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Dipole nanolaser
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! ebedev Physical Institute, Leninsky prospect 53, Moscow, Russia
%Scientific Center for Applied Research, JINR, Dubna, Russia
3TyndaII National Institute, Lee Maltings, Prospect Row, Cork, Ireland
(Received 6 December 2004; published 17 June 005

A “dipole” laser is proposed consisting of a nanoparticle and a two-level system with population inversion.
If the threshold conditions are fulfilled, the dipole interaction between the two-level system and the nanopar-
ticle leads to coherent oscillations in the polarization of the particles, even in the absence of an external
electromagnetic field. The emitted radiation has a dipolar distribution. It does not need an optical cavity, and
has a very small volume;0.1 um?, which can be important for applications in microelectronics. Estimates of
the threshold conditions are carried out for a dipole laser composed of a quantum dot and a silver nanoparticle.

DOI: 10.1103/PhysRevA.71.063812 PACS nuntber42.55.Ah, 42.70.Nq, 42.70.Hj

[. INTRODUCTION the active particle and the plasmon resonance of the metallic
_ ) ) nanoparticle. Such coupled interactions are known to
It is well known that an admixture of nanoparticles may strongly modify optical emission. They are, for instance, re-
significantly change the optical properties of a medium. Fosponsible for surface-enhanced Raman scattering, where the
example, the enhancement of the spontaneous emission froglasmon resonance due to a regular array of metallic nano-
an atom next to a metallic nanoparticle has been studied bogbarticles can lead to strong resonant emission, as reported,
theoretically and experimentally1]. Similarly, enhanced for example, in[12].
fluorescence intensities have been observed and studied in A physical understanding of the proposed lasing mecha-
fluorophores near metallic nanostructures and surfaces, imism can be obtained by noting that, under certain condi-
cluding enhanced rates of multi-photon excitation, andtions, metallic nanoparticles can act as high-quality “anten-
clearly modified rates of energy transf@]. Spectral hole- nas” for active atoms, leading to an increase in the
burning and fluorescence enhancement were observed @mplification coefficient of an active mediuih3]. How can
MgS:Eu nanoparticlef3]. Subwavelength patterning of the this lead to lasing? Consider first the usual lasing mecha-
optical near field has been observed in a regular array dfiSm. This involves stimulated emission into a médwdes

resonant gold nanoparticlg4], whereas modification of the Of @ cavity from a medium in which there is a population
optical properties of photonic crystals by metallic nanopar-'”vers'on[14]' When the threshold conditions are satisfied so

ticles have been studied and observedsh The change in that the stimulated emission exceeds the stimulated absorp-

the optical properties of a medium caused by metallic nanot-IOn and the Io_sses, then energy is tra_ns_ferred from the inco-
erent pump into coherent laser radiation. Because of the

Eg;tf:)eeiv%gs?ﬁgs asrr:iiﬁ)eessvl\:/’:sci?jdei(;)téﬁ%l?riz-?;gﬂ?e?tiﬁra%osomc nature of the electromagnetic field, all emitted pho-
P . tons have almost the same wave vector, close to the wave

the light absorption of silica nanoparticles were reported iNector of the cavity mode, leading to a narrow lasing spec-
L7]. . S . . %rum with high power.

_There is also high interest in the construction and study of - gegjges the electromagnetic field, Bose operators can de-
m_|n|atu9re ngﬂolasers baied on plhOtOf_"_C cry;{iﬂls)lr Nano-  seripe any harmonic oscillations, including, for example, lin-
wires [9] with very small optica cavities. Nanolasers are o, ogillations of the charge and polarization of a medium.
considered to be one of the critical building blocks for By exciting the medium in such a way that the total energy

nanoscale optoelectroni¢$0]. flux into the polarization exceeds the losses, one can obtain,

