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Effects of the resonant interaction between an exciton in a semiconductor quantum well and localized
plasmon excitations in a spherical metal nanoparticle are studied. The calculations show that �1� if the exciton
energy level is lower than the energy of the plasmon, the exciton-plasmon interaction may result in the
localization of the exciton as a whole in the vicinity of the nanoparticle; �2� a giant �by several orders of
magnitude� increase in the oscillator strength of the localized exciton transition takes place near the resonance
between the exciton and the plasmon levels. The energy of the lowest excited level of the system was
calculated by the variational method, the dependence of the localized exciton energy on the distance between
the particle, and the quantum well as well as on the particle radius was obtained.
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I. INTRODUCTION

The properties of metal nanoparticles have been studied
intensively in different branches of science: physics, chem-
istry, biology, and medicine.1 Modern nanofabrication tech-
nologies have made possible obtaining metallic nanoparticles
with controllable shape and size as well as clusters and ar-
rays of nanoparticles.2,3 The unique optical properties of lo-
calized surface plasmons4 are the subject of considerable in-
terest due to perspectives of applications including the
surface-enhanced Raman scattering,5,6 biosensors,7 the en-
hancement of electronic transition probability,8,9 and optical
data storage devices.10 In the recent decades, hybrid struc-
tures consisting of metallic nanoparticles and semiconductor
quantum dots11–13 or single molecules,14,15 semiconductor
quantum dots in metal16 have attracted much attention. It was
shown that the emission from a single-quantum dot may be
influenced essentially by a small metal nanoparticle in the
vicinity.11,17 In the present paper, the effect of the exciton-
plasmon coupling on the spectra, the character of the motion,
and the lifetime of an exciton in a semiconductor quantum
well are investigated. The exciton energy spectrum is an es-
sencially continuous exciton band. Therefore, in contrast to
the previous studies in which the mixing of the plasmon
states with a single level or several discrete levels was con-
sidered, we have studied how the presence of a metal nano-
particle may change the continuous spectrum and the propa-
gation of an exciton along the quantum well. Effects of the
interaction of quantum-well excitons with a single molecule
were studied in Ref. 18. The interaction, considered in our
paper, of an exciton with a metallic nanoparticle is much
stronger than the interaction with a molecule. As will be
shown, this can lead to the significant modification of the
spectra, the change in the parameters of optical transitions,
and to the localization of the exciton as a whole in the vicin-
ity of the metal particle.

II. MODEL OF THE SYSTEM

We consider a semiconductor crystal with an imbedded
spherical metallic nanoparticle and a quantum well �Fig. 1�.

The center-to-center distance between the nanoparticle and
the quantum well is denoted as d, the radius of the nanopar-
ticle and the well width are denoted as R and L, respectively,
z is the direction of the crystal growth. Let us suppose that
the energy of the exciton level in the quantum well is close to
the localized plasmon level of the nanoparticle. It will be
shown that the coupling of these states results in the appear-
ance of distinct features in the exciton spectra. We will as-
sume that the quantum well is deep so the wave functions of
the electron and the hole forming the exciton are localized in
the quantum-well layer.

The Hamiltonian of the system can be written as

Ĥ = Ĥel + Ĥp + Ĥint, �1�

where Ĥel is the Hamiltonian of the electronic subsystem of

the quantum well, Ĥp=�l,m��lÂlm
+ Âlm is the Hamiltonian of

the plasmon subsystem, Âlm
+ and Âlm are the creation and the

annihilation operators of the plasmon of the frequency �l,

Ĥint is the Hamiltonian of the exciton-plasmon interaction
�see Appendix�,

FIG. 1. �Color online� A schematic illustration of the hetero-
structure containing the quantum well and the metallic nanoparticle.
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Ĥint = e�
lm

1

2
� �

Blm�l
�1/2

�
i

��lm
�2���ri�Âlm

+ + �lm
�2��ri�Âlm� .

�2�

In Eq. �2� ri is the coordinate of the ith electron in the quan-
tum well, �lm

�1��r� and �lm
�2��r� are the harmonics of the solu-

tion of the Laplace equation for the conductive sphere.19 We
will find the solution of the Schrödinger equation with the
Hamiltonian of Eq. �1� in the form of the superposition of
two functions,

� = �
f

af� f
exc�. . .ri. . .��0	 + �

l,m
blm�0�. . .ri. . .�Âlm

+ �0	 .

