equation for the density matrix, or, with applying
mean-field theory [28]. In such problems, the attention has
been paid to the stationary state of the system. The interest is
also of transient dynamics of strongly coupled exciton-vibron
systems. Nontrivial temporal dynamics manifest in a wide
variety of systems with strong coupling between electronic
and vibrational degrees of freedom, e.g., in a lattice with
strong coupling between Bloch electrons and vibrational de-
grees of freedom [44], in the problem of Floquet engineering
of molecules strongly coupled with phonons [45], and in the
case when small lattice polarons are driven by a strong ex-
ternal electric field [46]. Transient oscillations arising from
the Jaynes-Cummings interaction can be manifested when
the molecule or quantum dot with strong coupling between
electronic and nuclei vibration degrees of freedom is placed
in a resonator [47].

Here, we consider the transient dynamics of a molecule
with strongly coupled vibron and exciton driven by a weak
monochromatic wave, without the resonator and additional
modulation of a driving signal. We demonstrate that strong
exciton-vibron coupling, by itself, can result in nontrivial
transient dynamics. We solve the Lindblad master equations in
the global approach using eigenstates of the Hamiltonian of
strongly coupled excitons and vibrons. We show that the tran-
sient dynamics of the system can be divided into three stages.
In the first stage, oscillations of the polarization at the exciton
eigenfrequency collapse due to the transition to the set of
shifted Fock states of vibrons. In the second stage, revivals of
these oscillations appear. At the final stage, collapses and re-
vivals dissipates. We give theoretical estimates for the collapse
and revival times and find the dependence of this time on the
interaction constant between the vibron and exciton and the
frequency of the vibron. We demonstrate that these collapses
and revivals lead to the radiation spectrum exhibits a series
of peaks near the exciton transition frequency with a distance
equal to vibron frequency.

II. THE MODEL

For simplicity, we assume that the exciton corresponding to
the excitation of an electron-hole pair interacts with one eigen-
mode of oscillations of the nuclei, hereinafter, vibron. Such
a situation is realized, e.g., in semiconductor quantum dots
[48-52] and organic molecules [53—55]. Among the electronic
states, we consider one state in the valence band |g), which we
will call the ground state, and one state in the conduction band
le), which we will call the excited state. We denote the exci-
ton eigenfrequency as w,. Such a two-level approximation is
valid, in particular, when the excited state presents a group of
closely lying levels and relaxation between the excited levels
is high [56]. This is the case for some organic materials, e.g.,
MeLPPP [15,16]. If we suppose that the energy of the ground
state is zero, then the exciton Hamiltonian takes the form
hw, |e)(e|. Furthermore, we introduce operators of transitions

from the excited state |e) to the ground state |g), & = |g)(e|
and operator of inverse transition, 67 = |e)(g|. In such an
approximation, the exciton Hamiltonian can be written as
hw,676. The operators & and 67 satisfy the commutation
relation [67, 6] = 6., where the operator &, is the operator
of the difference between the populations of the excited and
ground states. Note that the mean value of the operator &
multiplied by the matrix element of the dipole moment d,, and
molecular concentration gives molecular polarization. Thus,
the expected value of the operator & can be called dimension-
less polarization.

We also consider one vibrational mode of nuclei in the
harmonic approximation. In this case, the Hamiltonian can be
represented as 7iw,b'h, where w, is the eigenfrequency of the
vibron, and b and b are the creation and annihilation opera-
tors of vibrons satisfying the commutation relation (b, b'] =
1. The interaction between the electronic and vibrational
subsystems of molecules, i.e., the exciton and the vibron,
can be represented in the form of the Frohlich Hamiltonian
oto(b" + b) [14,26,34], where g is the interaction constant.
The operator b' + b is the nuclear displacement amplitude
operator, and the operator 674 is the population operator of
the excited state of the exciton.

The Hamiltonian of the system has the form

Hiol = hw,6'6 + hw b’ + hgsT6 (BT +b). (1)
We consider coherent pumping of exciton by a monochro-
matic electromagnetic (EM) wave. The EM wave is described

in the classical approximation. In the dipole and rotating-wave
approximations, the interaction Hamiltonian has the form

N Q. .
Huoi-faa = —- (6" +5Te™), 2
where w is the EM field frequency, and €2 is the Rabi interac-
tion constant with the exciton dipole moment:

_degE(r )

I 3)
Here d,, is the transition matrix element between states |e) and
|g), E(r) is the electric-field amplitude at the exciton location
(we suppose that the length of exciton localization is much
smaller than the EM wavelength). The total Hamiltonian of
the system reads

H = liw, 66 + hwb'b+ higs "6 (b' + b)

Q=

n<2 A ot AT —iwt
+ 7(06 +6'e"). “4)

To find an eigenstate, we note that the molecular Hamilto-
nian can be rewritten in the form

Ao = fiws (1 — )66 + hiw,b'b, 5)
where
b=b+as’e, a=-=L 6)
wy

is the shifted annihilation operator of vibrons. The eigenstates
of the Hamiltonian (5) have the form

lg,n), wg=w,m+1/2), n=0,1,..., @)

le, fig), i =ws(1—a>)+wy(i+1/2), i=0,]1,

®
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where we introduce the shifted F0c1< state A[34,57] via the
displacement operator D(«) = exp(ab’ — a*b):

lfia) = D(@)In). )
The matrix elements of expansion of the shifted Fock states
over the Fock state are well known [57,58]:

(noliia) = (—a*)ﬁ“‘”ﬂ/ . ,L,i’;a‘"o)(|a| ye 2,

when 7, > ny,

(nolfia) = (a*)”°"”’“,/ ,L,i’i" (| -

when 7, < ng, (10)
and are related to the Frank-Condon factors [34]. Here L], are
associated Laguerre polynomials.