Despite their small volumes, the nanolasers proposed thyg , jncinle, polarization oscillations with a narrow spectrum
far all work in the same way as conventional lasers. In Paryhich lead. in turn. to lasing. We propose heredigole

tlcu_lar, to p.rowde feedback between the Iasm_g field and .th%anolaser(DNL), where coherent polarization oscillations of
active medium they must have an optical cavity whose size

. N a nanoparticle can be excited through its dipole interaction
at least along one dimension, is comparable to or greater th

! ) &flith an inverted TLS based, for example, on a quantum dot
the laser wavelength in the medium. Here we show thaf, o 2iom

nanoparticles may bring a different way of lasing. We pro- e \minimum volume of conventional miniature lasers,

pose a nanolaser incorporating a metallic nanoparticle and &ich as VCSELE15], micro-sphere lasefd 6], or the nano-
two-level system(TLS): this laser does not need an optical 351 mentioned above, is restricted by the volume of a cav-

cavity [11]. The proposed nanolaser utilizes cpppling ity mode, which is, typically, greater than the cube of the
through the neaflocal) field between a resonant transition of lasing wavelength.. Because the DNL uses near-field inter-

actions, the DNL does not need an optical cavity and may
have a volume<\3, which could be of benefit for a wide
*Electronic address: protsenk@stk.mmtel.ru range of applications, including microelectronics.
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wherew, is the transition frequency of the TLS. Because of

— . Ty=2a the interactionV, the electrons in the nanoparticle will also
Ty ! oscillate with the same frequeney. Supposing thats = wy

=~ w,, We can write equations of motion for the slowly vary-
ing amplitude operatorsy(t)=a(t)é“! and o(t) = o(t)e*",
wherep(t) is the operator describing transitions between the
low and high states of the TLD(t)=n,(t)—ny(t) is the
population inversion operator, withy, (n,) operators for the

FIG. 1. Scheme of dipole nanolaser. Parameters of the nanopagopulation of the higlilow) state of the TLS. Neglecting the
ticle have index 0, parameters of the two-level system have index Zast oscillating terms-e*2“t, we can write

Surface-plasmon amplification by stimulated emission of Ho=fwea'a, H,=hwn,,
radiation(spaser has been proposed [i7]. The spaser ap-
proach has some features in common with the DNL. In par-
ticular, the spaser does not need an optical cavity. The spaser,
however, operates in a regime that generates near-fielgh order to simplify the analysis we assume that
modes, while the DNL generates polarization. The DNL ap-
proach could be referred to as “polarization amplification by Folp <<t <k (2
stimulated emission of radiation(PASER. However, the ) ) )
name DNL emphasizes that we are interested, above all, yherek=w;/c is the wave number associated with photons
the emission of strong and coherent radiation by a nanogmltted and/or apsgrbed by an isolated TLS. If the conditions
object, and it avoids any confusion between the polarizatio? Ed- (2) are satisfied, then
of the medium and the polarization due to the electromag- - - L. -
netic field. A comparison between the DNL and the spaser Qin =L 20 - fiz = 3o - €)(fiz - &)/ (Ar?), )

will be carried outin Sec. lll. which is the matrix element of the static dipole-dipole inter-
Let us now consider a rather simple model of the DNL, t0a¢tion operatof18], where the components @, are matrix
explain its operation, and to estimate the working conditionssjements of the dipole moment operator of the TLS resonant
and parameters for a DNL. transition, ancg, is a unit vector directed from the nanopar-
ticle to the TLS. The sunm,+ny,=n,, where 0<ny<1 is a
Il. EQUATIONS OF MOTION constant. If the TLS is a quantum dot, thegis determined
from the equilibrium conditions associated with the carrier
distribution in the TLS and the semiconductor medium
faround the TLS.

