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Radiative decay of collective excitations in an array of quantum dots
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The problem of electromagnetic response and collective excitations in an array of quantum dots is solved in
the self-consistent-field approximation using the complete system of Maxwell equations. We calculate the
radiative decay of collective excitations in the system and show that it can be of the order of or larger than the
damping due to collisions. We show that in previous theoretical work the effect of radiation of electromagnetic
waves by the dipole collective modes of the system was underestimated by several orders of magnitude. Our
results remove the discrepancy between the observed and calculated linewidths of collective modes in arrays of
dots. The results are discussed in connection with the related problem of the optical properties of small
polarizable particled.S0163-182606)03839-9

Electrodynamic effects due to the finite velocity of light model one can obtain the following expression for the radia-
c are normally neglected in calculations of the far-infraredtive decay of plasmons:
(FIR) response of low-dimensional electron systems such as
periodic lattices of quantum wires, dots, antidots, etc. As far
as thefrequencyof plasma modes is concerned, this is cer-
tainly justified as retardation effects are determined by the
parameter &/\)2, which is several orders of magnitude
smaller than unity in real structurdberea is the lattice wheree and m are the charge and the effective mass of
period(typically smaller than Jum) andX is the wavelength electrons,ng is an average area density of electrons in the
of light (typically 50—200um)]. However, the radiation ef- disk, R is the disk radiusge is the dielectric constant of a
fects can result in a radiative decdy)(of plasma modes and surrounding medium, ana, is the frequency of the dipole
hence influence thénewidth of observed resonances. In an plasma mode aB=0,
infinite two-dimensional electron syste@DES), the FIR
radiation is coupled with the two-dimension@D) plasmons
via a periodic grating imposed on the systtand the radia-
tive decay of 2D plasmons essentially depends on the grating
coupler efficiency. As shown in Ref. 2, in real 2DES the[The formula reported in Ref. 5 differs from E(l) by an
radiative linewidthT" is much smaller than the collisional additional factore in the nominator. The correct expression
dampingy of 2D plasmons [[/y~10"?). The influence of should obviously have the forl), as the dielectric constant
the radiative decay on the linewidth of the single-particlee must appear in the combinatioed e andc?/ e.] The result
cyclotron resonancéCR) in the infinite 2DES is determindd (1) can be understood from a simple physical consideration.
by the dimensionless parameterrd,/c (oo/Y, in SI  An external ac electric field induces an oscillating dipole
units), whereay, is a static conductivity of the 2DESY( is ~ momentd>=exp(—iwgt) in the dot. The intensity of the dipole
the wave admittance of free spack earlier papers on the radiation is giveh (in vacuum by the formula
CR? the radiative contribution to the full linewidth was usu- | =4wgd?/3c®. Estimating the dipole moment a$~qR,
ally neglected due to a small electron mobily with g being the oscillating charge, and dividingby the

In the structures with the dimensionality below(dots, energy of the oscillating dipole-g%/R, we obtain the result
wires, etc) plasmons can couple directly to the radiation coinciding with (1) up to a numerical factor.
field. In addition, the electron mobility in modern GaAs/  Equations(1l) and(2) are valid fora single dot while in
AlL,Ga, _,As heterostructures can be very high. It wouldreal experiments one deals witirrays of dots The fre-
therefore be reasonable to expect a relatively large contribuguency(2) is weakly influenced by interdot interacti6rihe
tion of the radiation effects to the full linewidth of collective corrections to(2) are proportional to R/a)3<1. However,
modes in these structures. However, Leavitt and Litl@a-  this is not the case for the radiative decay of plasma modes.
lyzing experimental data of pafesn the FIR response of an If the lattice perioda is much smaller than the wavelength of
array of 2D electron-gas disks in a GaAs/Sla; _,As het-  light a/A<1, all dipoles in the area \ X \ radiate in phase,
erojunction, foundin zero magnetic fiel=0) a negligible  which results in a considerable increase of the total radiated
contribution of the radiative decay'(y<10 2). To the best power and hence the radiative decay.
of our knowledge, after that, the problem of the radiative In this paper we calculate the FIR response of plasma
decay of collective modes in such structures was no longemodes in a square lattice of dots in arbitrary magnetic fields,
discussed in the literature. taking into account the radiative decay and show that, under