To describe relaxation processes, we use the Lindblad
equation for the density matrix [20,59,60] in the global ap-
proach [38,40]. It can be derived from the von Neumann
equation for the density matrix of the system and environment
by eliminating environmental variables in the Born-Markov
approximation [20,59,60]. The Lindblad equation has the
form

2
al)e” 2,

b= m

h P11+ Laiss[P] + Lpump[p] + Ldeph[p] + Ly[p].

(1)
The first term on the right side of Eq. (11) describes the Her-
mitian dynamics of the system. The rest of the terms describe
the relaxation processes that occur when the system interacts
with the environment (external reservoirs).
For further consideration, it is convenient to expand the
density matrix over the eigenstates (7), (8):
p= ﬁgg"‘i)eg"_ﬁge'}‘f)eev (12)
where
Ibgg = Z Pg.ny,g.n; lg. n1) (g, n2l,

ny,ny

:(A)eg = Z pe,ﬁla,g,n2|e’ ﬁla)(ga ny|,

g ,n2

lbge = Z Pg.n,e.iirg |gv ni){e, fizg|,

ni,fze

Pee =" Peiing.eing|e: fira) (e, fizal, (13)
Nia, N2
where n is the number of vibrons in the ground state, and 7 is
the number of “shifted vibrons” in the excited state.
The Lindblad superoperators describing the relaxation of
vibrons have the form

Ly[p] = Ly[Pgg]l + Ly[Pecels
Ly[g) = Ml; ™) 2% b — bTbpgg — pesb')
+ 0 (2B b — b iy — P’
Lulpe) = VV“; ”V)<213peel? 5 bpec — pecb'h)
"

— Pecbb)).  (14)

The term L, [p,,] describes the transitions between the levels
le, 1) with different 7. The term L,[p..] describes the tran-
sitions between the levels |g, n). Here n, = [exp(fiw, /kT) —
177! is the mean number of quanta in the reservoir taken
at the phonon frequency. The ratio of transition rates with
energy increasing to energy lowering is yyny/p (1 +ny) =
exp(—hw,/kT), i.e., satisfies the Kubo-Martin-Schwinger
condition [20].

The Lindblad superoperator describing phase destruction
(dephasing) of excitons is

Vdeph

Laepn[p] = ——(6:p6. — p). 5)

The Lindblad superoperator, which describes the relaxation of
the exciton energy, takes the form
A Y 2 2 AR 2 2 A AR 2
LislP) = 5= ) Q6nubG1,, = 6a,800p = PGL,5), (16)
Aw
where Aw = w.; — wg, and Grw = (g, n|&Gle, 7i)|g, n){e, .
The Lindblad superoperator describing incoherent exciton
).

pumping is
_ L Z(r [ Pbau
a7

Lpumplp
In Appendix A we present the explicit form of equations for
the density-matrix elements.

Furthermore, we investigate the dynamics and the spec-
trum of the expected value of polarization operator o (t) =
Tr(p(¢)6), ie., the coherent part of the polarization. In
Appendix B we show that, in the case when a large number
N of molecules occupy subwavelength volume, the radiation
spectrum is proportional to the Fourier spectrum of the co-
herent part of the polarization o (¢) multiplied by N?: § ~
N?| [y dt(6(1)) exp(—iwT)|?.

2 AF A P
— O0AwOpAyP — POAwO

III. THE DYNAMICS OF MOLECULAR POLARIZATION

A. Continuous-wave pumping

First, we consider the case when only a coherent ex-
ternal field excites the system, and there is no incoherent
pumping, i.e., y, = 0. We find the dynamics of the system
by numerical simulations of the master equation (11). We
use the parameters typical for organic MeLPPP molecules
[15,16], namely, wy, =2.4 eV, wy, =0.2 €V, Yyepnh =5 X
1072 eV, v = 1076 eV. We investigate the changing of
the system dynamics with the increase of the Frohlich
interaction constant g by passing the value typical for
MeLPPP, g~ 0.5w,. As an initial condition, we consider
the ground state of electronic subsystems and the ther-
mal state of the vibron subsystem, p(0) =|g){gl ® (1 —
e hen/KTy S e=hov/kT 1) (n|. In addition, we consider the case
of large detuning, Ygeph, ¥o,, 2 <K |@ — 05| K @y, , which
is typical for the nonresonant Raman scattering. In the case
when there is no interaction between vibrons and excitons
(g=0), Eq. (11) describes the dynamics of excitons driven
by monochromatic field. In such a case, the dynamics of
molecular polarization, o (t) = Tr(p(¢)6 ), can be divided [59]
into damped Rabi oscillations at the exciton eigenfrequency
and persistent driven oscillations at the frequency of the
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FIG. 1. (a) The temporal dependence of |o(¢)| = |Tr(p(¢)5)|,
Yoo =1 %107 eV, ygen =5 x 1072 eV, , =2 x 107* eV, Q =
1073 eV, whea =3.5 eV, w, =24 eV, v, =02 ¢V, g=0 eV,
i = 1073, (b) Spectrum of oscillations of o (¢).

external field (Rayleigh response). These dynamics are pre-
sented in Fig. 1(a). The spectrum of the oscillations is the
sum of Lorentzian line at the exciton eigenfrequency with the
width equal to exciton transverse relaxation rates, and the &
function corresponding to Rayleigh response, see Fig. 1(b).
The number of phonons remains unchanged, and there is no
displacement of nuclei (b = 0). Note that the mean value of
operator & is proportional to the irradiated field [60], thus, the
spectrum of oscillations (&) is proportional to the spectrum of
irradiated field.

