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Rare-gas precipitates in metals as quantum dots for polaritons
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A study of the optical spectra of metals containing inclusions of rare-gas precipitates of spherical shape is
presented. A unique feature of this system is that rare-gas atoms inside the precipitates form a crystal lattice
even at temperatures much higher than room temperature. Energy spectra of the size quantization of excitons
in Xe, Kr, Ar, and Ne precipitates in Al and their manifestation in reflection spectra are calculated, taking into
account polariton effect&ipole-dipole exciton interactionsspatial dispersion, and mixing of the electronic
excitations of the inclusion with collective excitations of the surrounding niptasmong It was shown that
(i) the proximity of energies of the exciton levels and the plasmons localized on the inclissidace
plasmong results in a gigantic shiftup to 1 eVj of the levels of coupled excitation§j) the transfer of the
oscillator strength from the plasmon level to the exciton levels leads to the amplification of optical transitions
in bubbles by several orders of magnitude. If the energy of the surface plasmon is smaller than the energy of
the surface polaritofAr, Ne), the latter is situated inside the discrete exciton spectrum and is coupled to the
discrete exciton levels. In this case the surface polariton line in the reflection spectra is broadened by a set of
dips representing quantized exciton levels. In the case of Xe and Kr in Al, the energy of the surface plasmon
level is larger than the energy of the surface polariton. As a result, the surface polariton is pushed out of the
exciton band and manifests itself in the reflection spectrum by a very narrow dip.

[. INTRODUCTION cations that even He might be crystallized in He bubbles
with the melting temperature in the range of 150—-218 K.
Excitons in low-dimensional system@uantum wells, Precipitation of rare-gas atoms in irradiated metals creates

wires and dotshave recently been a subject of numerous anda unigque system that combines features of high-temperature—
intense studies? This interest is due to the unique featureshigh-pressure rare-gas crystals interacting with free electrons
of the small-size system excitons that include large couplingf a metallic surrounding and size quantization of electronic
energy, gigantic oscillator strength, strong nonlinearity, andstates due to the small size of the precipitates. Optical prop-
short radiational lifetime. The development of the technol-erties of metals containing such precipitates are seldom in-
ogy to manufacture low-dimensional systems is a challengvestigated. There is a papen which the spectrum of the
ing problem. transmission of aluminum films with helium bubbles was
This paper presents the results of a theoretical study afheasured.
excitons in small crystallites of rare-gas atoms in metals. The paper presented here concentrates on the optical spec-
Study of the structure of rare-gas precipitates has been catra of rare-gas precipitates in metals. It will be shown that the
ried out for the past 15 years. Rare-gas atoms introduced intgystem has unique properties and the study of electron exci-
a metal matrix by ion implantation or created as the result ofations localized on the precipitates may give insight both
nuclear reactions have low solubility in the metal and tend tdnto new optical materials and into the behavior of rare-gas
collect into bubbles. The behavior of nhanometer-sized preerystals at high temperature and pressure. Due to the periodic
cipitates of noble gases in materials has been studied extempatial arrangement of rare-gas atoms in the precipitates,
sively because of problems associated with the developmemiectronic excitations of the crystallites have collective delo-
of fusion and fission reactofsPressure inside the bubbles calized character and are excitons. The small size of the pre-
reaches very high values, tens and hundreds of kilobars. lcipitates leads to the quantization of the excitations. In fact,
these conditions, rare gases crystallize at higher temperaturthe considered system is an example of the quantum dots that
High-temperature crystallizatiofprecipitatior) of rare gases attract so much attention nowadays. Some aspects of the
in bubbles was discovered experimentally by electron andow-dimensional quantization of small-radius excitons in di-
x-ray diffraction, by high-angle annular dark field scanningelectric media were studied in Refs. 10—-12. The paper cited
transmission electron microscopy. Crystallization of Xe in  in Ref. 10 considered the properties of the hypothetical crys-
Al, Arin Al, and Kr in Cu, Ni, and Au can be mentioned as tallite of helium atoms in a metal, while the paper cited in
examples. Melting temperature of the rare-gas precipitateRef. 11 investigated the radiation lifetime of CuCl microc-
can be very high. For instance, crystallized Kr in Ni exists uprystals in a matrix of silicate glass. The present paper reports
to a temperature of 825-875 K, while at atmospheric presthe results of calculations of the energy spectrum and the
sure melting occurs at 115 KAnnealing the metal with spectra of reflection of electromagnetic waves of metals con-
rare-gas precipitates at a temperature above the melting poitaining Xe, Kr, Ar, and Ne precipitates. As will be shown for
of rare-gas crystallites results in an increase of the radius cfome metal—rare-gas combinations, strong resonant interac-
the bubbles and a decrease of the pressure and therefordi@n between excitations inside the precipitate and the elec-
decrease of the melting temperature. There were some indironic system of the metal results in a gigantic shift of levels
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of quantized excitons and localized plasmons and a signifi- Solutions of the system of Egél) and(2) in the infinite
cant change of the oscillator strengths of optical transitionscrystal describe longitudinal and transverse exciton waves
neglecting the retardation. They are found by expanding the
Il. SPECTRUM OF ELECTRONIC EXCITATIONS OF electric field potential and polarization vector into a series of
DIELECTRIC INCLUSION IN METAL TAKING spherical harmonics:
INTO ACCOUNT SPATIAL DISPERSION