V= 1iQi(afo + o'ag). (1)

Suppose that a two-level systdifLS) of sizer, is placed
at a distance from a nanoparticle of size, in a solid di-
electric or semiconductor as shown in Fig. 1. An incoheren . . .
pump provides a population inversion in the TLS. The pump By using the well-known commutation relatlons.for the
may be, for example, a broadband optical pump to a highePPerloro, o, andn,, [19] we can derive the equations of
level of the TLS, as in a three-level laser pump scheme, ofnotion
may be provided by carrier injection from the bands of a ) D-D,
Zemiconductor material surrounding an embedded quantum D:ZiQim(ago—o-Tao)— .

ot.

We use a quantum-mechanical derivation of the equations
of motion for the system shown in Fig. 1, but neglecting o=(i6-T)o+iQnaD (5)
quantum correlations and fluctuations in the analysis. The
Hamiltonian of the nanoparticle and TLS is given by

(4)

a=(IA ~To)ag = iQina, (6)

H=Ho+Hy+V+T, where d=w-w,, A=w-w,. We have included in Egs.
whereH, andH, describe, respectively, the nanoparticle and(4)~©) t%rms involving 1'2@ I ?‘”drro to describe trl‘e rillgx-
TLS, ignoring their interaction. The operatdt gives the ation and pump processe, Is the stationary value

. i ) ~_ wheno=a,=0, with
interaction between the TLS and the nanoparticle, while
includes the terms describing dissipation and pump effects. 1 1 1 Tq— T,
; ; ; ; ==—+—, Dg=n,—2" (7)

Free electrons in the nanoparticle can oscillate with a fre- A
guency wg near to the plasmon resonance, leading to har- P P
monic oscillations of the nanoparticle dipole momentwhere 1/4 and 1/, are, respectively, the damping and the
mola(t)+a’(t)]. Here u is the matrix element of the dipole pumping rates. We supposg< 74 and thereforeD,>0, so
moment operator of the nanopatrticle, aa(d) is a Bose op- that the pump provides a population inversion in the TLS.
erator. Suppose that an electron in the TLS makes transitiond/e neglect quantum fluctuations and correlations, so@hat
between the high and the low TLS states, so that the dipoler, anda, can be treated as complex variables withanday
moment of the TLS oscillates with a frequeney~w,  then replaced by’ anda,, respectively.
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[ll. THRESHOLD CONDITIONS AND THE LASING RATE [17]. Indeed, the near field in the DNL includes all SPs with
o= wy= w, contributing into the interaction of the TLS with
the nanoparticle. Free-space emission from the DNL, as well
as the strong SP modes, appear as a consequence of a spon-
taneous buildup of the nanoparticle polarization. Whether a
spaser or DNL is realized depends on which lifetime is
longer: the SP lifetimer, ¢, 0Or the coherent polarization life-
o FFO( Az) time =, of the nanoparticle at the plasmon resonance. In the
D=Dyp= |1 , (8) o

Equations (4)—(6) are identical to the Maxwell-Bloch
equations for a TLS in the electromagnetic field of a cavity
mode with Rabi frequency);,. It is well-known that these
equations have not only the trivial stationary solutay¥0,
0=0, D=D,, but also the nontrivial stationary solution

2 r_o case of the dipole interaction considered in this papgt,
~r/c<w™. Indeed, the microscopic mechanism for the di-
ST == AIT, (9) pole int_eraction is the emission of a photo_n by the TLS, the
absorption of that photon by the nanoparticle and then pho-
d¢[ D.— D.. |12 \m _ ton emission into free spacf29]. Therefore 7,=Q/w
ay= —[O—th} , = 0 ed¢ (10 > Tear WhereQ>1 is the quality factor for nanoparticle
2 Lot Qine polarization oscillations at the plasmon resonance. When the
. TLS is close to nano-objects of complex structure, g4,
e = A+ily the contribution of all multipole terms into the near-field in-
VT(Z)+ A2’ teraction becomes important, so that one may reach the limit
_ _ T < Thear Which is the case for the spaser.
whereg is an arbitrary constant phase. Becalse Dy<1, The stationary solution of Eqg8)—(10) is most easily
the nontrivial stationary solution has physical sens®if realized when the inversion conditions are minimized, which
<1, which requires, according to E(B), that requires, from Eq(8), to maximizeQ),,.. As one can see from
02 A2 Eq. (3), Qi reach its maximum whep, is parallel to u,.
F_th > (1 + P) (11) The dipole momenj,, of the ellipsoidal nanoparticle shown
0 0