With the increase of g, dipole moment also exhibits Rabi
oscillations but with beating at vibron frequency, see Fig. 2(a).
The reason of this beating is that the electric field by itself
results in oscillations between electronic ground and excited
states. Because direct product of Fock vibron state and ex-
cited electronic state is not the molecular eigenstate, the
system begins to oscillate at the eigenfrequencies described
by Eq. (8). The difference between these eigenfrequencies is
vibron eigenfrequency w,. The amplitude of vibrons oscillates
at vibron eigenfrequency wy. In the spectrum, the multiple
peaks near the exciton transition frequency w, appear, see
Fig. 2(b) (in this and subsequent figures, we do not show the
6 function of Rayleigh response).

Further increasing of the coupling constant between
phonons and the dipole moment g results in intensifying of
beating of the dipole moment.

When the coupling constant between exciton and vibron
g becomes larger than the vibron eigenfrequency w,, beating
of exciton dipole moment transforms to repeating collapses
and revivals, see Fig. 3(a). The spectrum of the system is the
sum of the Rayleigh § peak and multiple peaks at the exciton
transition frequency, see Fig. 3(b).

0 250 500 1.9 2.4 2.9
Wrielq t w(eV)

FIG. 2. (a) The temporal dependence of |o(t)| = |Tr(p(2)6)|,
Vo =1 x 1073 eV, Yy =5 x 1072 eV, 3, =2 x 107 eV, Q =
1073 eV, wgeqa = 3.5 eV, w, =2.4 eV, w, =0.2 eV, g=0.1¢eV,
i = 1073, (b) Spectrum of oscillations of o (t).
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FIG.3. (a) The temporal dependence of |o(t)|=

[Tr(p(t)6)], yo, = 1 x 1073 ev, Yieph = 5 x 1072 ev,
vy =2x107* eV, Q=103 eV, wsq =3.5 eV, w, =2.4 eV,
w, =02eV, g=0.2¢eV,ii = 1073. (b) Spectrum of oscillations of
o(t).

In all of these cases, beating of oscillations and collapses
and revivals dissipate with the exciton dephasing rate. We
verify this by changing dephasing rate and observing that
beating and collapses and revivals relax with this rate.

We verify that, for the parameters which we use, |w, —
| > €2, the polarization o (¢) linearly depends on the am-
plitude of the external field. Thus, the appearance of the
collapses and revivals is the consequence of the strong
exciton-vibron coupling.

In the Appendix C we show that, without the rotating-wave
approximation, the system dynamics and spectrum do not
change qualitatively.

B. Pulse pumping

Let us now consider the case when in addition to the coher-
ent pump there is short pump pulse. We suppose that the rate
of incoherent pumping is

v, =0, t>1. (18)

The dynamics of the molecule polarization and its spec-
trum are shown in Figs. 4(a) and 4(b). During the pump pulse,
the population of the excited state increases which results in
saturation of excited-state population, see Fig. 4(c). After the
pump pulse is turned off, population inversion gets smaller

yp:V,?» 0<t <,

0.8r @ o2 (b)

S(w) (arb. units
o
R

Wrielg t w (eV)
(c)
-0.2
8'-06
-1H . L
0 1700 3400

Wrield t

FIG. 4. (a) Temporal dynamics of |6 (?)], y,, = 1073 eV, Vdeph =
5x1072 eV, y, =2x107* eV, Q =103 eV, wjuq = 3.5 eV,
w, =24 eV, w,=0.2 eV, g=0.1 eV, to=2/yp, i=10"°
(b) Spectrum of oscillation of o (). (c) Temporal dynamics of
Uz(t) = Tr(b(t)é'z)
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FIG. 5. Temporal dynamics of |o(t)], 2 = 1073 eV, wfq =
35eV,w, =2.4eV,w, =0.2eV,g=0.2¢eV.

and the polarization starts to grow. During these processes, the
polarization dynamics exhibit collapses and revivals similar to
the case without of pulse pump. The only difference is during
saturation the polarization amplitude decreases and amplitude
of oscillations decreases too.

IV. ESTIMATION OF THE COLLAPSE
AND REVIVALS TIMES

To estimate collapse and revival times, we first demonstrate
that it is Hermitian part of the system dynamics which is
responsible for the collapses and revivals. To do that, we write
the Schrodinger equation for the wave function of excitons
and vibrons, which has the form:

L9 A
zh5|w> = H|Y), (19)

where we expand the wave function over the eigenstates of
ﬂmol:

W) =) Con®lg.n) + Y Cos, (e, 7). (20)

The system Hamiltonian is determined by Eq. (4).

The dynamics of mean value of & obtained from numerical
simulations of Egs. (19)—(20) are shown in Fig. 5. It is seen
that Hermitian dynamics quantitatively reproduce the dynam-
ics obtained from the Lindblad equation (11) at times smaller
than inverse dephasing rate y,,. Namely, there is the collapses
in the dynamics of molecule polarization and the revivals
that occur at the same times as they occur when modeling
the Lindblad equation (11). Thus, we can conclude that it
is the Hermitian part of the dynamics that is responsible for
formation of collapses and revivals and neglect dissipation
processes to estimate collapse and revival times.