~ The determination of the energy spectrum of the excita- 2 (95, (kr)+c B IR)TY m(0), (8)
tion of dielectric inclusion in a metal requires finding non-

trivial solutions of the system of Maxwell equations for the

electromagnetic field and the Schinger equation for elec-

tronic excitations. Let us consider a spherical inclusion with Pi=—V >, [d),(kr)+dM(r/R)TY\m(0¢)

the radius smaller than the wavelength of the electromag- Im

netic field with the frequency of the resonant oscillations in

the system. In this case, the Maxwell equations can be writ- +i, d@eurl(j(kr)LY n(0¢))

ten in a quasistatic approximation. The Salinger equation Im

may be substituted by the equation for the vector of the

exciton polarization, which was deduced from the Sehro + 2 fimd i (KDLY (66, 9
dinger equation in the linear approximation with respect to h,m

the electromagnetic fielf For the rare-gas crystals, the dis-

persion for the excitons in the bulk is parabolic, the radius of

the lowest exciton state is of order of the lattice period, and b=, am(RIN" 1Y 1(0,6), (10
thus the excitation may be considered to be a small-radius m

exciton. Metal is treated as a free-electron gas of the Drude

theory. As a result of the above considerations, the following ) i1

set of equations for the potential of the electromagnetic field VZ bin (RIT) ™Y im(604), (11)
and the polarization vector inside and outside the precipitate

can be written:

where L=—i[rxXV],j;(x) are the spherical Bessel func-
exA@;—4mdivP,=0, (1) tions, Y, are the spherical harmonicsk= [(w?
- wd)/ a]l’2 is the wave vector of the transverse waves in the
By + w2Py— AP, + BV ¢, =0, (2)  infinite crystal, andk=[(w?~wj—2wow 7)/a]"? is the

wave vector of the longitudinal waves in the infinite crystal.

Ag,—A4mdivP,=0, 3y  Different types of excitations that would exist in the infinite
bulk crystal are coupled by the scattering and mutual trans-

e formations of the inclusion boundaries. Expansion coeffi-

Pyt ——V,=0. (4 cientsamby,,clP,d®?) £, describe a share of the par-

ticular excitation type in the eigenstates of the inclusion.

