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ABSTRACT

We theoretically propose a new method for generating up-converted coherent light from two-level systems (TLSs) coupled with a plasmonic
nanocavity. The emission spectrum of a TLS excited by a strong laser exhibits a triplet structure called the Mollow triplet. If the lower Mollow
sideband is tuned to the cavity mode energy, population inversion of a TLS occurs. When the driving laser is abruptly truncated under this
condition, an up-converted photon is emitted from the TLSs. We also predict the up-converted superfluorescence from an ensemble of TLSs

as a correlation effect among the excited states of the TLSs.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5128020

. INTRODUCTION

Multiparticle correlation of quantum two-level systems (TLSs),
such as molecular dyes and quantum dots, is of utmost importance
in developing new functions of quantum complex systems.' Because
the interparticle correlation is caused by the photon exchange
among the TLSs,” the control of light frequency, intensity, and its
spatial structure makes it possible to enhance the correlation effects.

One of the multiparticle correlation effects is the superfluo-
rescense from a dense ensemble of population-inverted TLSs,” in
which a delayed burst of photoemission occurs due to the phase
synchronization of the transition dipole of each TLS, i.e., the for-
mation of macroscopic polarization. Although the excited TLSs are
initially uncorrelated, the correlation among them is spontaneously
developed by emitting and absorbing photons repeatedly. The super-
fluorescense has been experimentally observed for atomic (molec-
ular) gases,”"" solid crystals,"”"* quantum wells,"”'* and quantum
dots.lilN

In this paper, we propose a new method to realize super-
fluoresence having higher frequency than that of the input laser,

i.e., up-converted superfluorescense by using TLSs coupled with a
plasmonic nanocavity. The up-conversion of photon frequency is
one of the crucial techniques for quantum information technolo-
gies because the standard telecommunication wavelength is usually
different from that in quantum information processing. The up-
converted superfluorescense is achieved by a rapid truncation of the
red-detuned driving laser under the population inversion condition
of the TLSs. In this sense, this setup is different from those in the
previous theoretical studies.'” '

This paper is organized as follows: In Sec. II, the method
to generate up-converted photons using the plasmonic nanocav-
ity is described with a model Hamiltonian and master equation. In
Sec. 111, after discussing the calculated results of the up-converted
photoemission from the system with a single TLS, we demonstrate
the up-converted superfluorescence from the system with an ensem-
ble of TLSs. The up-converted superfluorescence occurs due to the
formation of a multiparticle correlation of the TLSs in a photon
field designed by localized plasmonic resonance. This up-converted
superfluorescence may lead to innovative metrology and energy
conversion systems.
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Il. MODEL AND CALCULATION METHOD

We consider a model system where N TLSs are placed in a plas-
monic nanocavity. The plasmonic nanocavity consists of nanoscale
metal structures, in which an extremely strong and localized elec-
tric field appears due to the localized surface plasmons. This local-
ized field is so enhanced that nonlinear photoexcitations, even in
molecules, can be achieved even if a weak field is irradiated.”””’
Furthermore, it has been proposed that the use of the higher-order
modes of localized surface plasmons and hybrid metal-dielectric
systems realizes high-Q cavity modes.”**’

A pump cw laser with frequency w, is directly irradiated, not
through the cavity mode with frequency hw,, to the TLSs with reso-
nant excitation energy hwa [see Fig. 1(a)]. The interaction between
the pump field and TLSs is denoted by hQ(t), in which the time
dependence comes from the rapid truncation of the pump field. On
the other hand, the coupling energy fig between a TLS and a cavity
mode photon is constant.

In the rotation wave approximation (RWA), the Hamiltonian
of this system is given by

"D (1) hsala hg(rra+a). ()

N
H = ZhA@+¢7j_ + 5

j=1

in the rotational frame of the driving frequency wy, where A = wy
— wyg and § = w. — wy are the frequency detunings, oj. is the lad-
der operator of the jth TLS, J. = Zjli 1 0j+ is the collective ladder
operator of the ensemble of the TLSs, and a is the annihilation oper-
ator of the cavity mode. The laser frequency wj is red detuned from
the resonant frequency wx of the TLSs, i.e., A > 0. The irradiated
laser intensity is constant, and the corresponding interaction energy
is denoted by iQy.