To estimate the collapse time, we use the following reason-
ing: The eigenstates of the system are described by Eqs. (7)
and (8). Consider the case when the system is initially in
the state |g, 0). The electric field results in transitions to the
state |e, 0). This state is not an eigenstate of the system. As
a result, the projection of the system state to the eigenstate,
say, |e, fiy), will oscillate with the frequency of this eigen-
state and will have the amplitude (7, |0). In Fig. 6, we show
the dependence of this matrix element in two cases: weak
g/wy < 1 and strong g/wy, > 1 exciton-vibron coupling. We
see that the higher the value g/w,, the smoother the function
(7ig]0). Thus, in the case of strong exciton-vibron coupling,

Th — a=01
& — a=2
N
S 05}
i
v
0
0 5 10

n

FIG. 6. Dependence of the matrix element (i1|n) on 7 for n = 0.

after the transition to the state |e, 0), one has simultaneous ex-
citations of many system eigenstates |e, 7i,). The projections
of the system state to these eigenstates will oscillate with close
eigenfrequencies w, (1 — a?) + w, (7, + 1/2). The difference
between these eigenfrequencies, wy, is much less than the
eigenfrequencies themselves.

Thus, we can consider the shifted Fock states as an ef-
fective reservoir for the state |e, 0) which the external field
excites. Indeed, an analogous situation takes place if we con-
sider one initially excited harmonic oscillator interacting with
an interaction constant g with a set of a large number of
harmonic oscillators with difference Aw between their eigen-
frequencies. The last will play the role of effective reservoir
and will result in exponential relaxation of the oscillator en-
ergy with the rate 7 g%/ Aw [61].

As a result, we can estimate the collapse time as an inverse
rate of relaxation of oscillations to the reservoir of system
eigenstates:

w

~_ % 2\—1
I 2@ M@ (ga|M(a)|")™", (2D

where M («) = max (0|7, ) is the characteristic value of matrix
elements of the transition described by Eq. (10).

To estimate the revival time, we should take into account
that the effective reservoir of shifted vibron states has a dis-
crete spectrum. It is known that, in such a case, the excitation,
initially stored in the system and subsequently transferred into
the reservoir, will return to the system after time 277 / Aw [62].
Thus, in the case considered, the revival time can be estimated
as 21 /wy.

4.+ — Numerical
:?f_, — Analytical
3
Ee)
o
-

3.5+ . . ,

-29 -2.75 -26
Log[9/ Wrieiq]

FIG. 7. The theoretical dependence of the collapse time on the
Frohlich constant g in a logarithmic scale, Q = 1073 eV, wheq =
35eV,w, =24¢eV,w, =0.2eV.
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Figure 7 shows the dependence of the time of the first
collapse as a function of the Frohlich constant of interaction
obtained from a numerical simulation and from analytical
estimates. It is seen good agreement between them.

V. CONCLUSION

In this work, we consider the temporal dynamics of the
molecule which electronic degrees of freedom strongly cou-
pled with degrees of freedom of nuclei vibrations. We show
that when the coupling constant is larger than the vibron fre-
quency, transient oscillations of polarization exhibit collapses.
The reason for the collapses is connected with structure of the
eigenstates of the system. The eigenstates of the system can
be divided into two subsets. The first one is the direct product
of the ground electronic state and Fock states of nuclei vibra-
tions. The second subset is the direct product of the excited
electronic state and shifted Fock states of nuclei vibrations.
The action of external monochromatic field on the molecular
dipole moment by itself results in Rabi cycle between ground
and excited electronic states during which the system changes
the electronic state but does not change the vibrational state
because we consider Raman-active molecules. As a result,
after half of a Rabi cycle, starting from, e.g., the ground elec-
tronic state and the Fock vibrational state, the system occurs at

J

an excited electronic state and still the Fock vibrational state.
This state is not an eigenstate and the system begins to transit
to the eigenstates of the second subset, e.g., to an excited
electronic state and a shifted vibrational state. If the time of
this transition is smaller than both inverse dephasing rate and
inverse vibrational frequency, the collapse of the transition
oscillations appear. Due to the frequency difference between
the Fock vibrational states and shifted Fock vibrational states
are equal to each other, the revival of transient oscillations
appears. These collapses and revivals proceed until transient
oscillations dissipate due to dephasing. They manifest in the
spectrum of polarization oscillations as splitting of the spec-
tral line in the vicinity of electronic transition frequency.
Namely, the spectral line splits into multiple lines with width
equal to the inverse collapse time and distance between them
equals the vibron frequency. The obtained results provides an
additional tool for measurement of the vibron frequency and
constant of interaction between electronic and nuclei vibra-
tional degrees of freedom.
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APPENDIX A: EQUATIONS FOR THE DENSITY MATRIX ELEMENTS

Using Eq. (11), we can write the equations for each matrix element (12) of the density matrix p. They have the form