in Fig. 1 has its maximum value along tReaxis, and there-

When condition(11) is true andDy> Dy, the stationary so- fore the magnitude of)i, is maximized wheni, and ., are

lution (8)—(10) can exist, giving a nonzero dipole moment Parallel and directed along this axis.

for the nanoparticle and for the TLS. Note that these nonzero Let us find the lasing ratgg describing the rate of dipole

dipo|e momentior po|arizatior) appear even in the absence radiation from the TLS and from the nanopartide. For the

of an external electromagnetic field. By direct analogy withconditions given by Eq(2), the total dipole moment of the

the results of laser theofyL4], we can therefore predict that TLS and the nanoparticle is the sum of the dipole moments

the spectral width of the polarization oscillations will de- Of each particle, so that the dipole radiation re8] is

crease and become smaller thBrand I'y with increasing 4K3

|ag|- ’)’R=£|do+d2|2, (12
Because of the coherent oscillations of the polarization,

the nanoparticle and TLS will emit coherent dipole radiationwhered,=2uqa,, d,=2u,0, anda, ando are given by Egs.

of frequencyw. When the conditions of Eq2) are true, the  (8)—(10). It is convenient to expresg in terms of the reso-

spatial pattern of the radiation from the particles is the sam@ant polarizabilitiesyy(w) and a,(w) of the nanoparticle and

as that due to a single dipole. The spectrum of that dipolgnhe TLS

radiation will tend to narrow with increasinigy|. We note _ _

that this radiation enters in Eq&3)—(10) only through the B i—-A 3 o—i

contribution of the radiation losses to the relaxation rates “0‘a0f1+K2 “2‘“2r1+§2’ (13)

1/7, T andI'y (see Sec. IY. In Egs.(8)—(10) the polarization

pf the nanoparticlé~a,) replaces the electromagnetic field \yhere o= 2l (hT0), az= 2l (A1), A=A/T, and 8=48/T.

in the usual laser theory. We refer to the phenomena dezqyations(13) follow from Egs. (5) and(6), if one replaces

scribed by the nontrivial stationary solution of E¢8)~(10)  ihe terms~ QY by —u,E/% in Eq. (5) and by 1oE/% in Eq.

asdipole lasing (6), whereE is the amplitude of an external electromagnetic

Equations similar t48)—-(10) can be derived, in principle, fig|q. By inserting the stationary solutiofis0) into Egs.(11),
through an extension of the formalism used for the spaser iM2), and(8) and by using Eq(13), we derive

[17]. This can be done through adiabatic elimination, under

proper conditions, of all the surface plasmon modes Eq. _ 4k3010r(D —Dy)|1+ r* dhe 2 (14)
4 of [17]], to obtain the interaction energy between the TLS RT3, 0T P 2| ay| ’

and the metallic nano-object and so to derive the equations

of motion. In this way the theoretical approach taken to de- r6

scribe the spaségf.7] can also be used for the DNL, and the D= m <1, Dn<Dg=1. (15

threshold condition can be found for the spontaneous appear-
ance of polarizatiofisimilar to Eq.(12)]. This threshold con- Note that the TLS polarizabilityr, enters only inDy, [see
dition may be different from the threshold condition for a Eq. (15)], while the nanoparticle polarizability, also ap-
particular surface-plasmo(SP mode, given by Eq. 5 of pears in Eq.(14) for yg. This implies that the radiation is