To solve the problem, Leavitt and Litfleconsidereda  real experimental conditions(\ <1) the radiative decay of
single diskin the oblate spheroid model &=0. In this plasma modes iseveral orders of magnitude largdran that
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found in Ref. 5. In the structures with high electron mobility uniform (this is an exact statement in the oblate spheroid
the ratioI'/y can be of the order of or even larger than themodeP® and in the model of parabolically confined dbts

unity.

multiplying Eq.(9) by 9(r) and integrating over the elemen-

Let a periodic lattice of 2D disks be placed at the planetary cell, we obtain the relation between the total and exter-

z=0 in a magnetic field=(0,0,B), and the background
dielectric constants equal 9 at z>0 ande, at z<0. An
equilibrium electron density of 2D electromg(r) 5(z) is a
periodic function ofr =(x,y),

n(r) =2 nd(r—ay), 3
where the sum is taken over all lattice vectagg=a(k,l)
and the functiond describes an electron density profile in-
side the dot§ 9(r)=3(r), (I(r))qo=(3) =1, the angular

brackets mean the average over the area of a dot, a

J(r)=0 atr>R]. The electric field of an external electro-

magnetic wave acting on electronsE®<exp(—iwt),

nal electric fields inside the dotg,s(w)Eg'=ES" where
the function{,s(w) has the meaning of the response func-
tion of one dot in the lattice. In a square lattice of circular
dots this relation can be written in the scalar form
EV'=EZY{.(0), where E.=(E,FIiE,)/\2 are the field
amplitudes with+ circular polarizationgthe upper sign cor-
responds to the polarization of the §R

2miwf(o.) G)A,,

o
. =1— 10
£+ (0) Z 2 o (10
%d 0. =0y*ioy,. The form factor
a(G)=|(9e'®")|? (11)

a={x,y}, is assumed to be uniform and parallel to the plane

z=0.

is determined by the Fourier components of the equilibrium

In the periodic lattice of dots an induced electric field is electron density in the dots.
expanded in a Fourier series over reciprocal lattice vectors The velocity of light enters the functiofi. (w) via the

Gmn=(27/a)(m,n),

E‘;‘d(r,z):%: ENGexpiG r—«g ), (4)

wherej=1 (j =2) for positive(negative z,

KG’J':(GZ— a)26j /02)1/2

©)

inverse field penetration lengthks; ; given by Eq.(5). Under

the condition @/\)?<1, the termsw?¢;/c? in (5) can be
neglected for all nonvanishin@. The radiative decay of
plasma modes in the lattice arises from the t&mO0 in Eq.

(10): the factorkg—gj= —iw\/e_jlc has vanishing real and
finite imaginary parts and describes induced waves radiated
from the planez=0 (the sign of the imaginary part Im
koj<0 is fixed by radiative boundary conditions at

is the inverse penetration length of the induced electric fielg= + o). The response functions. then assume the form

in thez direction, and5 =|G|. Using the Maxwell equations,
we expressE‘znd and all components of a magnetic field
H(r,z) via EY and EJ". Imposing the standard boundary
conditions at the planeg=0, E,|*5=0, H,|"3=4mj,/c,

and Hy|f8=—47-rjxlc, we obtain a relation between the

3 dmf(o.) 2mif(o.)
(o(0)=1F Cromr 1+ e ey & OO

(12

Fourier components of the induced and total electric fieldCalculating Joule’s heaQ=(j (1) Eq(r))cer= v+|E$1?/2

and an electric currerjt, at z=0,

dmiw Ayg

i(?,dG: 2 EJB,Ga (6)
ja,G:<ja(r)e_iG'r>Ce||:f<0-a,8(w1r)EtBOt(r)e_iG.r>'( )
7

Hereo,s(w,r) is a dynamic conductivity tensor assumed to

be proportional to the local electron densifys wR?/a? is
the area filling factorA=A®+A?),
2 2
A(J):GaGﬁ_ 5aﬁw EJ' /c
af KG,j

(8)

and().e means the average over an elementary cell.
From Egs.(6) and(7) we obtain the integral equation

d7iwf Aaﬁeie'r
—
c G detA

ENi(n) = (op(@,r)ED(r)e ey,

©)

+v_|E®}%/2 and using the Drude expressions for the con-
ductivity (o.)=ineX[m(wF wc+iy)], we find the ab-
sorption coefficientsy..(w) of the structure,

_ Re(o.(w))
velw)=t |§i(w)|2

w2

_ nsfe?y
|o{oF wcti(y+T)} - Qg

m

(13

wherew, is the cyclotron frequencyy is the collision relax-
ation rate,

47ngfe?