Here, index 1 refers to the medium inside the inclusion! hus coefficientsy, by, gcl(r%j)vdl(r%w) stand for the contribution
and index 2 refers to the metap; and P; are the electric- of the longitudinal excitations that exist in the absence of
field potential and polarization vectd?, is the exciton part Spatial dispersion Nl—) coefficients,c(yd(y) belong to
of the polarization of inclusiong, is the frequency of the the longitudinal excitations taking into account the spatial
exciton band bottom of the material inside the inclusiep, ~ dispersion coefficients, argfy), di),f,, describe the trans-
is the plasma frequency of the metal, andis the dielectric ~ verse excitation.
constant of the rare-gas crystal accounting for the contribu- Let us assume that the time dependence of the coefficients
tion into the polarization of all states except the exciton bandakes the form expfiwt). Then the frequencies of the eigen-
under consideration3= w twqe../27, Wheretiw 1 is the  States and the relationship between the coefficients can be
transverse-longitudinal splitting for the exciton band, found from the solution of the system of Eq%)—(4) taking
=%wo/M, whereM is the effective exciton mass. Fielgs ~ into account the boundary conditions given by E@s—(7)
andP; should satisfy Maxwell boundary conditions and ad-by means of the expansion of Ed8)—(11).
ditional boundary conditions that will be chosen in the form Let us present the spectrum of the solutions. There are
of the zero exciton polarization at the boundary of the inclu-two classes of eigenstates of the system with frequencies that
sion, aII?XVing the exciton to reflect elastically from the may be found from the following equations:
interface.

0] ji(kR)=0. (12

e1lr=r=¢2lr=r, 5
3 3 For this solution, all coefficients in Eq&3)—(11) exceptfy,
(800& _47Tplr) - (ﬁ _47Tp2r) . (6) areequalto zero. These states are pure transverse excitation,
ar r=R ar r=R do not contain an electric field, do not interact with electro-
magnetic waves, and therefore will not be considered further
Pi|,-g=0. (7)  in this work.
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(i)
ol Tex(1+1)
£,R(9],(kR)/IR)+e5(1 +1)j,(kR)S(kR)
=47l
£.(w?— wd)Dy(kk,R)
(13
where
_ 0”J|(KR) Jd ) . .
Di(kk,R)=R—c——s[Ri(KR =11+ 1)ji(x)],(kR),
(14)
82:1—(1)5/&)2, (15
w,= (4me’n/m)*2is the plasma frequency of the metal,
di
S00=x 0 0. a6

All coefficients of the same multipole order are related to
aj, in the following manner:

o celTDred
Cim = TS (kR) (17
m_[qq 2T DTed,
Clm_<1+ SOS(KR) ]|(KR) Am (18)
o_ 22l 1)+ ool
M= AmeeS(kR) oM (19)
B go(l+1)+egl
(1)_
di wo_wz(l-l- 205 (kR) jI(kR) |ay,, (20)
@_ _ s2lt D+ e
din = 47eoS (KR) om (21)
flmzo, (22)
wp
blm_ - 477w2 a|m (23)
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dispersion, electromagnetic and polarization fields are de-
scribed as

] w2 Arw?

AEl_Vd|VE1+_28x:_ 2 P_‘]_, (24)
C C

H,= ic tE 25
1= ZI’O 1y ( )
div(e.E;+4mP;)=0, (26)

. h? B
ﬁ(w_w0+|rin/2)P1+mAP1:_ZE]_, (27)

wherel’;, is the damping constant of the material of inclu-
sion.

For the bulk crystal, solutions of the system of E@)—

(27) are superpositions of the plane waves, two of which are
transverse and one of which is longitudinal.

Outside of the dielectric inclusion, the system is described
with the Maxwell equation and Drude polarization for the
electron gas, taking into account the damping given by a
constantl’,,. Boundary equations are usual boundary condi-
tion of the electrodynamicé&continuity of the normal com-
ponent of electric induction and tangent components of the
electric and magnetic fielgdsAdditional boundary conditions
for the exciton polarization have been chosen as in(Ex.

Solutions of Eqs(24)—(27) have been found by expand-
ing fields into spherical harmonics similar to the procedure
used for the determination of the spectrum of excitations but
assuming an incident external electromagnetic wave. Know-
ing the coefficients of the expansion, the cross section of the
scattering can be determined. Since the size of crystallized
precipitates is much less than the wavelength of the electro-
magnetic field, the dipole ternftransverse magneti&

waves,l=1) in the scattering is dominant. As a result, the

polarizability of the dielectric sphere equals

JAK = BI205R(91dR)IN(rj 1(k1R))
AKZ+BGIR(a/IR)IN(rj 1(k.R))

ain(R)=aj=—R

Detailed calculations and analysis of the spectrum of exwhereq,= \e,w/c,

citations will be presented in the next sections.