. L . Q2 N Q2 -
pe,ﬁm,e,r’tzu - lwv(nla — Ny )Pe,ﬁw,e,ﬁga - 136 e Z <n1a |7/ll>log,n|,e,ﬁg‘x + lzelwt Z <n2|n2a>pe,ﬁ1a,g,nz (Al)
ny ny
— Yo.Pesnein T Vp Y (milfi1a) (Maliine) gn, gns (A2)
nip,np
y(ig + 1) ~ — _ _
+ VT(Z\/(nla + 1) (e + l)pe,ﬁ1d+1,e,ﬁg(,+l — (e + n2a)/0e,r”tm,e,ﬁ2u) (A3)
wio o — " _
+ V2 (2« MaNa2 Pe,iiyg—1,e,fig—1 — (fiig + Tig + z)pe,fzm.e,ﬁm)a (A4)
. . . ~ Q iot ~ Q iwt ~
pg,n,e,ﬁa = la)o‘,og,n,e,ﬁa + lwv(”a - n)pg,n,e.ﬁw - 136 ; <n|nla>pe,ﬁm,e,ﬁa + lze nX: (n2|n(x>pg,n,g,n2
la a
Yp + Vo, + Vdeph
- %p&n,e,ﬁa 5 (AS)
. . . ~ Q —iwt ~ Q —iwt =
Pe.fig.gn = —IWq Pe,fiy.gn + iwy(n — na))oe,ﬁa,g,n - lEe Z (na|n1>pg,n1,g,n + lEe Z (n2a|n>p€»7!m€ﬁ2a
n oy
Vp + Vo, + Vdeph
- e (A6)
. . Q iwt ~ Q —iwt ~
pg.nl,g,nz - lwv(nl - nZ)pg,nl,g,nz - 136 Z(nl |nlot>loe.ﬁ1a,g,n2 + lEe Z<n2a|n2>pg,nl,e,ﬁ2a
7!10( lea
_ . wig+1) =
- yppg,nl,g,nz + yd; Z (nl|nla><n2|n2a>pe,ﬁm,e,ﬁ2a + VT(Z (nl + 1)(”2 + l)pg,711+l,g,n2+1
(PR
Yiio
- (nl + nl)pg,nl,g,nz) + VT(zv nanpg,nlfl,g,nzfl - (nl + np + 2)pg,n1,g,ng)~ (A7)
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APPENDIX B: THE RADIATION SPECTRUM

In this Appendix, we derive the general expression for the radiation spectrum.

The radiation spectrum can be calculated (see Ref. [63]) as the number of radiated photons, (n(w, w)) for each free-space
mode with wave vector k and polarization p and multiply them by Zwy. To calculate the number of irradiated photons, we
consider an ensemble of noninteracting molecules, each of which interacts with the external monochromatic wave and, in
addition, with the free-space modes. The Hamiltonian of such system has the form

Zhwk Itak uakp, + Z Qk s j(ak MUJ + ak ;Loj) + ZHmol J + ZHmol field, j» (Bl)
k., k,u,j J J
where Qy , j = —d.Ey ,(r;)/F is the Rabi interaction constant between the molecular dipole moment and the electric field of

the free-pace mode with wave vector k and polanzatlon uw, Ex “ (r;) = /2mhay/V exp(ikr;)e , (V is the quantization volume,
ek, is the polarization vector). The Hamiltonians Hmol j and Hool. field, j Tor each jth molecule are given by Eqgs. (1) and (2).

We can solve this problem into two steps that are used for calculating the spectrum (see, e.g., Ref. [64]). In the first step,
we exclude free-space mode variables using the Born-Markov approximation. At this step, for each jth molecule we obtain the
Lindblad master equation (11).

In the second step, supposing that the dynamics of each molecule is determined by the Lindblad superoperator, we find the
number of irradiated photons using Heisenberg equation of motion. The Heisenberg equation for the operators dx ,, has the form

day,,,
dt

i L . .
= 1A, ] = —ion pl p — iy Qi j6(0). (B2)
J

Supposing that the dynamics of the operator &;(¢) is known from Eq. (11), we can formally integrate Eq. (B2) and obtain

t
i, (1) = G, (0) expl—iey ut] — i Y Qk,u,,/ dté(v) expl—iwy . (t — T)]. (B3)
. 0
J
The first term is the initial value of the operator @,  which determines the initial number of photons. The second term is

responsible for the irradiated photons which we are 1nterested in. Using the second part of the last equation, we can write the
following equation for the number of irradiated photons:

M) = 39 Qs f dv, f 4716 ()8, (1) expl—idn (72 — 7)), (B4)
iz
This equation can be rewritten if we divide the total response of molecule polarization 6 into two parts. The first one is

the coherent response on the external field, (6). The second part describes quantum fluctuations, AG =6 — (6), (AG) = 0.
Substituting 6 = (6) + A6 into the Eq. (B4), we obtain

M = 3 9% Qe / i, / dn (87 (e))(8), (2)) expl—idon u(zs — )] (BS)
JisJ2
+ )9, M/ dTZ/ dri(A6] (12)AG, (1)) expl—id . (T2 — T1)]
JisJ2

2

ZQ““// dt(6;(1)) exp(—idx ,T)

+ Y Qo f dr, / dv(A6] (1) A6 (T1)) expl—idx (T2 — T1)]. (B6)
j 0 0

At the last step we use that, for noninteracting and initially non-correlated atoms, (AG;, AGj,) = (AG},){(AG},) =0, ji # jo. As
a result, we have

S(@) = Scon(@) + Sguct (@), B7

where the coherent part is

2

Seon(®) = Zszku, / 4T (6,(0)) exp(—idn 7)) (B8)
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FIG. 8. (a) The temporal dependence of |o ()| = |Tr(p(¢)6)| calculated without the rotating-wave approximation, y, = 1 X 1073 eV,
Vieph =3 % 1072 eV, 9, =2 x 107* eV, Q= 1073 eV, wpq = 3.5eV, 0, =24 eV, v, =0.2 eV, g=0.1¢eV, 7i = 107, (b) Spectrum of
oscillations of o (1).

and the fluctuation part is
t t
Stuct (@) = o Y | i / dr, / dTi (A6 (0)AG(1)) expl—idn (T2 — T1)]. (BY)
. 0 0
J

Suppose that the sample of the molecules are in subwavelength volume such that Qy ,, ; = exp(ikr;)Q2y = Q0. The first term is

proportional to the square of number of molecules, N2, while the second one is proportional to the number of molecules, N. In

the case of large number of molecules, the coherent part of the spectrum is much larger than the fluctuation part, Scon > Stuct-
Thus, in the case of noninteracting molecules in subwavelength volume, the radiation spectrum can be calculated using the

response of one molecule as follows:

2

/dt(&(t))exp(—iwk,ut) .