063812-3



PROTSENKOet al. PHYSICAL REVIEW A 71, 063812(2005

caused, at most, by polarization oscillations of the nanopar- V0. (E-1)72 —  ¥-1

ticle. aro=,— €’+T , A'=- = [n(e' - 1) +1],
If we add termsu,E/% and ugE/7% into Egs.(5) and (6)

and find the stationary solution, we can obtain the polariz- (18)

ability oy of the TLS and the nanoparticle in a monochro-
matic fieldE. This case will be analyzed in d_eta|l e_Isewhere.mon resonance frequency, aegl is real. We have, finally,
Here we only note that,,;— © whenDy,=Dy,, implying the - —

spontaneous appearance of nonzero dipole moment when ther = o/ (1+y) andA=A"/(1+y), so that all parameter; .in
external electromagnetic fiel— 0. One can see that this is Ed: (13) for ao are expressed through well-known quantities.

in direct analogy with the linear laser amplifier, where theB&causear=ag only at y=0, expressior(18) gives good

amplification coefficient goes to infinity at the lasing thresh-duantitative results only foy<1, which is usually the case.

old (see, for exampl&20]). On the other hand, it is also well A rigorous calculation ofxy can be carried out in the frame

known that the linear DC polarizability goes to infinity for a Of Mie theory[23].

ferroelectric phase transitid21]. Besides, the theory of the

local field in a dielectric medium also predietg;— o under V. ESTIMATION OF NECESSARY CONDITION FOR

certain conditions, giving the so-called Clausius-Mossotti ca- DIPOLE LASING

tastrophd 22]. The similarities among dipole lasing, an ordi-

nary laser, ferroelectric phase transitions, and local field phe- Let us take the resonant wavelength 1.3 um and sup-

nomena will be discussed in more detail elsewhere. pose that the nanoparticle and TLS are embedded in a semi-
With the help of Eqs(14) and (15) we can estimate the conductor “matrix” medium withe,,=11.7[24]. We assume

magnitude of the nanoparticle and TLS parameters required Silver ellipsoidal nanoparticle wite'(\)=-55 ande’())

in order to achieve dipole lasing. Toward this end, we deter=5.74 atTo=300 K[25]. If the temperaturd is of the order

mine in the Sec. IV the polarizability of the nanoparticle in Of tens of Kelvin or more, thew”(\) ~T according, for ex-

terms of the generally used expressions for the dielectri@mple, with the Drude mod¢R6], so that we can estimate

functions e and ¢, of the materials of the nanoparticle and €'(T)=5.74T/300). We suppose that the ratio of the axes of

the surrounding “matrix” medium. the nanoparticle ia/b~2, so that the depolarizability factor

n=0.175[27]. By inserting these values into the second

equation of Egs(18) we find A=0.027, which means that
IV. ESTIMATION OF POLARIZABILITY OF THE A=1.3um is very close to the plasmon resonance of the
NANOPARTICLE nanoparticle. We take the nanoparticle axes to be of length

2a=13 nm and B=2c=6.5 nm; the volume of the nanopar-

In Eq. (6) I'c=T'r+T's, whereI'y is the relaxation rate cje is v=(4/3)7ab?. We consider a quantum dot of size
related to thermal and other nonradiative losses Ignd the 2r,=10 nm as the TLS. By using the expression for the ra-

radiative loss rate. We define=I"g/I'; to be the ratio of the diative rate of the TLS I.o= 21,3
; . ) . Jor=(413)(usk®/h), where k
two relaxation rates. We then rewrite HQ.3) for ao identi- =2m/\ we can represent the resonant polarizability of the

cally as TLS as

where€ =€’/ e, €' =€l ¢, e=€' +i€' are taken at the plas-

_3 Iy

ao:m(l—%), (16 = T
1+y—iA’

T =T+ Tor(T), (19)

whereI'o(T) is the width of the nonradiative broadening.

