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Abstract

The emission of a plasmonic nanolaser built from a quantized open resonator and atom is studied in
the strong quantum regime when the number of excited levels in the resonator is of the order of unity.
Due to the comparable size of the atom and resonator we should consider the Purcell factor for both
the atom and the resonator. It is shown that the coupling of the open nanoresonator with an atom may
decrease the rate of nanolaser radiation and therefore cause narrowing of the resonator linewidth.
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1. Introduction

Due to recent developments of nanoplasmonics one arises a wide range of problems associated with the
new methods of spectroscopy (SERS [1,2], TERS [3,4], SNOM [5-9]), the creation of nanoscale coherent
electromagnetic field sources (dipole nanolasers [10, 11], nanoscale light sources [12-15], spasers [10,16-19]
and the study of active metamaterials [20-24]. Underlying all these problems is the spontaneous emission of
an atom in a complex environment.

The pioneering work of Purcell [25] lays the foundation of investigation of environment influence on
atomic spontaneous emission (see [26] and references therein).

In contrast to Fabry-Perot resonance in usual lasers plasmonic systems operate due to plasmonic
resonance. In such case the mode volume is determined by the volume of near fields modes and it may be
equal several tens of nanometers. Frequently the volume of such resonator is comparable with the volume of
quantum system. Thus the anti-symmetrical situation described above (big resonator - small atom) changes.
One may consider inverse situation where we have small resonator and big atom. Plasmonic nanostructures
may play the role of such small resonator and quantum dot may play the role of big atom. So the well-known
and intuitively understandable concept of Purcell factor may be expand and be applied to resonator. Such
Purcell factor describes the change of nanoresonator quality and as a consequence its linewidth. In other
words there is the problem concerning the influence of intrinsic structure of resonator on its properties. Below
we show that two-level quantum system (for example, quantum dot) may decrease the rate of dissipation of
open nanoresonator and narrowing of nanoresonator line.

2. The classical analysis of two coupled oscillators

Firstly we consider the problem concerning the interaction of two classical oscillators and introduce
classical analogue of Purcell factor.
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The dynamics of two interacting oscillators is described by the following system of equations:
&1+ 2v13 +wity = k(v —21), (1)
g + 2Y0d0 + wiwy = k (x1 — 29) . (2)
Below we will suppose that the oscillator eigenfrequencies are much smaller than other parameters,

w12 > 7,2, k/2. Introducing the new variables & = z; + i@ /w1, To = xo + i /wa, Q = k/ (w1 + wa) we
obtain the following system of complex equations:

d

%531 = (—iwy — M) &1 — i, (3)
d . . - o~
Sl = (—iwg — Y2) Tg — 1821 . 4)

We suppose that the oscillator frequencies coincide, wi; = wo, but the first one decays much faster than
the other, v1 > 75, Q. We consider the solution of this system with two initial conditions.

The first one corresponds to the excitation of the low-Q oscillator, z; (0) =1, 2 (0) = 0. In this case
the dynamics of the first oscillator takes the form:

A A
21 (1) = 2N oep (ciw M) = 2522 op (i + o) ¢ 5)
)\1 — )\2 )\1 - )\2
where A1 o are the roots of the characteristic equation
M A+A(n+r)+Q=0. (6)

Under condition 1 >> 72, we have A\; & 71, and the solution (5) takes the form:
x1 (t) = exp (—iw — 1) t, (7)

i.e. we have exponential decay with the rate ;. Thus, the dumping rate does not change. This result has
clear physical interpretation: high-quality resonator does not influence on the low quality one (of course, if
> 72, Q).

Now consider the opposite case, when the high quality oscillator is excited at the initial time, i.e. the
initial condition z1 (0) = 0, 2 (0) = 1. In such case the dynamics of the high-quality oscillator takes the form:

s (t) ~ exp (—iw — Q? /) t, (8)
e.g. we have exponential decay with the rate 22 /v;. The ratio of this decay rate to the rate of free decay is

P = Q%117 9)

and play the role of classical analogue of the Purcell factor.

