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Coherent radiation scattering by resonant nanostructures
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This paper deals with the scattering of radiation by resonant nanostructures, i.e., systems of like atoms
arranged at distances much less than the wavelength of light. It is demonstrated that the quasistatic interaction
of atoms in such nanostructures changes the eigenfrequency structure of the atoms forming the nanostructure
and causes substantial alterations in the scattered light spectrum. With the plane polarization of the incident
light wave, the spectrum can be sing{eto interacting atom)s doublet(three interacting atomsand so on,
depending on the number of atoms in the nanostructure. The potential possibility is discussed of using such
resonant structures as ultrahigh-density ROM devices.

The development of various nanotechnology techniquepaper, we will consider another effect, namely, the coherent
opens up the possibility of manipulating the structure of matscattering of radiation by a system of interacting dipoles lo-
ter on an atomic-molecular scale, i.e., to control the locatiorcated in a small volume of space, and specifically the
of impurity atoms with a nanometer-high precisidghy  changes in the scattered radiation spectrum by the groups of
means of scanning tunneling-microscdpfacused electron closed dipoles caused by the dipole interactions.
or ion beam¢, atomic optics techniques using laser ligfit, Considered here as a most simple model of an atom of a
etc). This makes it possible, in particular, to create variousnanostructure will be a classical dipole consisting of a fixed
kinds of nanostructures consisting of any number of atdms.oscillating charge whose oscillation axis coincides with the
As the distance between impurity atoms is reduced, theielectric-field direction in the incident wave, which is in turn
interaction becomes substantial, and this may give rise to assumed to be completely linearly polarizédg. 1). Note
number of effects some of which are considered below. that the oscillator in this model is, in principle, not isotropic,

Treated in the present work is the scattering of radiatiorbecause the resultant oscillation direction in an isotropic os-
by nanostructures formed by like atoms withincidentreso-  cillator model depends not only on the external field.
nance frequencies. The geometry of the problem is shown in Let us first consider the case of a hanostructure consisting
Fig. 1. When acted upon by a resonant field, the atoms geif two atomssituated in a plane perpendicular to the wave
polarized. The dipole moments of different atoms interactvector of the incident wave. The equations of motion of the
with one another. Generally speaking, this interaction is anobile charges of the first and second atoms have the form
retarding one, and the expression describing it is rather com- ; * o 2 B 2
plex. However, in our case, i.e., in the case of nanostructures, M(8F 1+ 7 81+ wg®ory) = e[ Ep(ry,H) +EP(ry, 1],
t_he retardation can be disregarded, so that _the dip_ole inte_rac- M(SF+ y* St 3+ wo2Sr ) = €[ Ein(r2, 1) +ED(r,,1)].
tion can be considered to be electrostatic with the interaction 2)

ner iven . .
energyUs, given by In the above expressions,andm are the electronic charge

_ didy  (dye(ri—r3))(da-(ry—r2)) (1) and massgr, and dr, are the oscillation amplitudes of the
20 —r3 [ri—r,)° ' dipoles, wy, and y* are the free oscillation frequency and

damping of an isolated dipole, ari},(r;,t) and EW(r; ,t
whered, ,d, andr,,r, are the dipole moments and the po- pIng P it (i 1) (ri.t)

sitions of the first and the second dipole, respectively.

. . i : resting moving
As a result of this interaction, the eigenfrequencies of charge charge
oscillations(equal in the absence of interactjaget split, and \
. e i or
in the spectrum of the radiation scattered by the nanostruc PRI

ture there appear frequencies corresponding to the split os-
cillation eigenfrequencies of the nanostructure. The nano-
structure itself can, in that case, be treated as a “molecule”
whose geometry determines its oscillation eigenfrequencies
differing from the initially equal frequencies of the free at-
oms.

The spontaneous emissi@uper-radiationspectrum of a
system of free atoms spaced at distances shorter than the
wavelength of light was analyzed by Dicke as far back as
1954 (Ref. 6 (see also Ref.)7 In Refs. 8 and 9 the reflec-
tance from absorbed overlayers was considered. In presentFIG. 1. Geometry of the probleithree-atom nanostructyre
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are the external field at the location of tht oscillator and P= (c/3)k*|di?, 8

the field due to thgth oscillator at the location of thith wherek=27/\ andA\ is the radiation wavelength. Substitut-

oscillator, respectively. Note, the* is total nonhomoge- . . A . )
neous Iinewidfh Whicﬁ/is usually Z*ssentially higher the?n ho-"9 (5) into (8) and dividing the expression thus obtained by

mogeneous linewidth and the radiative linewidth the incident flux

’}/0:292(0%/(3 CBm) Iin:(C/87T)|Ein|21 (9)

o _ ~we find the scattering cross section for such a nanostructure:
Insofar as it is nanostructures that are being considered ) )

here, use can be made of the quasistationary approximation P w
wherein the interaction between the oscillators will be char- 2 Thom 9 x i 2 e’[1-3cog(6,p)]]
acterized by the fieldi(j=1,2). o tloy” —lwy— mir =1,

or| (ri—rplori-(ri—ry] (10)
=1, ri—1,° : whereon,m=87/3(e2/mc?)? is the scattering cross section
3 for a free electron. At high frequencies{-) expression