�3�

The first term in Eq. �3� is the wave function of the system
describing the state with the quantum well in the excited
state � f

exc�. . .ri. . .� and the metal nanoparticle in the lowest
state �0	. The second term corresponds to the state with the
nanoparticle in the excited plasmon state with the angular
orbital momentum l and its projection along a specified axis
m and the quantum well in the lowest state �0�. . .ri. . .�. The
interaction can effect both the translation movement of the
exciton and the internal state of the exciton.

It is convenient to present the wave function of the ex-
cited state of the crystal as the superposition of the excited
states in the Wannier representation,

� f
exc�. . .ri. . .� = �

n,n�,�,��

F�,��
f �n,n���n,n�,�,���. . .ri. . .� ,

�4�

where �nn�,�,���. . .ri. . .� is the antisymmetrized multielectron
wave function of the state in which one electron is taken
from the valence-band Wannier state �� at the site n� and
placed at the site n in the conduction-band Wannier state �.
The unknown coefficients F�,��

f determine the overlap func-
tion of the exciton and can be found from the Schrodinger
equation with the Hamiltonian of Eq. �1�.

The interaction Hint results in the mixing between the ex-
citon and the plasmon states, which is proportional to the
matrix elements of the potential �lm�r j� on the Wannier func-
tions 
�nn�,�,��

� �. . .ri. . .��lm�r j��0�. . .ri. . .��dri. Due to the
strong localization of the Wannier functions, the matrix ele-
ment will be nonvanishing only for n=n�. Besides, the po-
tential �lm�r j� varies insignificantly within a unit cell so it
can be represented as the power series in r−n�. As the result,
the mixing is proportional to the matrix element of the coor-
dinate r−n� between the Wannier functions. Below we will
study the exciton-plasmon interaction in the dipole approxi-
mation l=1, m=0, �1. It is known, that in semiconductors,
the valence band arises from the p state whereas the conduc-
tion band arises from the s state. We will suppose that the
spin-orbit splitting is strong. The heavy- and light-hole states
in the quantum well are splitted. We will consider the effect
of the plasmon excitations on the heavy-hole subsystem.
Also we will neglect the mixing of the heavy- and light-hole
subbands. It is known20 that in the semiconductor with the
zinc-blende structure, the following wave functions can be

chosen to diagonalize the Hamiltonian for the heavy-hole
subband:

�3/2,+3/2
h = −

1
�2

��X	 + i�Y	��↑,

�3/2,−3/2
h =

1
�2

��X	 − i�Y	��↓

and for the conduction band

�1/2,+1/2
e = �S	�↑,

�1/2,−1/2
e = �S	�↓,

where �↑ and �↓ are the spin functions, �X	 and �Y	 are the
p-like Bloch functions of the valence-band states, and �S	 is
the s-like function of the conduction band. The matrix ele-
ments of the momentum operator for the interband transi-
tions are equal to

�1/2,�1/2
e �px��3/2,�3/2

h 	 = 	 i�1/2,�1/2
e �py��3/2,�3/2

h 	

= 	
1
�2

S�px�X	 ,

�1/2,�1/2
e �pz��3/2,�3/2

h 	 = 0.

Therefore, in this case the interaction will mix only the plas-
mon state m=1 or m=−1 with one of the exciton transitions
for which the electron- and the hole-spin projections are
equal to � 1

2 , 3
2 � or �− 1

2 ,− 3
2 �. So, the problem is reduced to the

study of the mixing of a single-plasmon oscillation with a
certain exciton state in the quantum well. In this case, Eq. �3�
may be presented in the following form:

�m = a��m
exc�. . .ri. . .��0	 + b�0�. . .ri. . .�Âm

+ �0	� , �5�

where b is the unknown parameter, which describes the share
of the plasmon state in the state of the system,
a= ��1+ �b�2�−1, the index m is equal to +1 or −1 for the
plasmon states and � 1

2 , 3
2 � or �− 1

2 ,− 3
2 � for the exciton states,

respectively.
It will be shown below that the exciton-plasmon interac-

tion results in the exciton localization as a whole in the vi-
cinity of the nanoparticle. We will find the lowest-energy
state of the system by the variational method. Let us evaluate
the average energy of the system,

H̄ = �m�Ĥ��m	

=
1

1 + �b�2
�H̄QW + �b�2���1 + E0� + bVm

� + b�Vm� , �6�

where H̄QW= �m
exc�Hel��m

exc	,

Vm = �0�
e

2
� �

B1m�1
�1/2

�
i

�m
�2���ri���m

exc	 .