This change in the classical case has a very clear interpretation: low-Q oscillator is connected to a
high-Q oscillator and causes the change of its decay rate.

So, when two oscillators with different qualities interact with each other the decay rate of high-quality
oscillator changes while the decay rate of low-quality oscillator does not change. The above case describes a
classical analogue of the change of the relaxation rate of the atom during the transition from free space to the
resonator (the ratio of these rates is a Purcell factor). Atom is considered to be a high-Q oscillator, moreover,
its internal losses are usually completely neglected and resonator is considered as a low-Q oscillator.

This result remains valid in quantum case too, where the resonator mode plays the role of low-quality
oscillator and two-level quantum system plays the role of high-quality oscillator. Here we consider the same
limiting case, namely, v, > vp, Q2r, where 7, is the resonator relaxation rate, yp is the atom relaxation
rate, and Rabi frequency Qg describes the strength of their interaction.

We consider the two-level quantum dot (QD) with ground state |g) and excited state |e) with transition
being in the resonance with the dipole mode of plasmonic nanoparticle (NP). Population inversion is described
by the operator 6, = |e) (e] — |g) (g|, while QD dipole moment is . Plasmon electric near-field operator is
proportional to plasmon annihilation operator @ while number of quanta is determined by operator a*a.
Interaction between NP and QD is dipole-dipole one, so V ~ Ay (at6 + 67 a).
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When TLS is placed in the closed damped cavity the TLS may excite only modes of this cavity. System
of equations describing dynamics of resonator mode interacting with two-level QD in the strong quantum
limit when plasmon number being of the order of unity is as follows [27,28]:

& () = —, (a*a) + 10 (6% —a*o) (10)

4 (62) = —1p (82) +1) 200 (6 a —a*o) a

jtz (6%a—a*o) = — (1, +1p) (67 a—a*o) /24 Qg (62) + 205 (a+6.4) + Qr, (12)
jt (a*6.a) = — (v, +p) (@t 6.a) —iQp (6ta—ats). (13)

Now, we consider the QD’s behavior in empty cavity (e.g. the number of quanta is zero). For this purpose we
choice the following initial conditions (a*a),_, = (a*6.a),_, = (6ta—ats),_, =0, (D),_, = 1. We are
interested in spontaneous emission of QD population inversion to cavity mode. Solving equations (10) - (13)
by Laplace transform we obtain:

~ 4 ex
(6.(t)) = -1+ —(%li(%j%i?&)? {— (49% +v,7p) +
+ ((va +7p)*/4 = 2(2% +7.70/4) + (T + D) \/(% —p)° - 169%/4> x
X exp <\/(*ya — VD)Q — 169%75/2) + (14)

(Yo +70)°/4 = 2 (% +770/4) — (Ta + ) \/(va - ) - 169%/4> x

X exp (—\/(’ya — ) — 169%15/2) } :

In this case under condition 7y, > 2Qg > v, decreasing of population inversion in the case of may be written
as

(62(t)) = =1+ exp (— (49% +7.7p) t/ (v + D)) » (15)

e.g. atom exponentially decay with the rate

8 = (49% +7.7p) / (Ya + D), (16)

(in the cases of 7y, > v > 2Qpg or vp > v, atom exponentially decay with the rate v ). Wherein increasing
of the atomic decay rate connects with additional joule losses in resonator due to excitation of resonator
mode. Then the Purcell factor may be defined as the ration of the line width of TLS placed in resonator to
the one of the TLS placed in free space

Py — X%+ 77 an
(Ve +70) 7D’
that in the limit vy, > 2Qgr > v, gives
402
Pp=—=~&, (18)
’Ya,YD

where factor 4 arises due to in quantum case we choose dissipation rate for energy variables.

3. Effective change of the resonator quality factor in the presence of a two-level
system. Purcell factor of the resonator

As shown in the previous section, interaction of two oscillators may significantly change the relaxation
rate of only high-Q one. Characteristic value of relaxation rates of open nanoresonators is the order of
Ya ~ 1012 — 105~ ! while for quantum dots this value is the order of vp ~ 10° — 10'2s~!. So, open
nanoresonator has always smaller quality factor than quantum system and it would be seem that it is not
possible to change its relaxation.