S The homogeneous linewidth of a single quantum dot was
where ar=iag/(1-iA"), A’=A/Ty, and ar=u§/ (7).  studied in[28], where it was found that af <60 K, T’y
The radiative loss rate for the polarization amplitudd’js =1 ns, andl'yr(T) = y,.T, Wherey,.~0.5 ueV K™%
=(2/3 ugk®/fi, and thereforey=(2/3)arok®. In the limit y Dipole lasing is possible iDy,<1, which requires, ac-
—0 we haveay— a7 and oy approaches the static polariz- cording to Eq.(15), that the distance between the TLS and
ability of the nanoparticle. Following Ref27], the static the nanoparticle must be small
polarizability of an ellipsoidal nanopatrticle is

rs<re= (4|a0||a2|)1/6- (20)
vV -1 Because the particles have finite sizes, we also require that
= 17 r,>ro+a (see Fig. L From Eq.(2), the condition for the
Ast 471 +n(e-1) (17) cr— 12 ( g- 1 q.(2)

dipole approximation to be valid is that,—(r,+a)
>max2r,,2a). Figure 2 shows the dimensionless parameter
whereV is the volume of the nanoparticle<On<1 is the é=[r,—(rp+a)]/2a as a function ofT with r(T) deter-
depolarizability factor, which depends on the ratid of the  mined by Eq.(20). As one can see from the dotted curve in
nanoparticle semiaxes afer e/ €,,, Wheree and ¢, are, re-  Fig. 2, the necessary condition for dipole lasiig0 can be
spectively, the dielectric functions of the nanoparticle matesatisfied even if we neglect the decrease&’ofvith tempera-
rial and of the surrounding medium. By equating=as  ture for T<300 K. The conditioné>1 necessary for the
near the plasmon resonance we find validity of the dipole approximation is more or less satisfied

063812-4
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S practice, the linewidth of the dipole nanolaser will increase
due to thermal and other noise factors, which can be taken
into account by adding appropriate Langevin forces into Egs.
(4)—6).

Let us compare the threshold conditions for a dipole
nanolaser with the threshold conditions for an ordinary laser.
These conditions can be obtained from E@s—(6), where
ap is a dimensionless measure of the amplitude of the lasing
mode and we replac®,;,, by Qr=uEgr/f, and whereEg
=\2mhwl/V,, and V,, is the effective volume of the lasing
mode. By settind);,;=Q we find that the dipole nanolaser
. is comparable to an ordinary laser for which the volume of
1} ] the lasing mode is

6

ar
Vm=5"Qo, (21)
0 L L L L L 1 1 L L Zaor
10 20 30 40 5 6 70 8 9 100 . . L .
T® where Qy=w/I'y is the quality factor for polarization oscil-

lations in the nanoparticle. From the Drude model we esti-
FIG. 2. Dimensionless distancg between the TLS and the MateQy~ 50 for our case. Thus when the distance between
nanoparticle as a function of temperature. The necessary conditidi€ particlesy ~3x 2a~50 nm, the dipole nanolaser corre-
for dipole lasing is¢>0. The dipole approximation used in our Sponds to an ordinary laser wit,~0.17 um?3. The small
estimates is valid i£> 1. The solid line assume# ~ T, the dashed effective volume of a dipole nanolaser arises because the
line uses thél=300 K value ofe’=5.74. nanoparticle plays the role of the cavity, and the interaction
between the TLS and the nanoparticle occurs througgr-
at low temperatureffew tens of Kelvin, assuming a linear field modeswhich are different from the electromagnetic
decrease of” with temperature. The condition<k™! [see ~ Wave-cavity modes of an ordinary laser. The small value of
Eq. (2)] is satisfied, indeedr<=4x2a=52 nm<k?! Vm allows one to satisfy the threshold conditions, even for
~210 nm. Thus, we conclude that the necessary conditioffther smaliQ,~ 50, and therefore to propose a typical size
for dipole lasing can, in principle, be satisfied. The condi-Of @ dipole nanolaser of the order of a few tens of nanom-
tions will be most easily satisfied with a narrow plasmon€ters- _ _ . _
resonance. More detailed studies of dipole lasing are alsg !f the cavity escape losses dominate in an ordinary laser,
required to take into account the interaction between parthen the lasing rate is equal to the pump rate of the TLS

ticles beyond the dipole approximation. Yige= 2F0|age“”t+ age ! = (1/7)(Dyy - D).