E0= �0�Ĥel��0	 is the energy of the lowest state of the quan-
tum well, �1=�p /��
�1�+2
�

�2��, �p is the plasma frequency,

�1� and 
�

�2� are the frequency independent part of the dielec-
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tric constant of the nanoparticle and the high-frequency di-
electric constant of the quantum well, respectively.

The matrix element H̄QW has to be calculated for the mul-
tielectron wave functions. The method, described in Ref. 21,

allows us to write down the matrix element H̄QW using the
envelope exciton wave function F�n ,n��,

H̄QW = E0 + �
n,n�

F��n,n��HexcF�n,n�� , �7�

where Hexc is the Hamiltonian of the Wannier exciton in the
semiconductor crystal in the effective-mass approximation.
The coefficient b in Eq. �5� is the variational parameter of the
problem. Other variational parameters, which determine the
envelope exciton wave function F�n ,n��, will be introduced
later. By minimizing the energy functional Eq. �6� with re-
spect to b, one can obtain

b =
Vm

H̄ − ��1 − E0

, �8�

Ē = �
n,n�

F��n,n��HexcF�n,n�� −
�

4B1m�1

�
1

��1 − Ē
��

n
���1m

�2��n� · erm�F�n,n��2
, �9�

where Ē= H̄−E0 is the energy of the excitation of the system
and erm

� is the interband matrix element of the dipole opera-
tor of the chosen exciton state m. The first term in Eq. �9�
determines the exciton energy in the quantum well in ab-
sence of the resonance interaction with the metallic nanopar-
ticle. The second term is the energy of the electric dipole in
the nanoparticle electric field and describes the exciton-
plasmon dipole interaction. It arises from the resonance in-
teraction between the plasmon level and the electron levels
in the quantum well. To interpret this term, let us write it in
the following form:

− �
n,n�

Fm
� �n�,n��M�n,n��Fm�n,n� , �10�

where

M�n,n�� = −
�

4B1m�1���1 − Ē�

����1m
�2��n�� · erm

� ����1m
�2���n� · erm� . �11�

The interaction given by Eq. �10� describes the motion of the
exciton as the whole in the quantum well with the matrix
element of the resonance interaction M�n ,n��. The exciton
with the center of mass at the cite n annihilates with creation
of the plasmon and then the plasmon annihilates creating an
exciton with the center of mass at a different site n�. Such
motion of the exciton reminds the propagation by the reso-
nant Frenkel’s mechanisms, however the transition of the
electronic excitation occurs not directly from a certain point
to another but through the excitation of the plasmon in the
nanoparticle. The interaction between the Frenkel exciton lo-

calized in one material with the Wannier-Mott exciton local-
ized in another one was studied in Ref. 22. In the presented
paper, the character of the exciton movement changes from
the Wannier-type to the Frenkel-type due to the resonance
interaction with the nanoparticle in the same material. The
resonance interaction leads to the repulsion of the energy
levels. If the exciton energy level is lower than that of the
plasmon, its level moves down and the exciton is attracted as
a whole to the nanoparticle. In the opposite case, the exciton
is repelled from the particle. The exciton radius is much
larger than the period of the crystal lattice. This allows re-
placing the summation by the integration in Eq. �9� and in-
troducing the envelope Wannier exciton wave function
F�n ,n��→ 1

0
��re ,rh�, 0 is the primitive cell volume. Tak-

ing into account also the smoothness of the wave function,
the Hamiltonian of the exciton Hexc can be written as

Hexc = Eg −
�2

2me
�e −

�2

2mh
�h −

e2


0
�2��re − rh�

+ WQW�ze,zh� − Uimg�re,rh� , �12�

Uimg�re,rh�

= −
e2R

2re
0
�2�� 1

�re −
R2

re
2 re� −

1

�rh −
R2

re
2 re� +

1

rh
−

1

re�
+

e2R

2rh
0
�2�� 1

�re −
R2

rh
2 rh� −

1

�rh −
R2

rh
2 rh� +

1

rh
−

1

re� .