Note that in the open nanoresonator losses consist of radiative (connecting with excitation of free
space modes) and non-radiative (connecting with thermal losses) ones. Excitation of near field mode (in
subsequent consideration only dipole mode) is not considered as source of non-radiative losses because this
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mode excitation is of interest. Thus, 7, = 77%¢ 4+ 47°""%? and we can write the equation of energy relaxation

in the form of

dW
Cr = W = = (e 4 o) W, (19)
which yields
W () = Woexp (= (va 7" + 7529) t) . (20)
Here W, is the initial energy in the resonator. Then intensity of losses is equal to
aw rad nonrad nonrad rad
d (t) - W = (711 Wo + Ya W) xXp (_ (7a + Ya ) t) = ‘rad (t) + Inonrad (t) ’ (21)

where I,.qq (t) = v-%Wy exp (— (wg“d + '730”’”“‘1) t) is the intensity of irradiation into free space and I;onrqq (t) =

yrenrad iz, exp (— ('yg“d + ygomad) t) is the intensity of non-radiative losses.

Thus the time dependence of radiation intensity is determined by the total rate of dissipation 7% +

qmenrad byt the amplitude is determined by the radiation rate only, I,.qq ~ 77

Now we return to the question about the change of nanoresonator decay rate. As has been noted it has
smaller quality factor than quantum system one. Taking into account the fact that rate of nanoresonator
dissipation consists of radiative and non-radiative losses we may write 7794 + ynorrad s 45 When
nanoresonator and quantum system approach to each other the rate of non-radiative decay in nanoresonator
does not change because it depends on its material properties. At the same time the radiation rate ~7%¢
may significantly change due to changing of geometric structure of surrounding space, because the size of
quantum system is comparable with the size of nanoresonator. Most significantly this change may occur for
specific type of nanoresonators for which 4734 > ynonrad "o o for "large" (r > 30nm) metallic nanoprticle or
dielectric particle with whispering gallery mode. New rate of radiation 47%¢ may be much smaller than the
old one 744, So, the total relaxation rate of nanoresonator may become much smaller than the relaxation
rate of quantum dote yp > 77! + 47°""e4_ Thus nanoresonator becomes the oscillator with high quality
factor in comparison with the quantum dot and it is possible to change the resonator decay rate (for this it is

necessary to satisfy the inequality 7794 > yp > Frad 4 nonrad)

We now estimate how the rate of nanoresonator radiative losses may change in the presence of the
quantum dot. Assume that there are several quantum dots where the main losses are nonradiative which
around nanoresonator. We also assume that the size of nanoparticles and quantum dots is much smaller than
the wavelength, r << A. Then the absorption cross section of one quantum dot is ~ A\?2. We assume that the
quantum dots surround nanoresonator, so we actually have "absorbing"cylinder around it with haracteristic
height ~ X\ and size of base is ~ r. Nanoresonator can irradiate just through these bases. In the case of
absence of quantum dots it radiated into the solid angle 47, now it will radiate into the solid angle ~ (r/ )\)2.
Since the radiation rate of nanoresonator is determined by integrating the Poynting vector over the surface
through which it emits, we can estimate the change in the rate of radiation as 5794 /4794 ~ (r/))?. Since the
characteristic size of the quantum dots and nanoresonator ~ 50nm, and wavelength ~ 500nm, we obtain the
change in the rate of radiation by two orders.

This makes it possible to satisfy the inequality 77¢ > vp > 47, For example, for semiconductor
quantum dots yp ~ 10'1s™!, characteristic radiative loss dielectric microsphere is 77%¢ ~ 102571, then
grad ~ (r/A)%gad ~ 10'%s~! and we have 77 >> yp > 5794, These estimates show that the change in the
Q factor of open resonator may be achievable in the experiment.