The irradiation of a strong laser field on to a TLS forms
dressed states, and the fluorescence spectra due to the level tran-
sitions exhibit a Mollow triplet with peak frequencies of w, and

wg = /A2 + Q2 " When the lower Mollow frequency is tuned to
the cavity mode, ie, § = — /A% + Q%, the maximum population

(a)

— (b)

Dressed states

Bare states

KL

FIG. 1. (a) Schematic picture of an ensemble of TLSs in the bad-cavity limit. (b)
Temporal profile of the pump light intensity. (c) Level diagrams for the undressed
states and dressed states. A and & denote the TLS detuning and cavity detun-
ing from the driving frequency, respectively. Qo = /A% + Q2 and y = ¢?lx are
the Rabi splitting energy at t = 0 and the cavity-modified decay rate of the TLS,
respectively.
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inversion of the TLSs occurs in this system.” Such a stationary
inversion of TLSs by red-detuned lasers has been theoretically stud-
ied."”*""% The schematic level diagram of our system is illustrated
in Fig. 1(c).

After achieving the maximum population inversion, the pump
laser is rapidly truncated at t = 0 with

Q1) = Q[1-0()(1-¢)], (2)

where T is the truncation rate and ©(t) is the Heaviside function
[see Fig. 1(b)]. The rapid truncation of the laser results in rapid
shrinkage of the level splittings of the Mollow triplet, and there-
fore, the excited-state population cannot follow the change adia-
batically. Owing to this nonadiabatic change, the populations of
the TLSs are still inverted after the laser truncation. As a result,
the up-converted photons can be emitted from the undressed
TLSs.

In the truncation process of the cw laser, the laser frequency
is broadened in the order of 1/T. This effect partly assists the exci-
tation of the TLSs. In order to reduce the broadening effect on the
excitation, we restricted the truncation rate I' < A/2 in the follow-
ing calculations. The frequency broadening is considered to be much
smaller than the excitation frequency wa of the TLSs; therefore, the
RWA is valid in our system.

The dissipation effects of the cavity photons and the excited
states of the TLSs are introduced using the master equation. Here,
we consider the bad-cavity limit in which the dissipation rate x of
the cavity photons is much larger than the interaction g between a
cavity photon and a TLS. Furthermore, we assume that g is much
larger than the dissipation rate y of the TLSs. Under the condition
k > g > y, the cavity-mode variable can be adiabatically elimi-
nated, and therefore, only the operators of the TLSs appear in the
master equation. This cavity-modified master equation in the bad-
cavity limit was first derived by Zhou.”” By using this procedure,
we extend the cavity-modified master equation to the case of mul-
tiple TLSs. The resultant master equation for the density matrix p is
written as

L p(0) =1 [Hap(O] + Lap() + Lanp(D), )
where

Lap(t) = yQ2J-p()]+ = J:J-p(t) = p()]+]-), 4

and

Lenp(t) = ye D {J-p(1)Sjs(t) + Si-(£)p(t)]+

j=1
= L:Si-(0)p(8) = p(6)Sj+ ()]~} ®)

are the Lindblad superoperators. In Eq. (5), y. = g*/« is the photoe-
mission rate of the TLSs, and Sj— (¢) = Ao(t)0j:+.A:1(t) 0 + A2 (t) 05—
is the cavity-modified lowering operator; the lengthy expressions of
Aj(t) are given in Appendix A.

To solve the infinite hierarchy of the Heisenberg equations, we
employ the cluster expansion method in which the higher-order
expectation values are approximately derived using the products
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of the expectation values at a certain order.”” ** In particular, we
employ the formulation presented by Leymann et al.”’' In the
formulation, the system dynamics are reduced to four equations
of motion for (01-), {01z), (01+02-), and (01-0>-) in a closed
form, where (0i10;-) = (014+01-) and (0is0j-) = (01402-) (i # j)
are derived from the symmetric properties of these expecta-
tion values. The explicit forms of these equations are shown in
Appendix B.

The equations of motion describe the population and emitted
photon dynamics after the truncation of the incident laser. Accord-
ing to the input-output theory, the annihilation operator of the emit-
ted photons is given by aou = Zfil \/?(f,'_,‘w’2 and hence, the emitted
photon number is given by

(aiutuom) = yN(o1+01-) + PN(N — 1)(01+02-). (6)

The second term represents the cooperative effect of photoemission.
The inter-TLS correlation (0i10j-) (i # j) is enhanced by increasing
the inter-TLS interaction through an increase in Q. The photoemis-
sion spectra S(w) measured after the laser truncation is calculated

from
N oo 2
S(w):Z( / dte(t)\/yoj-e " > (7)
AT e
Ill. RESULTS
A. Single TLS

We first demonstrate the up-converted photoemission from a
single TLS coupled with a plasmonic nanocavity for various trunca-
tion decay rates I of the irradiated laser. The photoemission from
the stationary driving system, which exhibits a Mollow triplet, is
caused by the transitions between the dressed states, that is, the
photoemission due to the level transition of an undressed TLS
does not occur. However, the photons can be emitted from the
undressed TLS when the laser is rapidly truncated. This is because
the rapid truncation leads to nonadiabatic level transitions of
the TLS.