�13�

Here Eg is the energy gap for the semiconductor of the quan-
tum well, WQW�ze ,zh� is the potential of the quantum well,

0

�2� is the low-frequency dielectric constant of the semicon-
ductor, and me�h� is the electron �the hole� effective mass.
The image charge potential Uimg�re ,rh� takes into account
the low-lying electron excitations of the nanoparticle with
the frequencies much less than the plasma frequency.

We will look for the localized exciton states, which ap-
pear due to the nanoparticle. There are the following quali-
tative reasons for the possibility of the localized states. The
resonant interaction for the considered disposition of levels
leads to the lowering of the exciton energy, which decreases
with increasing the distance between the exciton and the
nanoparticle. Therefore, the resonant interaction creates a po-
tential well for the exciton in which it can be localized. The
variational function of the lowest exciton state, describing
the localization of the exciton as a whole due to the interac-
tion with the plasmon, may be chosen in the form, typical for
the excitons in deep quantum wells,

��re,rh� = fe�ze�fh�zh��2D�r�
e,r�

h� , �14�

�2D�r�
e,r�

h� =
2

���
exp�−

R�

�
−

r�

�
� , �15�
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fe�h��ze�h�� =�2

L
sin��ze�h�

L
� , �16�

where � and � are the variational parameters corresponding
to the radius of the electron-hole coupling within the exciton
and the radius of the localization of the exciton center of
mass, respectively, r�

e�h� is the coordinate of the electron �the
hole� in the plane of the quantum well, r� =r�

e−r�
h,

R� = �mer�
e+mhr�

h� /M is the coordinate of the center of mass
of the exciton in the plane of the quantum well. If the well
width is small �L�R ,d�, the potential �1m

�2��r� varies only
slightly with z inside the quantum well so one can obtain

Em
2D��,�� =� �2D�r�

e,r�
h�Hexc

2D�2D�r�
e,r�

h�dr�
edr�

h

−
e2�

4m0
2�0

2B1m�1���1 − Em
2D��,���

�� �2D�r�,r��

����1m
�2��d,r�� · pm�dr��2

, �17�

pm= im0�0rm is the interband matrix element of the momen-
tum operator of the exciton state.

III. CALCULATIONS AND DISCUSSION

As mentioned above, we will consider the system for
which the plasmon energy is higher than the exciton energy.
The effect of the mixing of the plasmon and the exciton
levels is strongest in the case of the resonance of these levels.
However, we will assume that the distance between the plas-
mon and the exciton levels �E=��1−Eexc is greater than the
width of the plasmon level ���0.1 eV�. In this case, the the
system levels are separated into two types: excitonlike, in
which the share of plasmon excitation is small, and plasmon-
like, in which the share of the exciton is small. In our calcu-
lations, the parameter b do not exceed 0.2. Nevertheless, as
will be shown, even in such condition the effect of the nano-
particle is strong. We will look for the lowest level of the Eq.
�17� for the variational wave function of Eq. �14�. Since, as
assumed, the exciton level is situated lower than the plasmon
level and they should be more effective in emission spectra,
we will talk about the exciton state later, during the discus-
sion of the results.

The calculations were performed for a silver nanoparticle
with the plasma frequency �p=1.7601�1016 rad /s,

�1�=8.926 �Ref. 23�, the parameters of the semiconductor
were chosen to be close to the ZnTe quantum well with the
�Zn,Be�Te barriers:24–26 the high-frequency dielectric con-
stant of ZnTe 
�

�2�=6.9, the static dielectric constant

0

�2�=9.8, the electron effective mass me=0.12m0, the hole
effective mass mh=0.6m0,26 m0 is the mass of the free
electron, and pm was determined from the longitudinal-
transverse splitting according to the condition27

�LT=4e2�pm�2 /��0
2m0

2aB
3
�

�2�, where the longitudinal-
transverse splitting of the exciton state ��LT=1.5 meV�Ref.
28�. The plasmon level l=1 of the metal nanoparticle inside
the semiconductor for the mentioned parameters is equal
��1=2.43 eV. We studied the effects of the exciton-plasmon

mixing in dependence on the position of the bottom of the
exciton band, which is determined by the composition of the
quantum well and the barrier layers.