With the help of Eq.(14) one can see thaty is different
from y,,s by a factor~k3ay,, if |ag|/r®>1, or by a factor

Let us summarize the physical mechanism and some par-(kr)3, if |ag|/r®<1. By taking into account thatyy,
ticular features of dipole lasing. The TLS and the nanopar—~ «q/(1+7), we conclude that in either casg=< y,s
ticle are placed close to each other, so that there is a strong The threshold condition of Eq15) can be interpreted as
interaction(in particular, a dipole interactiorbetween them  requiring that the polarizabilities of the TLS and the nano-
through the near field. The condition of EQL1) (at A=0)  particle “overlap” each other, as shown in Fig$a)33(c).
that ;> VI'Ty means that the interaction rate must exceedVhen such “overlapping” takes place, the conditions in Eq.
the average polarization loss rate. The near field then pra2) are satisfied whemy<(ap)*® andr,<(a,)* [see Fig.
vides the feedback between the nanoparticle and the TLS(a)]. This corresponds, for example, to a metallic nanopar-
which stimulates coherent oscillations of their dipole mo-ticle excited at the plasmon resonance frequency and a reso-
ments and leads to coherent dipole radiation into the sumant atom or quantum dot with broadening close to the natu-
rounding space. The lifetime of a photon in the near field isral broadening limit. According to the results presented
very small,~r/c, wherec is the speed of light. This is why earlier, such a situation can be realized at low temperatures
the near field can be adiabatically eliminated from the treatfor the parameters assumed in Fig. 2. Higher-temperature
ment(as it is in[29]), which leads to the Hamiltonian of Eq. operation requires a search for nanoparticles with a narrower
(1) with the interaction ternV [see Eqgs(1) and(3)]. plasmon resonance and/or TLS with higher polarizability.

The spatial pattern of dipole nanolaser radiation is the The threshold condition of Eq15) cannot be satisfied if
same as that for a single dipole. Far above the lasing thresihe polarizabilities of both particles are smaller then their
old, the radiation linewidth can be narrower tliaandl'y. In  volumes. However, conditiofil5) can be satisfied, in prin-
the ideal case the dipole lasing linewidth is determined byciple, if only one polarizability substantially exceeds the vol-
guantum fluctuations of the nanolaser dipole momént ume of the particle, for example, whei,)3>r,, butr,
+d,, just as the linewidth of an ideal conventional laser is<(ap)'3, as shown in Fig. ®). This implies that a plasmon
determined by quantum fluctuations in the lasing mode. Iiresonance may not be strictly necessary in the nanoparticle

VI. DISCUSSION

063812-5
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example, dipole lasing is not possible in the case of two
atoms close to each othgz9].

It order to make the analysis as straightforward as pos-
sible, we have presented here the simplest scheme for a di-
pole nanolaser. Other schemes can also be considered, in-
cluding, for example, a dipole nanolaser array with more
then one TLS ofand nanoparticles. With the increase in the
number of particles involved in lasing, the threshold condi-
tions can be more easily satisfied and the lasing rate can be

increased. One can also insert the dipole laser in a cavity,
T which reduces considerably the threshold conditions, but in-
A creases the size of the laser. Instead of a small number of
. TN A particles, one may consider also the case of a continuous
] ¥ A active medium with a large number of TLSs embedded, and
‘ ' . ¥ with an ordered or disordered distribution of nanoparticles
M Ay [13]. One can also construct layered structures, where an
. / ) active semiconductor layer has a layer of nanoparticles above
e it [30]. A dipole nanolaser can act as an amplifier for external
(b) radiation, and also when the threshold conditions of (Eg)
, , ) are not satisfied. Similar to the case of an ordinary laser with
FIG. 3. Schematic of different approaches to achieve overlapy \ "o tarnal signal, the dipole nanolageanoamplifiey can