Figure 2 shows the photoemission spectra of a single TLS
for various truncation rates I' = 0.2k, 0.4x, and 0.8x. For
x = 18 GHz, the corresponding truncation time is on the order
of 100 ps. Since a truncation time of ~100 fs has been obtained,"’
these truncation times are quite feasible. We employ the follow-
ing parameters in the calculations: Qo/x = 5, g/x = 0.3, A/k = 1.5,
and y/x = 4.4 x 107>, The lower Mollow triplet (8 = —/A2 + Qp) is
tuned to the cavity mode frequency w,, which is the optimal condi-
tion for population inversion. Using these parameters, the popula-
tion inversion of the TLS occurs with the excited-state population of
about 0.6.

For I = 0.2«, the spectrum has a single peak at w = w,; due to
elastic scattering.”’ With an increase in T, a sharp peak appears and
grows at (w — wy)/k = 1.5 = A/k, i.e., at w = wg + A = wa. This
fact indicates that the peak is caused by the photoemission from
the undressed TLS. The peak frequency is higher than that of the
irradiated laser, that is, the peak is a signal of the up-converted pho-
toemission. This peak becomes dominant for I' = 0.8«x. Note that the

ARTICLE scitation.org/journalljcp

Output intensity (a. u.)

Frequency: (0-m4)/x

FIG. 2. Photoemission spectra of the cavity system with a single TLS after the trun-
cation of the driving laser with w = wy for the truncation rates T = 0.2, 0.4x, and
0.8« in (a). We use the parameters Qq/x = 5, glx = 0.3, Alx = 1.5, and y/x = 4.4
x 1073, The Mollow triplet levels of w = wy and wy + /A% + w; lie at
(w — wg)lk = 0 and +5.22 with the present parameters. The cavity-mode fre-
quency wc is tuned to resonance with the lower Mollow triplet. The sharp peak
at 1.5 indicates the signal of the up-converted photoemission, which corresponds
to the photoemission from the undressed TLS. The intensity of the up-converted
photoemission increases with T. To clearly see the up-converted sharp peaks for
T = 0.2« and 0.4«, the range of the vertical axis is changed and the result of
I = 0.8« is eliminated in (b).

peak position is slightly shifted from w4 because of the cavity-TLS
interaction (see Appendix C for details).

B. TLS ensemble

Next, we consider the case of multiple TLSs in the plasmonic
nanocavity. The emitted photon number is proportional to N if the
TLSs emit photons independently, i.e., only the first term of Eq. (6)
is taken into account. The N dependence is eliminated by changing
the coupling from g to \/Ng. The second term of Eq. (6) provides a
cooperative effect, i.e., a super-linear growth in the emitted photon
number. Therefore, if an N dependence appears in the photoemis-
sion properties with fixed v/Ng, it represents a cooperative effect on
the excitation population and emitted photon dynamics. In the fol-
lowing calculations, we choose v/Ng/« = 0.3. The other parameters
are set to be the same as those in the case of a single TLS, and the
lower Mollow triplet is tuned to the cavity-mode frequency w. as
well, as shown in Sec. IIT A.

Figure 3 shows the photoemission spectra around the up-
converted emission peak at w = w4 for N = 1, 5, and 10 with a trunca-
tion rate of I' = 0.8«. The intensity of each spectrum is normalized by
its own peak intensity. It is found that the photoemission linewidth
increases with increasing N. This fact indicates that a cooperative
effect exhibits super-linear spectral broadening of the up-converted
emission peak with increasing N. This is because the radiative decay
rate of the TLSs is enhanced by the correlations between different
TLSs.