Application of the variational method gives the following
results. The dependence of the energy of the lowest exciton
state on distance d between the particle and the quantum well
is presented in Fig. 2. One can see that the coupling between
the exciton and the nanosphere leads to the considerable de-
crease in the exciton energy. The localization of the center of
mass of the exciton due to the attraction to the particle oc-
curs. The corresponding binding energy and the localization
radius for the center of mass of the exciton depend on the
distance to the particle d as well as on the radius of the
nanosphere �Figs. 3 and 4�. The binding energy of the exci-
ton to the nanoparticle is order of several tens of millielec-
tron volt. The calculations show that the interaction of the
exciton with the image charges strengthen the attraction be-
tween the exciton and the particle for the small particle-well
distances d but their effect decreases rapidly with increasing
the distance. One can see in Fig. 5 that the exciton-plasmon
interaction affects the exciton radius insignificantly, yet it
considerably changes the degree of the localization of the
exciton. For the small distances, the exciton level position is
essentially influenced by the interaction with the image
charges. As the distance rises, the exciton energy is deter-
mined by the more long-range resonance interaction with the
plasmons.

The optical properties of the considered system are char-
acterized by the the oscillator strength of the transition be-
tween the ground state �0�0	 and the lowest excited state �m
�see Eq. �5��,29

FIG. 2. Energy of the lowest exciton state with �solid line� and
without �dashed line� the interaction with the image charges as the
function of the distance d between the particle and the quantum
well for two values of the resonance detuning �E=0.1 and 0.2 eV.
Here E1=��1 is the energy of the first excited plasmon level. The
radius of the nanosphere R=60 Å. The horizontal dotted lines de-
note the exciton energy Eexc in the absence of the exciton-plasmon
interaction.
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F01 =
2m0Ē

�2e2 �P01�2, �18�

where Ē is the energy of the transition, determined from the
minimization of the energy of the system given be Eq. �9�,
P01 is the matrix element of the dipole moment, calculated
for the wave functions of the initial and the final states of the
system. The operator of the dipole moment consists of two

parts: the dipole moments of the nanoparticle and that of the
semiconductor,

P = Pmet + Psc �19�

As shown in Appendix, the operator of the dipole moment of
the nanoparticle can be written as

Pmet = �
lm

�p
2

8��l
2� �

Blm�l
�1/2

��Alm�
r�R

��lm
�1��r�dr + Alm

+ �
r�R

��lm
�1���r�dr�

�20�

and the operator of the dipole moment of the semiconductor
is the sum of the dipole moments of the electrons in the
semiconductor crystal,

Psc = e�
i

ri, �21�

ri is the coordinate of the ith electron.
To calculate the oscillator strength, one has to calculate

the matrix element of the operator of Eq. �19� with the mul-
tielectron wave functions of the ground state �0�0	 and the
lowest excited state �m. The matrix element of the operator
Psc is equal to Psc,01=erm

� 
�2D�r ,r�dr. The obtained results
are shown in Fig. 6. Near the nanoparticle, the oscillator
strength has a maximum and decreases as the particle-well
distance vanishes �the solid line�. This happens due to the
decrease in the exciton level due to the interaction with the
image charges. This maximum is absent for the calculations
in which the interaction with the image charges are not taken
into account �the results shown with dashed lines�. The in-
tensity of the transition decreases with increasing the
particle-well distance in a certain range, shown in Fig. 6. For

FIG. 3. The binding energy of the exciton for nanoparticles of
different radiuses as the function of the distance between the quan-
tum well and the nanoparticle with �solid line� and without �dashed
line� taking into account the interaction with the image charges. The
horizontal dashed-dotted line denote the exciton binding energy in
the absence of the exciton-plasmon interaction. The resonance de-
tuning �E=0.1 eV.

FIG. 4. The energy of the binding of the exciton to the nano-
particle �Eb= �Eb−Eb0�, where Eb is the exciton binding energy and
Eb0 is the exciton binding energy in the quantum well far from the
nanoparticle�, as the function of the distance between the quantum
well and the nanoparticle with �solid line� and without �dashed line�
the interaction with the image charges. The resonance detuning
�E=0.1 eV.