(10) naturally reduces to the coherent scattering cross section

Since the oscillation phase shift between the atoms is iffor two free particles,— 40 nom. The maximum value of
our case(the case of nanostructujesmall, the emission of the cross section is

radiation is governed by the total dipole moment

dtOtz e( 5I’1+ or 2). (4)
: . R Figure 2 presents the relative scattering cross section as a
t
Assuming that all the variables depend on timeas™ and function of the distance between the atoms. It can be seen

using the fact that the oscillation direction coincides with thethat when the atoms are located sufficiently close together
external field direction from Eq$3) and(4) we find that Y 9

there takes place, as expected, a substantial shift of the ra-
2e’E;, diation frequency. It is also evident that only one frequency
diot= e1-3co2(00)]\ (5) is present in the scattered radiation spectrum, although there
m| —w?—iwy* +wc2,+ are, generally speaking, two eigenfrequencies in the system.
Consider a nontrivial group ahree atomsin that case,
Here the dynamics of the moving charges of the nanostructure is
Cos019) = [N+ (ry— 1) ]/|r1—14] defined by the set of equations, which is similar2y

. o M( 81+ y* 8F 1+ wo?8r ) = e[ Ein(r1,t) +EP(ry,1)
Note that expressiofb) corresponds to the excitation of a
single normal (symmetrical mode, which is due to the +EC(ry, 0],
method of excitation. When the external field is parallel to ko 2 B 1
r,—r,, the oscillation frequency is reduced: M(F + " 8F 5+ wo” 0T 2) = €[ Bin(r2, ) +E(r2,1)

ED(ri,t)=—e

03 =40 ol wo ! ¥*)2. (11)

mry—r,f°

3)
wo— wo[ 1~ €%/ (Mw|ry—15*)]. (6) TEP( 0], (12
When the external field is perpendicularrto-r,, the oscil- M(8F 3+ y* 8F 3+ wo” ST 3) =€[Ein(r,t) EM(r3,t)
lation frequency is increased: FED(r3.0)].
wo— wo[ 1+ €/(2mawp|r1—r5*)]. )

The solution of this system can be found in full analogy
The radiation poweP of the total dipole moment is defined with the case of two-atom nanostructures. As a result, we get
by the formula the following expression for the scattering cross-section:

2rn 2 2, 2, 2 2112
o[3ag—2ap( @it ayzt az) —2(aft ajzt azy) + (@t aizt az) ]‘

= . 13
737 9Thom ag— 010( a§2+ C(%3+ a§3) + 2(1’]26(136(23 | ( )
|
Here 03¥=90mnon( wo/y*)? for A/IN=0.01 (149
aijZ{ez[l—S CO§(0ij)]}/m|ri—rj|3 and
and ap=(— w’—iwy* + w3). 03%=(3) orpon{ W/ y*)? for A/N=0.001. (14b)
At high frequencies @ — <) (13) naturally reduces to the

coherent scattering cross section for three free partietgs: Generally speaking, in such a system all eigenfrequencies

—901hem- The maximum value of the cross section is are present. But in actuality with the dipoles being excited in
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a synchronous fashion, there arise two modes only. Figure Rire of the scattered radiation spectjuremain practically
shows the effective scattering cross section of a structure afnchanged with time. It should be emphasized once more
three atoms arranged at the vertices of an equilateral triangkbat the scattering or absorption spectra in the given case
with a side ofA as a function of the interatomic spacidg depend solely on the mutual arrangement of the atoms form-
and the incident radiation frequenay It can be seen that in ing the nanostructure.
the case of three-atom nanostructures the radiation spectra The appropriate choice of the geometry of the nanostruc-
are more complex. Where the external field and oscillatiorture can provide for some or other type of scattered radiation
direction are parallel with one of the sides of the triangle, itspectrum and thus allow encoding some amount of informa-
is only two out of the three possible modes that effectivelytion. This amount can be estimated as follows. The spectrum
get excited. This is perhaps a general rule: in a planar strumf radiation scattered by a nanostructure can be treated as a
ture, a normally incident plane wave excites all the normaregister ofN binary digits whose number is governed by the
modes save one. relationship between the total linewidifi and the frequency
The scattering of radiation by more complex nanostrucbandA o~ wq of the incident radiation:
tures is studied in a similar way. Thus, the present work
considers natural oscillations in nanostructures made up of N~Aw/y* =10, (15
like atoms interacting electrostatically and the spectra of raThus, if we could manage to produce a nanostructure having
diation scattered by them. It is demonstrated that the radiat000 eigenfrequencies with a width of the orderydf we
tion spectra depend materially on the geometry of the nanowould then be able to encode with its aid some 100 bytes of
structure and the orientation of the latter with respect to thénformation on a surface with an area of the order\éf
polarization of the incident radiation. In the case of planeNote that in contrast to the persistent hole burning technique
geometry of the nanostructure and normal incidence upon ilvherein one bit is associated with a hole of the order of the
of the external field, one of the possible natural fl’equencieﬁomogeneous widtly, of an individual center, one bit in our
practically fails to get excited and is absent in the scatteredase is associated with the inhomogeneous linewigth
radiation spectrum. which is several orders of magnitude greater than the homo-
The fact that the scattered radiation spectra depend on thfeneous and radiative widt,.
geometry of the nanostructure suggests that such nanostruc- Consider briefly some specifics of realizing nanostruc-
tures can be used as information encoding elements. Manyires capable of high-density information storage. A most
methods have already been proposed to increase optical dajiple way is to accommodate on a surface with an area of
recording density(see, for example, Ref. 100ne of the the order ofA? a set of two-atom nanostructures whose in-
most interesting methods is the persistent spectral hole burferatomic distances will provide for the desired frequencies
ing technique:'~**With this technique, a narrow-band laser in the radiation spectrurtFig. 4. The mutual arrangement
is used to burn a set of holes in an inhomogeneously broadf the individual two-atom nanostructures are naturally un-
ened line of impurity or color centers, the width of the holesimportant. Each binary nanostructure corresponds to a hole
corresponding to an individual impurity molecule. In thatin the absorption spectrum in the persistent hole burning
case, it is proposed to useninteractingdipoles withdiffer-  technique.
entnatural frequencies. And we consider an entirely different  As the characteristic number of lines in the scattered ra-
effect, namely,nteracting pairs (triplets) of closely spaced diation spectrum is defined by expressidr), the number
dipoles with equal frequencies which become, because ofN, of the binary nanostructures accommodated on a surface