ping polarizabilities for dipole nanolaser; 2 indicates two-level SYS"show bistable behavior in the presence of an external elec-
tem, O the nanoparticle. Dashed curves reflect the values of th{e

polarizabilities, the solid curves show the geometrical size of theroma_gnetlc . We SUQ.geSt thaF a QOOd starting point for
particles experimental studies of dipole lasing is to search for a nar-

rowing in the spectrum of the radiation scattered by a TLS

with population inversion near or on the surface of a nano-

) ] ) ] particle. Finally, we remark that dipole nanolasers can find
for dipole lasing, although it undoubtedly helps to satisfy theypplications in quantum optics as single-photon sources, a

threshold condition for large values of interparticle separanecessary prerequisite for many quantum optics experiments
tion. One could take a dielectric nanoparticle wiita)*® [31].

~Tq, and the conditions given by E) could still be sat-

isfied. Finally, polarizability overlapping is possible even if
both ry and r, are just a little smaller thats® and 3 VII. CONCLUSION
respectively, as shown in Fig(@. For the cases shown in

o
o

We propose a “dipole nanolase(DNL) consising of a
metallic nanoparticle coupled through a near field with a
R fwo-level systemTLS), with population inversion provided
order multipole moments in the intgract.idn between the. by an external pump. The transition frequency of TLS is
TLS and the nanoparticle when estimating the DNL lasingg|ose to the plasmon resonance frequency of the nanopar-
threshold value. One can do this by utilizing the procedure ofjcle. We found threshold conditions, when nonzero dipole
[17] to calculate the SP modes responsible for the nondipolg,omenta(polarization of TLS and the nanoparticle appears
interaction between the particles. Then one has to eliminatgyen at the absence of external electromagnetic field; we call
Qi ) ) olarization, TLS and nanoparticles emit coherent dipole ra-

In the meanwhile, we suggest that the requirement Ojation into free space. Dynamics of the polarization of par-
“overlapping polarizability” provides the necessary conditionticles obeys standard Maxwell-Bloch equations, where nano-
for a dipole nanolaser, Yvhich remains useful when Considerpartide dipole moment stands for a lasing mode. This
ing a general interactioW between the particles. The verifi- enables us to apply to DNL some well-known results of stan-
cation of this hypothesis will be done elsewhere in the framalard laser theory, in particular, the narrowing in the radiation
of a more general model, beyond the dipole approximationspectrum with the increase in the pump above the dipole
In support of this hypothesis, we note that the threshold conlasing threshold. Specific conditions necessary for dipole las-
dition for an ordinary laser is2a,,Qq/ V> 1, which can be ing is that the distance between the nanoparticle and TLS
interpreted in the present context as requiring that the polamust be smaller than the critical valug; this condition
izability 2ra,, Qg Of an atom with respect to a cavity mode is guarantees strong coupling of particles through the near field.
larger than the cavity mode volumé,, In the limit of the dipole-dipole interaction between particles

An important condition for dipole lasing is that any an- r <r, means that polarizabilities of TLS and the nanopar-
harmonicity in the polarization oscillations of the nanopar-ticle overlap in space. DNL does not need an optical cavity;
ticle is small, so that the polarization of one particle hasthis is why the typical size of DNL may be smaller than the
Bosonic properties. This condition can be broken when théasing wavelength. As an example, DNL with a silver ellip-
nanoparticles become too small. As an “extreme” limit, forsoidal nanoparticle coupled with a semiconductor quantum
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dot is considered. It is shown that such a DNL can operate, in ACKNOWLEDGMENTS
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