The excited-state populations of the TLSs are calculated as 0.6,
0.533, and 0.495 for N =1, 5, and 10, respectively. For a constant Qg
or laser-field intensity, a more intense field is necessary to reach a
similar excited-state population per TLS for a larger N."”
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FIG. 3. Photoemission spectrum for various numbers of TLSs, namely, N = 1,
5, and 10. The laser truncation rate is T = 0.8«, and the cavity-TLS coupling is
V/Ng/x = 0.3. The other parameters are the same as those in Fig. 2. Each
spectral intensity is normalized by its own peak intensity.
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Decay rate of TLS: y/x
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500 ' 1000
Time (xt)

FIG. 4. (a) Excited-state population of a TLS as a function of the decay rate y of
a single TLS. (b) Photoemission dynamics of N = 10 TLSs with \/ﬁg/x =03
for various decay rates y: (1) y/ic =5 x 1073, (2) ylx =2 x 10, and (3) y/x = 2
x 10=*. The other parameters are the same as those in Fig. 2. The delayed peak
for ylxc = 2 x 10~ is magnified in the inset.
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In Fig. 4(a), the populations per TLS for N = 10 are shown
as a function of the dissipation rate y of the TLSs. The population
increases with decreasing y and reaches 0.543 in the bad-cavity limit.
A larger inverted population can be obtained by using a TLS cou-
pled to an off-resonant cavity in the strong coupling regime’* or by
designing a large deviation of the photonic mode density between
the Mollow sidebands."”

Figure 4(b) shows the time profiles of the spectral intensity after
the laser truncation for various y calculated from Eq. (6). The inten-
sity is normalized by that for y/k = 5 x 107> at ¢ = 0 and each
magnification is indicated. The decay of the photoemission inten-
sity becomes slower with decreasing y. Note that the photoemission
peak appears to be delayed from the laser truncation at t = 0 for
ylk =2 x 107%, where the initial population is inverted. The inten-
sity peak is magnified in the inset. This is a characteristic feature
of superfluorescence, where the TLSs spontaneously build up their
correlation with each other.

The appearance of superfluorescence can be understood in
terms of the dynamics of the inter-TLS correlation, which corre-
sponds to the second term of Eq. (6). Indeed, as shown in the equa-
tions of motion in Appendix B, the correlation grows positively
during population inversion, (o1;) > 0. The positive growth of the
correlation is the essential point in superfluorescence.” On the other
hand, the correlation becomes negative for (g1.) < 0, i.e., the excited
population is less than 0.5.

IV. CONCLUSION

We proposed a method to generate up-converted coherent light
by rapidly truncating an applied laser. It was found that instead
of a steady-state photoemission from the Mollow triplet, the rapid
truncation of the light intensity induces an up-conversion superflu-
orescence from the TLS ensembles with population inversion, which
opens a new avenue to realize up-converted coherent light sources.
We restrict ourselves to the weak coupling regime in this study.
However, the excited-state population can be further enhanced in a
strong coupling regime, thus leading to clearer superfluorescence.”*
Finally, it should be remarked that the present theoretical proposal
can be applied not only to systems with a plasmonic cavity but also
to systems with a semiconductor microcavity such as that used in
Ref. 42.
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APPENDIX A: CAVITY-MODIFIED OPERATOR

Throughout this work, we assume that the system is at the bad-
cavity limit (x > g > y). This assumption enables us to trace out
the cavity mode using the cavity parameters. In this case, the cavity-
modified density matrix is expressed using the modified operator
Si—(t) = Ao(t)oj + A1 (t)ojs + Az2(t)0j- (see the detailed calcula-
tions in Ref. 20). After straightforward calculations, one can find the
explicit form of the time-dependent coefficients as follows:
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A K t . (i0-x)T
o(t) = -3 cos20(t) A drsin20(t — 1)e
t St AN AL (i
— sin20(t) / dr cos” 0(t - T)e_’[‘-’Q(t Yt +(i5=x)r
0

t St AN
+ sin20(t)/ drsin® (1 — 1) e O+ R)T |
0

(A1)

_ | sin20(t) ) N (i8-K)T
Ai(t) = K|:72 /0 dr sin20(t — 7)e
t N r,q
+ cos” O(t) f dr cos? O(t — 1) i A (00T
0

t St A e
+ sin® o(t) / dr sin’ 0(t-1)e S +(’67K)T],
0
(A2)

1 t .
Ay (t) = K[% f dr sin20(t — 7))
0
t St AN
— sin” 6(¢) f dr cos” 6(t - T)eﬂfHQ(t Yt (i)
0

t St oA e
— cos” 0(t) f drsin’ 0(t - 7)e' Jim O (0-)r |
0

(A3)

VQ2(t) + A% and

Here, we have used the notation Q(t) =

0(t) = arctan[Q(t)/(Q(t) + A)].