FIG. 5. The variational parameters � �solid� and � �dashed�,
which determine, respectively, the exciton radius and the radius of
the localization of the exciton center of mass for R=6 nm as the
function of the distance between the quantum well and the nano-
particle. The resonance detuning �E=0.1 eV.
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even further increase in the distance, the interaction between
the exciton and the partcle decreases, and, consequently, the
localization radius � grows. The oscillator strength of the
optical transition decreases for a further increase in the dis-
tance between the nanoparticle and the quantum well. As can
be seen in Fig. 6, in this range of distances, the oscillator
strength is large due to the mixing of the exciton states in the
quantum well with the states of the surface plasmon. The
main contribution to the matrix element of the dipole mo-
ment of the transition, the square of which is proportional to
the oscillator strength, comes from the dipole moment of the
transition in the metal nanoparticle. However, the contribu-
tion of the dipole moment of the exciton transition to the
matrix element rises with increasing the distance from the
quantum well, and the role of the quantum-well states in the
formation of the oscillator strength increases. For example,
for the nanoparticle with the radius R=6 nm and for the
detuning �E=0.1 eV, the ratio of the square of the matrix
element of the dipole moments of the plasmon transition to

that of the exciton transition
�Pmet,01�2

�Psc,01�2
is equal to 3.6 for the

distance value d=8 nm, and is equal to 0.5 for d=10 nm.
The oscillator strength begins to increase as the particle-well
separation exceeds a certain value �this region is not shown
in Fig. 6�. This increasing is caused by the expansion of the
delocalization area of the exciton as a whole. In the latter
case, the coherent summation of the dipole transitions of
different regions occurs, and, therefore, the oscillator
strength increases, i.e., Rashba effect arises. Rashba effect
was observed for the impurity states in molecular
crystals30,31 and for the biexcitons.32–34 For example, the ra-
tio of the biexciton oscillator strength to the exciton oscilla-
tor strength in CuCl is equal to 2.5�103 �Ref. 35�. The
obtained values of the oscillator strength allow evaluation of
the radiative lifetime of the exciton by the standard formula

�=
3m0c3

2�
�
�2�e2�2F01

. For example, for the nanoparticle with the ra-

dius R=6 nm, the lifetime is about 5�10−12 s for d

=10 nm. In the considered case, the radiative bandwidth
rises strongly with increasing d and, respectively, the
radiative lifetime of the state becomes very small, for the
nanoparticle mentioned above the lifetime decreases to
7�10−13 s for d=17 nm. At the same time, the exciton
binding energy decreases as the distamce rises. For this rea-
son in Fig. 6, we present the oscillator strength dependence
on the distance for the range where the radiative bandwidth
is less than the energy of the binding of the exciton to the
nanoparticle. For larger distances, the radiative width of the
exciton level becomes comparable with the binding energy
of the exciton to the localization place, and, consequently,
the approximations, used for the calculations, become incor-
rect because the radiative lifetime will affect the exciton too.

In the mixed states, both the oscillator strength and the
damping are “borrowed” from the plasmon state to the exci-
ton state. This leads to the broadening of the exciton band.
One can introduce an imaginary addition to the surface-
plasmon energy �l→�l− i �

2 in order to evaluate the damp-
ing. Both the real and the imaginary parts of the energy
E→E− i

��2

2 �where �2 is the damping of the mixed level� are
obtained from Eq. �9�. The localization of the exciton level,
considered in this paper, is meaningful if its separation �Eb
from the exciton band exceeds the linewidth. Calculations
show that the ratio of the imaginary and the real part of the
energy decreases as the detuning from resonance grows. This
is caused by the decrease in the relative contribution of the
nanoparticle to the excited state. For the considered values of
the resonance detuning, the broadening caused by the mixing
is less than the shift of the levels. The damping ��2 and the
binding energy of the exciton as a whole �Eb= �Eb−Eb0� for
the nanoparticle with the radius R=10 nm and the center-to-
center distance d=11 nm are equal, respectively,
��2=4.9 meV and �Eb=6.3 meV for the detuning
�E=0.1 eV, ��2=1.3 meV, and �Eb=2.9 meV for
�E=0.2 eV, ��2=0.4 meV, and �Eb=1.7 meV for
�E=0.3 eV. So, in some region of the values of the detun-
ing, the splitting-off of the exciton level from the exciton
band is larger than the broadening of the level.