Now we return to the problem concerning the change of the open nanoresonator relaxation rate near
quantum dot. The dynamics of their interaction is described by the system (4) - (7), but as an initial condition
we assume the following. Let the atom at the initial time be in the ground state, and the cavity mode has
a single quantum of energy (plasmon). We are interested in the decay rate of the resonator mode in this
case. Dynamics as before is described by equations (4) - (7), but in this situation we choice the following
initial condition (a*a),_o =1, (D),_o = —1, (6Ta —a*6),_, = 0. Also, we shall assume that at the initial
time two-level system and cavity mode uncorrelated, so (aT6,a) = (a*a) (5.) = —1. Then the dependence of
number of plasmon on the time take the form:

(ata), = 25Ty { (12 4 82T — 16T%) cosh (VI — 1617 /2) + -
22
+ (2I'?6 — I'?) /1 — 16" sinh (V1 — 16I'27/2) — 8a°T?},

where
@ =/ (1774 5+ ),
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. 02, (yponrad 4 yrod)~
o \/(,Y;wnmd + qrad 4 ’YD)2 * 4(nmonrad 4 Arad | ,),D) 2
§=7p/ (""" + 3 +p)
= (e 4 5 )t

In the weak-coupling regime |’y”°”“‘d + Arad — *yD| > 4Qp under condition y70"red 4 jrad < ~ ) the
time dependence of the plasmon number is following:

<&+&>t = exp ( (4QR + ( nonrad + ;ygad) ’YD) t/ ( nonrad + ,ygad + ’YD)) ) (23)

with the rate
’Y;Ot (492 ( nonrad + ,ygad) ,ynonrad) / (,ygonrad + ;%"ad + ,ygonrad) ) (24)

These expressions have the very important consequence. They are absolutely analogous to the
equation (9) - (10) for population inversion damping. It means that we can introduce the Purcell factor for
cavity mode. As for atom it describes the change of resonator damping, or quality factor, in the presence of
two-level system.

The ratio of rates of cavity mode decay in the presence of a two-level system and without it in the
limit vy, > 2Qpr > v is described by the following equation

(49% 4 ( nonrad _|_,.)/rad) ’YD)

Po= (,ynonrad + :yrad + ,y%onrad) (,ynon'rad + ,y'rad) ’ (25)
and in the limity, > 2Qr > v, we obtain
492 + nonrad + ~rad
Pa _ ( R ( Ya ) ’YD) (26)

(,ygonrad + ;%:ad + ,y%om“ad) (,ygon'rad + ,ygad) :

It should be noted that the decrease in the rate of radiation leads to a decrease in the intensity of radiation
because of I,q4q ~ V“d L ILpgqg ~ 'y”“l However, it is important that there is a significant narrowing of the
line in P, ~ 4Q% /yradynenrad times, that makes nanoresonator having larger quality factor, though with less
radiative intensity.

ou:ad non.tad == 5

Fig. 1 — (Color online) The dependence of the nanoresonator Purcell Factor P, on the on the Rabi frequency Qr and

nonradiative decay rate of the TLS ~42°""*¢ for fixed values of radiative and nonradiative nanoresonator decay rates,

’y;“d = 1013371, 'y"""m‘i = 10571, The values of Qi and ’y"""md are chosen such that the condition vp > 2Qr > v,
is satisfied

Thus, for the resonator we can apply the same arguments as for the two-level system. Changing the
environment (in other words - the local density of states) leads to an effective change in the quality factor
of the resonator. As shown previously for the two-level system, if heat losses are dominated in the cavity
damping, the decay rate will be determined only by them. However, if the main part of the losses is associated
with the radiation of the open resonator in the free space (for example, the resonator on the whispering gallery
mode of dielectric sphere or plasmonic modes on large nanoparticles), the decay rate will be significantly
changed. In this case, change of the channel of the dissipation of energy takes place and the main part of
dissipation corresponds to the exciting of two-level system.
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4. Discussion

We now discuss the physical meaning of obtained results. As shown in the previous section, quality
factor of open nanoresonator changes significantly in the presence of a two-level system in the case when the
main part of the energy dissipation corresponds to radiation. This effect is closely related to the Purcell effect
for two-level atom, but in this case it tale place for the open resonator.