= — i, A<\, 14
mc(e} -I—e% ) a (149

is the radiative decay of collective excitationsan array of
dots and(} is the excitation frequency &=0,

2
, 2mnsfe

0 m(e;+ €5) (15

> Ga(G).

G#0

which relates the induced field at any point of the plane
z=0 with the total electric field inside the dots. Assuming The changes in transmissidirl . and reflectioMR.. coef-

that the inducedand tota) electric fieldinside the dots is

ficients are proportional te.. /c.
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FIG. 1. Absorption coefficientsy,(w) (solid curve$ and E‘:’ )
v_(w) (dashed curvegs Eq. (13), of the square lattice of dots at ]
different magnetic fields()y/y=20 andl'/y=0.8. 0'80 0.1 0.2 0.3 0.4 0.5

R/a
Equation (13) describes the absorption spectrum of the
square lattice of dotéFig. 1) with the well-knowr?'1° two-

o . . FIG. 2. (8 Linewidth and(b) frequency(23) of the plasma
mode excitation spectrum with the resonance frequencies @ (b freq y(23 P

resonance in the square dot latticdBat 0 as a function oR/a; the
o 2 2-1/2 dotted curve inb) shows the dependen€®23), taking into account
Rew. =[(wc/2)"+0o] ™+ wc/2 (16 only the dipole[proportional to EF;/a)S] correction. ’
(for + and — circular polarizationsand the linewidths
equal to 50 GHz. The scattering linewidth was estimated in
y+I 1+ w2 1 Refs. 6 and 5 to be equal tg277=16.8 GHz(the mobility
2 | T T [(wd2)2+ 052 (17 u=2.5x10° cm?/Vs). Leavitt and Littl€ estimated also the
] o edge-scattering contribution to the resonance linewidth at
determined by the sum of the radiative dedayand the pg—g. Using the simple classical picture in which all elec-
collisional dampingy. The ratiol'/ y can be written as trons move with the Fermi velocityg, they obtained the
_ 2, 12 mean free path for edge collisioss- 16R/37 and the mean
[ly=4moole(er ™€), (18) time between edge collisiong2=s/ve . For the parameters
whereay is the static conductivity of a system with the av- of Ref. 6 (R=1.5 um andng=>5.5x 10" cm™?) this gives
erage electron densityf. At f=0.5, ng=3X10" cm™2,  ygd2m=20.2 GHz. The total collisional linewidth
€,=12.8, ande,=1, it exceeds unity wheru>5x10>  (momentum-relaxation plus edge-collision contributjons
cm?/Vs. was thus found to be 37 GHz. The radiative decay estimated
Equation(14) correctly describes the radiative linewidth in Ref. 5 using formula(1) (multiplied by the additional
in the limit f—1 of the homogeneous 2DES[o obtain the  factor €) was found to be negligiblé0.16 GH2. Calculating
special case of the single da¥$\), we apply the transfor- now the radiative contribution from E¢14) (we us€ a=4
mation um, e;=12.8, ande,=1), we obtainl'/277=13.4 GHz. The
total linewidth turns out to be equal to 50.4 GHz, in ideal
D _ a*dq S eita agreement with the measured value.
= F(G)_f (2m)° F(a) T e (19 Thus our results remove a discrepancy between the
o ) measured and calculated resonance linewidths and allow us
to Eq. (10 and then take the limia—o. Assuming for to draw the conclusion that the total linewidth,qyy
simplicity thatB=0, e€;=€,=¢, and the density profile in =4 ,_ +T contains three contributions: the damping due
the dot is given by the formula to the bulk and edge scattering and the radiative decay. Fig-
ure Za) demonstrates the dependence of different contribu-