interaction, oscillators witldifferentnatural frequencies, fre- \ith an area of the order of2 should not exceed the number
guency splitting being dependent on the distance between theg resolved lines:

elementary dipoles in the group. .
Resonant nanostructures of interacting atoms can be used Ni=N=Aw/y". (16)
as logical elements in memory registers even at room tem-

perature because the distances between the atoms formiQ herwise _theirgpectra will be superimposed on one another,
the nanostructure on a solid surfgeed governing the struc- and encoding will be erroneous.

FIG. 2. Spectrum of radiation scattered by a two-atom nano- FIG. 3. Spectrum of radiation scattered by a three-atom nano-
structure(radiation polarized perpendicular to the axis of the nano-structure (radiation polarized parallel to one of the sides of the
structure ko= wq/c, distance between atonds. equilateral triangleko= wq/c, side of the triangle\).
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FIG. 4. Possible geometry of a memory element built around

resonant nanostructures. H\H\H‘H‘WW
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On the other hand, the distance between the individual 00002 00004 00005 00008 0001
two-atom components of a memory cell should be large ) A )
enough in order that their interaction should not cause any FIG. 5. lllustrating the de_termlnatlon of the_ optl_cal memory el-
additional frequency shift making the encoding process dif€Ment geometryN,—the maximum number of lines in the scattered
ficult to accomplish. In other words, this distance should bd@diation spectrumi,—the maximum number of noninteracting
such that the frequency shift due t’o it does not exceed thg/vo-atom nanostructures accommodated on a surface with an area

. . . o of A2 (the region of permissible numbers of two-atom nanostruc-
to.tall Imew@th v*. It is not very difficult to see that the wres is shown by hatching
minimum distance between two-atom components of a nano-
structure can be estimated by meang%fand (6) as the opposite case, the decisive factor is the limited character
Swox €2 (Mag|ri—ro)3) <7v*, (17 of the bandwidth of the incident light.

h he followi . for the mini Under optimal conditions wherg*/wy~10"%, it is pos-

whence we get the following estimate for the minimum per-gi e 1o accommodate on a surface with an area of the order

Y/,

missible distance between two-atom components: of A2 around 16 two-atom nanostructures capable of carry-
r07\(2) wo 172 ing, in principle, over 1 KB of informatior{400 GB/cn? at
[ri—To|min<3| —= —*) , (18  N=0.5um). Of course, various practical restrictions that in-
Aqr 0% . X . . X R X
evitably arise in the course of realization will reduce this

wherer  is the classical radius of the electron. amount, but we hope that the final actual figures will be high

So, the maximum possible number of negligibly interactenough.
ing nanostructures on a surface with an area of the order of It should be emphasized that we only discuss here the
A2 will be defined by the expression principal possibility of using the effect under consideration

5 w23 in high-density memory devices without considering the ac-
No— A :( 2 Mo 7’_) tual possibilities of their realization, and particularly without
2 |r1—r2|r2nin ro wg/ discussing the information reading system and many other
practical matters.

Figure 5 presents the numbéids andN, as a function of The authors express their gratitude to the Russian Basic
the relative linewidthy*/wg. It can be seen that gt*/wq Research Foundation and the U.S. Department of Defense
<10 * the decisive factor is the requirement that the inter-(through the intermediary of the University of Arizonor
action between individual nanostructures should be weak. Itheir financial support of this work.
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