Ill. OPTICAL PROPERTIES OF A METAL WITH
PRECIPITATES

Optical spectroscopy is one of the methods to study elec

tronic excitations localized on the precipitates. Determina-

(28)

_wak
A=1 azkiF(R)’ (29

- _ aq aq
B_l_a_zF(R)_a_o[l_F(R)]’ (30

tion of the optical properties of precipitates is based on the

solution of the problem of light scattering by a spherical

inclusion in the metal matrix. Let us consider scattering of a F(R)=

plane electromagnetic wav&=Ejexpikr—iwt) by a
spherical inclusion. The system is described by a set of Max
well equations and the Schiimger equation for the exciton
polarization. These equations are more general than the set

equations used to determine the spectrum of excitations and

2—R2(9/9R)In(Rj1(k;R))(d/ IR)IN(Rj1(KyR))

2—R%(3/aR)IN(Rj1(k,R)) (9 IR)IN(Rj1(koR)) |
(3D

2M

of
kg_T(w_wo—wLTﬂrm/z). (32)

take into account the retardation and damping of the electro-
magnetic waves. Inside the dielectric inclusion with spatialk; andk, are the roots of the biquadratic equation,
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TABLE I. Phenomenological parameters of rare-gas crystals. wheree; is the dielectric constant of precipitate materials in
the case of the absence of spatial dispersion,

Xe Kr Ar Ne
473
hwg 8.36 10.19 12.06 17.36 £1= 8o+ . 37)
hoit 0.11 0.12 0.15 0.2 w2~ w?
M 2.2 2.2 2.2 2.2
€x 2.22 1.882 1.66 1.24 Equation(36) is the well-known formula that determines
the frequencies of the polariton excitations localized on the
spherical inclusion in the crystal. If a dielectric inclusion
. [2M ) w? ) w? 5 with positive dielectric constarnt; is embedded into a metal
k*— T(w—w0+|rin/2)+sw§ k +8m?k020- with negative dielectric functior, given by Eq.(15), the

system has a collective excitation localized in the metal out-
(33 ) ; . X :

side the inclusion. It is called the localized or surface plas-
Solutions of this equation determine the wave vectors of thenon and its frequency is determined by
mixed electromagnetic and exciton waveslaritons in the
infinite crystal. Indexj=0 corresponds to the longitudinal 2
wave while indiceg = 1,2 enumerate two types of the trans- wspi=@p \ 375, (38
verse exciton waves. !

«(j=0,1,2) are defined as In the region where the inclusion’s dielectric function

given by Eg. (37) is negative (i.e., where wg<w<wg
aj=-— ) (34) + o, 7) and the inclusion is surrounded by a medium with
4m ﬁzka/ZM +hwo—hw—1Al /2 positive dielectric constand,, a surface polariton state ap-
pears with the frequency given by

Ex ﬁwLT

Polarizability of the spheric inclusion given by E®8)
can be used to find the dielectric constant of the metal with a €,
system of spheric precipitates. In our calculations, we used Wgpoi= Wot o 1 2g, LT
the Lorentz-Lorenz formula for the effective dielectric func- * 2

tion, which in our case reads States of this kind are often observed for the semiconductor
inclusions in a dielectric matrix, for example CuCl inclusions

+ M) (35) inglass.