It is well know that the linewidth is determined by the quality factor of open resonator. Using the
above calculations, we can estimate the characteristic change in the resonator linewidth as 4Q% /ypvy"e?
Depending on properties of the two-level system and the distance to it, this value can be greater or smaller

than unity. Here, however, we need to take into account the following.

Expression 4Q% /v,7-%¢ tends to zero as the distance between the open nanoresonator and the two-level
system goes to infinity. Of course, this is not valid. The fact is that everywhere we assume that nanoresonator
interacts only with the two-level system by the near field. However, it also interacts with the modes of free
space. When the two-level system is plased in the nanoresonator near field, this interaction is small compared
to the near-field interaction between them, and equation (12) is valid. By increasing the distance between the
two-level system and nanoresonator radiation to the modes of free space begins to dominate, and the rate of
damping tends to 77

Thus, there are two competing processes: radiation into free space with the rate 77? and excitation

of the two-level system with the finite lifetime and the damping associated with this process with the rate
40% /vp. As the distance between the open nanoresonator and two-level system will increase the rate of

darzlping tends toy"2?. The value 4Q% /v, can be either greater or less than radiation into free space mode
ra

Ya

It should be noted that linewidth of the nanolaser radiated field is very important for its operation. In
the case of coupling with the dipole mode of a two-levelr system, an open cavity will radiate, but now with
the rate 4Q% /vp. This enables to efficiently narrow linewidth of nanolaser operating in pulse mode.

5. Conclusions

The paper considers the Q factor of an open plasmonic resonator in the limit of small number of
excited plasmons in it. It is shown that the Q factor is essentially determined by discrete nature of the energy
excitations of the cavity. Practically, if the number of excited level in the resonator is of the order of unity
it becomes a boson two-level system. Despite the difference statistics of quants in electronical TLS and in
plasmonic cavity, it is possible to introduce a Purcell factor of the open plasmonic resonator cavity can also
be d, showing the change of the resonator Q-factor due to changing of environment.

It is shown that in the case where the thermal cavity losses are small, the presence of QD may reduce
the rate of decay of the excited mode resonator on several order. This is due to the fact that most of the
energy stored in the cavity will go to the excitation of the QD. This phenomenon may be important, for
example, to narrow nanolaser linewidth.

On the other hand, the rate of decay of the excited state of QD increases with rapproachment plasmonic
nanoparticle to it. However, this may prove to be uncritical, as is now being discussed in the literature because
the main radiative mechanism of nanolaser is nanoparticle luminescence.

The authors thank Yu. E. Lozovik for a helpful discussion.
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AnHoTanus
WccmenoBano m3myvdeHne ILJIA3MOHHOTO HAHOJIA3€PA, COCTOSIIETO0 W3 KBAHTOBAHHOTO

OTKPBITOI'O PE30HATOPA U ATOMa B CHJIBHO KBAHTOBOM DEKMME, KOI/Ia IMCJIO BO30YK/IEHHBIX
YPOBHEl B pe30HATOpE IMOPSAIKA E€IUHUILI. BBUIY COIMOCTAaBUMOCTH pPa3MepOB aToMa, u
pe3oHaTopa ciaeayer yauTbiBaTh (pakTop [lapcenna kak s aroma, Tak U jd PE30HATOPA.
Ilokazano, 4TO B3aMMOMEHCTBIE OTKPBHITONO HAHOPE30OHATOPA C ATOMOM MOXKET YMEHBIIUTH
CKOPOCTh W3JIydeHHsl HaHOJIa3epa M, CJIEJIOBATE/JIbHO, BBI3BATh CYy’KEeHUE IIUPUHBI JIMHUNA
pe3oHaTopa.

KuroueBble cJjioBa: HaHOJIA3€p, JABYXypPOBHEBas CHCTEMA, IJIa3MOHHAs HAHOYACTUILA,
OTKPBITHIH pe3onarop, ¢pakrop Ilapcemna
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