APPENDIX B: EQUATIONS OF MOTION

Here, we show the explicit form of the derivation of the equa-
tions of motion. When a many-body problem involving a large num-
ber of particles is considered, many equations of motion must be
derived. Higher-order expectation values emerge for each derived
equation of motion, up to the given number of particles. In solv-
ing such an infinite hierarchy of differential equations, the cluster
expansion method is a powerful tool by which the expectation values
of more than the desired order are approximated using the prod-
ucts of the expectation values at a certain order.”” ' The method
we employ in this study is the expectation-value-based formulation
presented by Leymann et al.”” !

The analysis of both the output photon intensity and the
emitted photon spectrum requires second-order expectation val-
ues. Thus, the third- or fourth-order expectation values can be
factorized as

(B1)

where (N) is the Nth-order expectation value and the index “s” is
the singlet contribution (a multiple of the first-order expectation val-
ues: (3)s = (1)(1)(1) and (4); = (1)(1)(1)(1)). Each term indicates
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a sum over all unique expectation values. In addition, the symme-
try of the expectation values with respect to the particle exchange
reduces the number of expectation values to be calculated. For
example, we have (0;,0j-) = (01+02-) and (0i+0i-0j-) = (0i-0j+0-)
= (01+01-0,-) for all i # j. Using these factorizations and sym-
metrizations, we can obtain the cluster-expansion-based equations
of motion,

D (1)~ p{1 - (N - 1){orz) H{on. )
Fp[Ao{1+ (N = 1){o12)} + A {1+ (N - 1)(012)}
><<O'1+)+.A2{—1+(N—1)<O'1Z>}(0’17>:|, (B2)

%(fnz) = =iQ(t) ({01+) = (01-)) = {({@1z) + 1) /2

d Q
a(d%) ~ —iA(01_> +1

+(N=1)(01,02-) } + 4pRe[ A5 {1 = (N = 1)(01)}
x(01-) = AT (N = 1)(01-02-) = A {({01z) + 1) /2
+(N— 1)(0’1+0'2_>}:|, (B3)

%(fmaz—) = Q(H)Im[{01z)(01-)] - 2y{1 = (N - 2){01:) }{or+02-)

+p(o1z)({o1z) + 1) + 2y[Re[.A3{1 —(012)

+(N = 2)(012)* Hor-) + Af {1+ (N = 2)(01)}
x(01-02-) + A3 {-1+ (N = 2){012)}

X<01+027>+A;(012>(<01z)+ 1)/2], (B4)

%(01_02_) ~ =2iA(01-0s-) + iQ(t) (012 ){01-) = 2y{1 - (N - 2)

% (012) Ho1-00-) + 2pe[ Ao {1 +(012) + (N =2)(012)*}
X (O'lf) + Al{l + (N - 2)<0—1z)}<0'1+0'27) + A](O'lz)

X (l—(0‘1Z>)/2+A2{—1+(N—2)(Ulz>}<01_02_>:|.
(B5)

Solving these equations yields the population dynamics and the out-
put photon dynamics after the incident light intensity is terminated.

APPENDIX C: SHIFT OF PHOTOEMISSION PEAK
FROM UNDRESSED TLS FREQUENCY

The up-converted photoemission peak depicted in Fig. 2 is
slightly blue-detuned compared with the undressed TLS frequency
owing to the cavity-TLS interaction. Here, we evaluate the shift for
zero driving field intensity, Q(f) = 0, as the field truncation is so rapid
that the effect on the eigenfrequencies is negligible. In this case, one
can see that 4g = A; = 0 and A; = x/[x +i(6 — A)]. Substituting
these values into Eqgs. (B2)-(B5), we obtain the complex frequency
of the output light,

k(8- A oK
o = A~ KO =8) _l.(y yek

The oscillation frequency Re[wou] is equivalent to the peak in
our spectrum calculations for I' = 0.2k and 0.8x. Thus, we

). (C1)
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FIG. 5. Numerical computation results for the up-converted peak frequencies
detuned from an undressed TLS frequency as functions of N for N = 1-10.

understand that our numerical computation method successfully
captures the photoemission spectrum of a single TLS with popula-
tion inversion.

Our analysis of the photoemission spectrum is also valid for a
TLS ensemble. In Fig. 5, the numerically computed peak frequencies
differ for different N values because the effective TLS-cavity interac-
tion is changed. Note that in Fig. 3, detuning from the up-converted
photoemission peak is depicted in order to ensure visibility for com-
parison of the linewidth. It is evident from Fig. 5 that increasing the
number of TLSs results in a decrease in the eigenfrequency shift. This
is because the TLS-cavity interaction is normalized by the square
root of N, i.e., \/Ng/;c is fixed.
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