1-4mNa,/3)" A unique feature of the considered system of rare-gas
precipitates in aluminum is the fact that the frequencies of
the surface plasmon and the surface polaritons are situated
close to each other. The energy of the surface plasmon exci-
tations is in the region of about 12 eV, which is close to the
energy of the lowest exciton band of a number of rare-gas
IV. CALCULATIONS AND DISCUSSION crystals. This fact manifests itself in a number of remarkable

Energy and optical spectra were calculated for the precipieffects in the energy spectrum and optical properties of the
tates of different rare gases in aluminum. Aluminum wasSystem. Figure 1 shows schematically the dependence of the
chosen because its plasma frequency is 15 eV and therefoR®sition of the energy of the surface plasmons and polaritons
the localized surface plasmon has a frequency close to then the value of the frequency of the bottom of the exciton
frequencies of the exciton band of the material of the incluband wg for the oscillations withl=1, which interact
sion. Moreover, aluminum has relatively small damping instrongly with light, calculated by solving E¢36). Positions
the frequency range of interest. of the bottom of the exciton band for the real rare-gas crys-

Required parameters of the rare-gas precipitates of smadlls are shown for reference. In the case where the frequency
size are mainly unknown and have to be determined experPf the bottom of the exciton band is either low or high, one
mentally. To perform the calculations, the parameters of thé&an clearly distinguish the levels of the excitations inside the
respective bulk rare-gas crystals were taken. Exciton statdgclusion (surface polaritonsand outside itlocalized plas-
of the bulk rare crystals were studied in a large number ofnons. If these levels are close, there exists strong resonant
papers. A review of these studies can be found in Ref. 1gnteraction between the excitation modes of the inclusion and
Parameters used for the following calculations are given irthe localized plasmons. This interaction leads to a shift of the
Table I. High-density effects on the crystal lattice of thebands and to an essential change of their intensity. Fre-
precipitates were neglected in our approach. quency shift is proportional t§ wyw 7. Since for aluminum

Let us analyze the spectrum of the elementary excitation8 @,~15 eV and for the rare-gas crystdls +~0.1 eV, the
of rare-gas precipitates in aluminum given by Etg). First  shift of the energy levels may be up to 1 eV.
let us consider the case of the absence of spatial dispersion. Therefore, the shift of the energy levels in the considered
Mathematically, this corresponds to the limit—o when System is large and exceeds by far the value of the
Eq. (13) is reduced to longitudinal-transverse splitting. As the data on the effect of

high pressure on the positions of the bottom of the exciton
(I+1)e,+1e,=0, (36)  band for Ne, Ar, and Xe bubbles in Al suggéStone can

(39

e=¢go 1

whereN is the concentration of the precipitates.
Knowing the dielectric constant, the coefficients of reflec-
tion have been calculated.
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FIG. 1. Dependence of the position of the levels of the surface FIG. 2. Radius dependence of the position of the levels of size
polaritons and the surface plasmons for the spherical inclusion iguantization for the Kr precipitate in Al . Arrows show the positions
aluminum on the energy of the bottom of the exciton band of theof the localized excitons and the localized plasmons.
material of inclusion. The hatched regions correspond to the exciton
bands of the bulk material. The energies of the bottom of the exciprecipitate is shown in Fig. 2 for Kr crystal as an example.
ton band for different rare-gas crystals are shown alongtheis.  The figure shows the radius dependence of the spectrum. The

pressure effects are not taken into account. The spectrum
expect that the considered shift is larger that the highdisplays the following remarkable features.
pressure-induced shift for the small-size precipitates. (i) The level of the surface polariton is lowest in the con-

Let us consider qualitatively effects that arise due to thesidered system.
finite value of the exciton bandwidth. Hatched regions in Fig. (i) With decreasing the radius of the precipitate, levels
1 (the region of energieE>%w,) correspond to the con- Move to larger energies. The same displacement, though sig-
tinuous spectrum of bulk excitons. For the large-size precipinificantly less, occurs for the level of the surface polariton. In
tates R=5 nm), the effect of the size quantization is not the case of the narrow bamd— c, the position of this level
significant and the spectrum consists of the quasidiscrete sgpes not depend on the radius.
of states that are situated in the hatched regions in Fig. 1 (iii) For small radii, all levels including the level of the
depicting the levels of the surface polaritons and localizedsurface polariton are situated above the exciton band bottom.
plasmons. For Ar and Ne in Al, the levels of the surface (iv) The levels of the discrete spectrum in the region of
polaritons are inside the region of the quasicontinuous spedhe surface-plasmon frequency interact with the plasmon.
trum and are mixed with exciton levels there. As will be This interaction leads to an increase of the intensity of their
shown, this results in a broadening of the lines of the opticaexcitation.
spectra. This kind of behavior is characteristic of semicon- Figures 3—6 show the results of the calculations of the
ductor quantum dots in glass. For Xe and Kr, the levels ofeflection spectra of ultraviolet light from the aluminum
the surface polaritons are pushed outside the exciton bargfystal containing precipitates of Ne, Ar, Xe, and Kr for
(due to the negative value of the dielectric constant of metaldifferent values of the exciton damping consta) I,
and the above mechanism of broadening is absent. =0.1 eV, (b) I';;=0.01 eV. For the aluminum matrix, the