0

S(w) >~ N?||? (B10)

APPENDIX C: THE INFLUENCE OF THE ROTATING-WAVE APPROXIMATION ON THE RADIATION SPECTRUM

In this Appendix, we calculate the system dynamics by taking into account non-RWA terms that have been neglected in the
main text. Namely, we assume that the Hamiltonian Hyo.fiels Of molecule-field interaction has the form

Huol-fiela = 26 + 6 )[exp (—iwt) + exp (iwt)]. (CI)

Figures 8(a) and 8(b) show the dynamics of o (f) and the spectrum. It is seen that, in the dynamics, high-frequency oscillations
appear. However, the spectrum in the frequency range corresponding to collapses and revivals does not change significantly
[cf. Figs. 8(b) and 2(b)]. This is because the terms that oscillate at the frequencies w, + @ do not influence on the frequency
range near w, where collapses and revivals manifest. Thus, the predicted phenomenon is present without the rotating-wave

approximation.

[1] C. V. Raman and K. S. Krishnan, A new type of secondary
radiation, Nature (London) 121, 501 (1928).

[2] G. Landsberg and L. Mandelstam, A new appearance in the light
diffusion in crystals, Naturwissenschaften 16, 557 (1928).

[3]1 D. A. Long and D. Long, The Raman Effect: A Unified
Treatment of the Theory of Raman Scattering by Molecules
(Wiley, Chichester, 2002), Vol. 8.

[4] D. N. Sathyanarayana, Vibrational Spectroscopy: Theory and
Applications (New Age International, New Delhi, 2015).

[5] B. Schrader, Infrared and Raman Spectroscopy: Methods and
Applications (John Wiley & Sons, New York, 2008).

[6] A. Weber, Raman Spectroscopy of Gases and Liquids (Springer
Science & Business Media, 2012), Vol. 11.

[71 Y. Feng, Raman Fiber Lasers (Springer, 2017), Vol. 207.

[8] M. N. Islam, Overview of Raman amplification in telecom-
munications, Raman Amplifiers for Telecommunications 1:
Physical Principles, Springer Series in Optical Sciences,
Vol. 90/1 (Springer, New York, NY, 2004), pp. 1-34.

[9] J. C. White, Stimulated Raman Scattering, in Tunable Lasers
(Springer, 1987), pp. 115-207.

[10] M. K. Schmidt, R. Esteban, F. Benz, J. J. Baumberg, and J.
Aizpurua, Linking classical and molecular optomechanics de-
scriptions of SERS, Faraday Discuss. 205, 31 (2017).

[11] P. Roelli, C. Galland, N. Piro, and T. J. Kippenberg, Molecular
cavity optomechanics as a theory of plasmon-enhanced Raman
scattering, Nat. Nanotechnol. 11, 164 (2016).

[12] A. Lombardi, M. K. Schmidt, L. Weller, W. M. Deacon,
F. Benz, B. de Nijs, J. Aizpurua, and J. J. Baumberg,

014311-8


https://doi.org/10.1038/121501c0
https://doi.org/10.1007/BF01506807
https://doi.org/10.1039/C7FD00145B
https://doi.org/10.1038/nnano.2015.264

COLLAPSES AND REVIVALS OF POLARIZATION AND ...

PHYSICAL REVIEW B 108, 014311 (2023)

Pulsed Molecular Optomechanics in Plasmonic Nanocavities:
From Nonlinear Vibrational Instabilities to Bond-Breaking,
Phys. Rev. X 8, 011016 (2018).

[13] F. Herrera and F. C. Spano, Absorption and photoluminescence
in organic cavity QED, Phys. Rev. A 95, 053867 (2017).

[14] F. Herrera and F. C. Spano, Theory of nanoscale organic cav-
ities: The essential role of vibration-photon dressed states,
ACS Photonics 5, 65 (2018).

[15] A. V. Zasedatelev, A. V. Baranikov, D. Urbonas, F. Scafirimuto,
U. Scherf, T. Stoferle, R. F. Mahrt, and P. G. Lagoudakis, A
room-temperature organic polariton transistor, Nat. Photonics
13,378 (2019).

[16] A. V. Zasedatelev, A. V. Baranikov, D. Sannikov, D. Urbonas,
F. Scafirimuto, V. Y. Shishkov, E. S. Andrianov, Y. E. Lozovik,
U. Scherf, T. Stoferle et al., Single-photon nonlinearity at room
temperature, Nature (London) 597, 493 (2021).

[17] G. Placzek, Rayleigh-Streuung und Raman-Effekt (Akademis-
che Verlagsgesellschaft, 1934), Vol. 2.

[18] S. Nakajima, On quantum theory of transport phenomena:
Steady diffusion, Prog. Theor. Phys. 20, 948 (1958).

[19] R. Zwanzig, Ensemble method in the theory of irreversibility,
J. Chem. Phys. 33, 1338 (1960).

[20] H.-P. Breuer and E. Petruccione, The Theory of Open Quantum
Systems (Oxford University Press on Demand, 2002).

[21] H. Grabert, Projection Operator Techniques in Nonequilibrium
Statistical Mechanics (Springer, 2006), Vol. 95.

[22] H. Frohlich, Electrons in lattice fields, Adv. Phys. 3, 325 (1954).