Imw.=—

—3(1_yr2/R2\12
r)=2(1-r%/RY) (20 tions andl'yy, on R/a for parameters of Ref. 6. The total
(the oblate spheroid modgl we obtain, ag> X\, linewidth has a minimum at
w3 iT 0> R 1/3caj 2+ el
Hw)=1— b (21) R_Z[*C% , 22
o(wtiy) wjlotiy) a 4lve a e

with T from Eq. (1). If (y+Tg)<wq, the complex zero of where ag=fi’e/me? is the effective Bohr radius and

the function(21) describes the resonance at the frequencye=(e;+ €5)/2. Note that the radiative contribution quickly

wq With the linewidthy+T'y. Equation(1) obtained in Ref. 5 decreases with increasirggat fixedR andng.

is thus valid ata>\. Our derivation automatically takes into account the influ-
Let us compare our results with experimental data of Refence of the interdot interaction on the resonance frequency

6. The resonance linewidth observed in Ref. Bat0 was (15). Making use of the transformatiaid9), one can obtain
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the regular expansion of the frequenQy, over the powers for the final result. In the forni24) it should also be valid for
of R/a. For a square lattice of the dots with the profig®)  randomly distributed small particles of an arbitrary form.
the first terms of this expansion have the fdisee Fig. 20)] A problem similar to that considered here arises in the
optics of small polarizable particles and related phenomena
(surface-enhanced Raman scattering, optical properties of is-
-, (23 Jand metal films, etg.*>* A discrepancy between the mea-
sured and predicted intensities of radiation also exists in
where7(z) == (k2+12) "7 (the sum is taken over ai,| ex-  these fields. The radiative decay of plasmons in a small metal
cluding k=1=0); 7(3/2)=9.03 and#(5/2)=5.09. The di- particle as a possible way for explaining this discrepancy
pole term proportional toR/a)? in (23) coincides with that was diSCUfSEd in the Iiteratulr%‘,'l“ It was, however, also
obtained in Ref. 8. Taking into account the interdot interaccalculated* in the model of a single particle. The results
tion improves the agreement between the resonance fré@btained here show that the radiative effects can play a more
quency aB=0 measured in Ref. 6675 GH2 and the one Important role in these phenomena, than was found in Ref.
calculated with the help of Eq2) in Ref. 5 (614 GH2.

Using the parameters of Ref. R{a=0.375), we obtain In a number of papers devoted to the theory of optical
O /on=0.94 andQ.=577 GHz ’ properties of adsorbate molecular lay&sse, e.g., Refs. 15—
0 o— VY- 0o~ .

The emission of light by plasma excitations of low- 17) the authors considered an interaction of light with small

di ional elect ¢ be of int i i polarizable particles periodically arranged on a plane. In
Imensional electron systems can be ot intérest in connectiog, ;¢ papers, the changes in the transmisaidrand reflec-
with the design of light-emitting tunable FIR sources. FIR

o -tion AR coefficients were calculated to the lowest order in
emission spectroscopy of hot 2D plasmons has been studig , so that the I corrections were ignored in both the

since about 1980for a recent reference see, e.9., Ref). 11 fequency and the linewidth of resonances. This does not
The radiative decay of 2D plasmons depends on the gratingsyt in a mistake in the resonance frequency, as an influ-
coupler efficiency, and is, however, too smialks we S€€ ence of retardation effects on the frequency is determined by
here, the radiative decay of magnetoplasma modes in dehe small parametea/\<1. This can, however, result in a
lattices can be a strong effe@imilar results can be obtained |arge mistake in the resonance linewidth, as the ddrrec-

03 27(3/2) 5

R
a

3 67(5/2)

R
5

a

—=
g 3

for wire and antidot lattices tion to the linewidth is determined by the other parameter
Formula(14) can be rewritten asef = €,= €) '/, Eq. (18), which can be larger than the unity.

In conclusion, we have shown that the radiative decay of

I'/T o= 3N/4, (249 collective excitations in the dot lattices and in arrays of small

whereN is the number of dots in the coherence axeah polarizable particles is a much stronger effect than was as-
(N=\%a? and A=27clwgye€). In this form I' does not sumed so far.
contain the lattice period or the dot radius. This means that | thank Professor U. Rasler for reading the manuscript

our assumptions on the periodicity of the spatial distributionand useful comments. The work was supported by the Alex-
of the dots and on their forrftircular disk$ are not essential ander von Humboldt Foundation.
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