As the size of the precipitates becomes smaller, the speclampingI’,,=0.1 eV in all cases. Calculations were per-
trum of the excitations acquires a more pronounced discret®rmed for the inclusions with radiuR= 2.5 nm for the vol-
character. For very small precipitates, the distance betweemme share of the precipitates in the metd0.01 (5
the excitations in the energy spectrum is large. The first of=47NR%/3, whereN is the concentration of the inclusions
the lines that is most intense in the optical spectra is shifte@esides the reflection spectra of the metal with precipitates
to higher frequencies with respect to the bottom of the exci{solid line9, the dashed lines in pafd) of the figures show
ton band of the bulk rare-gas crystal. This phenomenon inthe reflection spectra for the case when the spatial dispersion
terferes with mixing with the localized plasmon. If the blue- is not taken into account| — ).
shift due to quantizatiorithe exciton states are squeeged As the exciton bands are in the region of the total internal
makes the levels closer to the level of the localized surfaceeflection o<w;), they are seen in the reflection spectra as
plasmon, then the mixing is stronger and the position of thelips (with the exception of Ne precipitates, for whieby
local plasmon is shifted more. If the frequency of the local>w,). One can observe a strong dependence of the intensity
plasmon is below the exciton bottom energy for bulk crys-of the bandgdepth of the dipson the position of the values
tallite, quantization increases the distance to the local plassf the bottom of the exciton band with respect to the local-
mon and mixing becomes weaker. ized plasmon frequency. This effect is due to the mixing of

The spectrum of the size quantization of excitons in thethe exciton and plasmon states and the transfer of the oscil-
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FIG. 3. Optical reflection spectra of Al with Ne precipitat&s.
=2.5 nm, §=0.01 damping,I',,=0.1 eV for the matrix for the
precipitatel’;,=0.1 eV in the caséa) andI';,=0.01 eV for the case

(b).
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FIG. 4. Optical reflection spectra of Al with Ar precipitatd®.
=2.5 nm,6=0.01 dampingl',,=0.1 eV, I";,=0.1 eV in the case

(@) andT",=0.01 eV for the caséb).

1
14.00
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FIG. 5. Optical reflection spectra of Al with Kr precipitatds.
=2.5 nm,$=0.01 damping]',,=0.1 eV, I';,=0.1 eV in the case
(@) andI’;,=0.01 eV for the caséb).

lator strength from surface plasmons to excitons. The spectra
of Al with Kr and Ar show the deepest digfig. 4 and Fig.

5). Ne precipitates manifest themselves in the reflection
spectra very weaklyFig. 3) since the exciton band is very
far from the position of the surface-plasmon level. Addition-
ally, it is quite close to the frequency of the bulk-plasmon
level interaction, with which damping increases.