[23] H. Koppel, W. Domcke, and L. S. Cederbaum, Multimode
molecular dynamics beyond the Born-Oppenheimer approxi-
mation, Adv. Chem. Phys. 57, 59 (2007).

[24] M. Born and R. Oppenheimer, Quantum Chemistry: Clas-
sic Scientific Papers, World Scientific Series in 20th-Century
Chemistry, Vol. 8 (World Scientific Publishing, 2000), p. 1.

[25] V. Y. Shishkov, E. S. Andrianov, A. A. Pukhov, A. P.
Vinogradov, and A. A. Lisyansky, Enhancement of the Ra-
man Effect by Infrared Pumping, Phys. Rev. Lett. 122, 153905
(2019).

[26] F. Herrera and F. C. Spano, Cavity-Controlled Chemistry
in Molecular Ensembles, Phys. Rev. Lett. 116, 238301
(2016).

[27] F. Herrera and F. C. Spano, Dark Vibronic Polaritons and the
Spectroscopy of Organic Microcavities, Phys. Rev. Lett. 118,
223601 (2017).

[28] V. Y. Shishkov, E. S. Andrianov, A. A. Pukhov, A. P.
Vinogradov, and A. A. Lisyansky, Connection between vibra-
tional instabilities of molecules in surface-enhanced Raman
spectroscopy and Raman lasing, Phys. Rev. A 100, 053838
(2019).

[29] T. Neuman, J. Aizpurua, and R. Esteban, Quantum the-
ory of surface-enhanced resonant Raman scattering (SERRS)
of molecules in strongly coupled plasmon—exciton systems,
Nanophotonics 9, 295 (2020).

[30] R. J. Holmes and S. R. Forrest, Strong Exciton-Photon Cou-
pling and Exciton Hybridization in a Thermally Evaporated
Polycrystalline Film of an Organic Small Molecule, Phys. Rev.
Lett. 93, 186404 (2004).

[31] R. Holmes and S. Forrest, Strong exciton—photon coupling in
organic materials, Org. Electron. 8, 77 (2007).

[32] J. George, S. Wang, T. Chervy, A. Canaguier-Durand, G.
Schaeffer, J.-M. Lehn, J. A. Hutchison, C. Genet, and T. W.

Ebbesen, Ultra-strong coupling of molecular materials: Spec-
troscopy and dynamics, Faraday Discuss. 178, 281 (2015).

[33] J. Kabuss, A. Carmele, and A. Knorr, Threshold behavior and
operating regimes of an optically driven phonon laser: Semi-
classical theory, Phys. Rev. B 88, 064305 (2013).

[34] V. May and O. Kiihn, Charge and Energy Transfer Dynamics in
Molecular Systems (John Wiley & Sons, 2008).

[35] G. Lindblad, On the generators of quantum dynamical semi-
groups, Commun. Math. Phys. 48, 119 (1976).

[36] V. Gorini, A. Kossakowski, and E. C. G. Sudarshan, Completely
positive dynamical semigroups of n-level systems, J. Math.
Phys. 17, 821 (1976).

[37] 1. V. Vovchenko, V. Y. Shishkov, A. A. Zyablovsky, and E. S.
Andrianov, Model for the description of the relaxation of
quantum-mechanical systems with closely spaced energy levels,
JETP Lett. 114, 51 (2021).

[38] R. Kosloff, Quantum thermodynamics: A dynamical viewpoint,
Entropy 15, 2100 (2013).

[39] E. B. Davies, Markovian master equations, Commun. Math.
Phys. 39, 91 (1974).

[40] V. Y. Shishkov, E. S. Andrianov, A. A. Pukhov, A. P.
Vinogradov, and A. A. Lisyansky, Relaxation of interacting
open quantum systems, Phys. Usp. 62, 510 (2019).

[41] J. Kabuss, A. Carmele, T. Brandes, and A. Knorr, Optically
Driven Quantum Dots as Source of Coherent Cavity Phonons:
A Proposal for a Phonon Laser Scheme, Phys. Rev. Lett. 109,
054301 (2012).

[42] A. Carmele, M. Richter, W. W. Chow, and A. Knorr, Antibunch-
ing of Thermal Radiation by a Room-Temperature Phonon
Bath: A Numerically Solvable Model for a Strongly Interacting
Light-Matter-Reservoir System, Phys. Rev. Lett. 104, 156801
(2010).

[43] D.E. Reiter, T. Kuhn, and V. M. Axt, Distinctive characteristics
of carrier-phonon interactions in optically driven semiconductor
quantum dots, Adv. Phys.: X 4, 1655478 (2019).

[44] C. Dutreix and M. I. Katsnelson, Dynamical control of electron-
phonon interactions with high-frequency light, Phys. Rev. B 95,
024306 (2017).

[45] M. Reitz and C. Genes, Floquet engineering of molecular dy-
namics via infrared coupling, J. Chem. Phys. 153, 234305
(2020).

[46] P. E. Kornilovitch, Periodically driven small polarons,
Phys. Rev. B 95, 165121 (2017).

[47] A. Carmele, A. Knorr, and F. Milde, Stabilization of photon
collapse and revival dynamics by a non-Markovian phonon
bath, New J. Phys. 15, 105024 (2013).

[48] B. Guzelturk, Y. Kelestemur, M. Olutas, S. Delikanli, and H. V.
Demir, Amplified spontaneous emission and lasing in colloidal
nanoplatelets, ACS Nano 8, 6599 (2014).

[49] S. Hoogland, Optical gain and lasing in colloidal quantum
dots, Colloid. Quantum Dot Optoelectron. Photovolt. 199, 199
(2013).