The levels of the discrete spectrum are mixed with the
level of the surface polaritotfor Ar) or the surface plasmon
(for Xe and Kp. Those discrete levels that are closest to the
level of either the surface polariton or the surface plasmon
manifest themselves most strongly. For the very-small-radius
precipitates, the spectrum of the excitations deforms and the
lowest discrete level is most prominent. In real conditions
due to different reasonscatter of the precipitate radii, efc.
the fine structure of the discrete levels would diffuse. Ac-
cording to Figs. 3—5, strong mixing of the discrete levels and
the polariton states occurs in the region of several tenths of
an eV, therefore the broadening of the spectrum will have the
same order. However, for the Xe and Kr precipitates, the
level of the surface polariton is pushed out of the exciton
band and its position depends weakly on the radius of inclu-
sion. Therefore, this mechanism of broadening does not ap-
ply and the surface polariton spectral line should be narrow
(see the lowest-frequency band in Figs. 5 and 6

Naturally, the discrete structure should be smoothed out
by the dispersion of the radii of the inclusions and other
factors. The distribution of the radii of the precipitates de-
pends on the procedure of preparation of the sample and is
not known. In Ref. 10 calculations of the dielectric function
of Al with He precipitates is carried out assuming Gaussian
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1.20 — level of the localized plasmons, the main conclusion of this
paper about the strong mixing of the plasmon and exciton
states is not as pronounced as for other rare-gas precipitates,
though the mixing results in the blueshift of the absorption
bands, which was observed in Ref. 9. Quantitative explana-
] b tion of the very large value of the blueshift observed in Ref.
9 from the viewpoint of the proposed theory requires besides
0.40 — Xe the crystallinity of He in bubbles, the validity of either the
suggestion that most of the He atoms are concentrated in the
small bubbles or rather clusters with radius less than 10 A,
or, alternatively, a suggestion about the small value of the
exciton masgless than the mass of the free elecjron
1.208.00 8.00 10.00 12.00 14.00 Note that this work studies the lowest-energy states of the
exciton series of rare-gas crystals that can be considered as
7 Frenkel excitons. The strong resonant interaction between
the higher-energy states of the exciton series, which should
be considered Vannier-Mott excitofsand the matrix exci-
tations requires a separate investigation. But since the oscil-
lator strength of the transitions decreases with the number of
0.40 —| | the excitation in the series, the effect of the resonant interac-
a tion with metal electrons should decrease as well.

e

e
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\

Reflection

0.00 T T T T

Reflection

0.00 — T V. CONCLUSIONS

6.00 8.00 10.00 12.00 14.00

The precipitates of the rare-gas atoms in metals lead to the
Frequency (eV) precip d

appearance of the remarkable features in the optical proper-
FIG. 6. Optical reflection spectra of Al with Xe precipitat€s. t!es of such mgtals. Strong mixing Of, the PreC'P'tate, excita-
=2.5 nm, 5=0.01 dampingl’,,=0.1 eV, T;,=0.1 eV in the case tions and localized plasmons results in a gigantic shift of the
(@) andT’,,=0.01 eV for the cn;s(ab). o positions of the reflection and absorption spectrum bands, a
significant increase of the intensity of the excitations close to
distribution. It is shown that for the small inclusion radii, the frequency of the localized plasmons, and a strong redis-
discrete structure can manifest itself for quite large disperiribution of the position and the intensity of the levels of the
sion AR of the radius distributiofifor R=1.0 nm the struc- quantized exciton spectrum of the precipitate.

ture is observable foAR/R~(0.1-0.2R]. A similar effect The considered system may have a potential application
of the dispersion should be expected for the Ne, Ar, and Kfor novel and future devices working in an ultraviolet spec-
precipitates considered here. tral region. Study of optical spectra of metals with rare-gas

It would be interesting to compare the conclusions of ourPrecipitates can reveal useful information about the behavior

theory with experiment. The only existing study of the opti- Of the rare-gas crystals at high pressure and temperature as
cal spectra of the rare-gas bubbles in metals known to us i€l as about the phase transitions in nanostructtirés.

the measurements of the absorption spectra of Al with He

_bub_b_leﬁ Application of our t_heory to this system i_s hardly ACKNOWLEDGMENTS

justified, however, as there is no direct confirmation of the

crystallinity of He in the bubbles. Additionally, as the lowest  The authors would like to thank Dr. Yu.V. Kryuchenko
exciton level of He is situated significantly higher than thefor useful contributions and discussions.
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