[50] S. Anantathanasarn, R. Notzel, P. Van Veldhoven, F. Van Otten,
Y. Barbarin, G. Servanton, T. dE VRIES, E. Smalbrugge,
E. Geluk, T. Eijkemans et al., Lasing of wavelength-tunable
(1.55 um region) in As/InGaAsP/InP (100) quantum dots grown
by metal organic vapor-phase epitaxy, Appl. Phys. Lett. 89,
073115 (2006).

[51] F. Heinrichsdorff, M.-H. Mao, N. Kirstaedter, A. Krost, D.
Bimberg, A. Kosogov, and P. Werner, Room-temperature

014311-9


https://doi.org/10.1103/PhysRevX.8.011016
https://doi.org/10.1103/PhysRevA.95.053867
https://doi.org/10.1021/acsphotonics.7b00728
https://doi.org/10.1038/s41566-019-0392-8
https://doi.org/10.1038/s41586-021-03866-9
https://doi.org/10.1143/PTP.20.948
https://doi.org/10.1063/1.1731409
https://doi.org/10.1080/00018735400101213
https://doi.org/10.1103/PhysRevLett.122.153905
https://doi.org/10.1103/PhysRevLett.116.238301
https://doi.org/10.1103/PhysRevLett.118.223601
https://doi.org/10.1103/PhysRevA.100.053838
https://doi.org/10.1515/nanoph-2019-0336
https://doi.org/10.1103/PhysRevLett.93.186404
https://doi.org/10.1016/j.orgel.2006.05.005
https://doi.org/10.1039/C4FD00197D
https://doi.org/10.1103/PhysRevB.88.064305
https://doi.org/10.1007/BF01608499
https://doi.org/10.1063/1.522979
https://doi.org/10.1134/S0021364021130099
https://doi.org/10.3390/e15062100
https://doi.org/10.1007/BF01608389
https://doi.org/10.3367/UFNe.2018.06.038359
https://doi.org/10.1103/PhysRevLett.109.054301
https://doi.org/10.1103/PhysRevLett.104.156801
https://doi.org/10.1080/23746149.2019.1655478
https://doi.org/10.1103/PhysRevB.95.024306
https://doi.org/10.1063/5.0033382
https://doi.org/10.1103/PhysRevB.95.165121
https://doi.org/10.1088/1367-2630/15/10/105024
https://doi.org/10.1021/nn5022296
https://doi.org/10.1017/CBO9781139022750.009
https://doi.org/10.1063/1.2336077

TERESHCHENKOV, SHISHKOV, AND ANDRIANOV

PHYSICAL REVIEW B 108, 014311 (2023)

continuous-wave lasing from stacked InAs/GaAs quantum dots
grown by metalorganic chemical vapor deposition, Appl. Phys.
Lett. 71, 22 (1997).

[52] H. Ishikawa, H. Shoji, Y. Nakata, K. Mukai, M. Sugawara,
M. Egawa, N. Otsuka, Y. Sugiyama, T. Futatsugi, and
N. Yokoyama, Self-organized quantum dots and quantum dot
lasers, J. Vac. Sci. Technol., A 16, 794 (1998).

[53] J. Altman, R. Stone, B. Dunn, and F. Nishida, Solid-state laser
using a rhodamine-doped silica gel compound, IEEE Photonics
Technol. Lett. 3, 189 (1991).

[54] O. Peterson, S. Tuccio, and B. Snavely, CW operation of
an organic dye solution laser, Appl. Phys. Lett. 17, 245
(1970).

[55] E. J. Duarte and L. W. Hillman, Dye Laser Principles: With
Applications (Elsevier, New York, 1990), p. 472.

[56] L. I. Khanin, Fundamentals of Laser Dynamics (Cambridge Int.
Science Publishing, 2006).

[57] A.1.Baz’, 1. B. Zeldovich, and A. Perelomov, Scattering, Reac-
tions and Decay in Nonrelativistic Quantum Mechanics (Israel
Program for Scientific Translations, 1969).

[58] S. Barnett and P. M. Radmore, Methods in Theoretical Quantum
Optics (Oxford University Press, 2002), Vol. 15.

[59] M. O. Scully and M. S. Zubairy, Quantum Optics (Cambridge
University Press, Cambridge, 1997).

[60] H. J. Carmichael, Statistical Methods in Quantum Optics 1:
Master Equations and Fokker-Planck Equations (Springer Sci-
ence & Business Media, 1999), Vol. 1.

[61] T. T. Sergeev, A. A. Zyablovsky, E. S. Andrianov, A. A.
Pukhov, Y. E. Lozovik, and A. P. Vinogradov, A new type
of non-Hermitian phase transition in open systems far from
thermal equilibrium, Sci. Rep. 11, 24054 (2021).

[62] V. Tatarski, Example of the description of dissipative processes
in terms of reversible dynamic equations and some comments
on the fluctuation-dissipation theorem, Sov. Phys. Usp. 30, 134
(1987).

[63] J. D. Cresser, Theory of the spectrum of the quantised light
field, Phys. Rep. 94, 47 (1983).

[64] H. J. Carmichael, Statistical Methods in Quantum Optics 1:
Master Equations and Fokker-Planck Equations (Springer Sci-
ence & Business Media, 2013).

014311-10


https://doi.org/10.1063/1.120556
https://doi.org/10.1116/1.581060
https://doi.org/10.1109/68.79748
https://doi.org/10.1063/1.1653384
https://doi.org/10.1038/s41598-021-03389-3
https://doi.org/10.1070/PU1987v030n02ABEH002811
https://doi.org/10.1016/0370-1573(83)90120-5