One can obtain similar estimates for the effect of the
damping of the surface plasmon on the detuning of the phase
relationships between the wave functions of the exciton and
the plasmon, the superposition of which determines the wave
function of the discrete level, splitted from the exciton band.
The localization of the excitation at the moment of time
t=0 in one of the subsystems �for example, in the localized
exciton state �m

exc� leads to the time oscillations of the wave
function of the system describing the transitions of the exci-
tation between the quantum well and the nanoparticle. The

frequency of the oscillations is equal to �d=
��E2+�2Vm�2

� ,
where Vm is the matrix element of the transition and �E is
the detuning. The time of the damping of the oscillations tD
is connected with the linewidth of the surface plasmon and
has the order of value tD� 2

� . So, if �DtD�1, the excitation
has time to pass from one subsystem to the other several
times before damping out. For the numerous example, con-
sidered above, one can obtain �DtD=2 for �E=0.1 eV,
�DtD=4 for �E=0.2 eV, and �DtD=6 for �E=0.3 eV.
Here the splitting-off of the exciton level from the exciton

FIG. 6. The exciton oscillator strength as the function of the
nanoparticle-well distance with �solid lines� and without �dashed
lines� interaction with the image charges. The resonance detuning
�E=0.1 eV.
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band is still larger than the level broadening caused by the
mixing.

We consider the system where the bottom of the exciton
band is situated lower than the surface-plasmon level. For
the opposite order of the levels, the localized exciton states
do not appear because in that case, the resonant interaction
shifts the exciton levels deeply into the band whereas in the
studied case, it pushes the levels out. As the result, the For-
ster energy transfer from the quantum well occurs leading to
the damping of exciton excitations.

Let us analyze the case when the metallic nanoparticle is
situated outside of the semiconductor. For such system, the
interaction of the nanoparticle with the quantum well
changes in comparison with the case considered above in the
paper. Also, the shift of the frequencies of the surface-
plasmon oscillations takes place. Let the spherical nanopar-
ticle with the dielectric constant 
�1���� be placed in the me-
dium with the dielectric constant 
 at the distance d1 between
the particle and the semiconductor with the dielectric con-
stant 
�

�2�.The spectrum and the electric fields of the oscilla-
tions arising in the system is determined from the solutions
of the Laplace equation for the electric potential inside the
nanoparticle, in the semiconductor, and outside of the semi-
conductor, as well as from the boundary conditions for the
Maxwell equations. It is easy to find the solutions, if we will
take into account only the harmonics

�Y1,1�Y1,−1�
�2

, Y1,0 in the
spherical-harmonic expansion of the solution of the Laplace
equation. As the result, one can obtain, that the electric fields
generated by the oscillating dipole P parallel to the quantum-
well interface in the structure with the nanoparticle outside
the semiconductor and in the uniform medium differ by the
multiplier �1= 2


�
+
�
�2�� . This means that the matrix element of

the moment operator Pmet in the Eq. �19� has to be multiplied
by �1.The frequency of the surface plasmon for the nanopar-
ticle with the radius R at the distance d1 from the semicon-
ductor can be written as


�1���� = − 


2 + �2� R

2d1
�3

1 − �2� R

2d1
�3 , �22�

where �2=
�
�

�2�−
�
�
�

�2�+
� .
Let us choose for the frequency dependence of the dielec-

tric permittivity in the Drude model 
�1����=
�1�−
�p

2

�2 and
suppose that the values 
�1�, 
�

�2�, and 
 do not depend on the
frequency. Then one can obtain for the frequency of the sur-
face Plasmon,

� =
�p

�
�1� + 


2 + �2� R

2d1
�3

1 − �2� R

2d1
�3�

1/2
. �23�

For 
�1�=1 and for the nanoparticle in the vacuum �
=1�,
one can obtain the well-known equation �=

�p
�3

whereas for

the nanoparticle in the uniform medium ��2=0�, one can
obtain the equation used in the paper. In the general case, the
position of the nanoparticle outside the semiconductor leads
to the decrease in the plasmon frequency but this decrease is
not substantial. Even for the nanoparticle placed on the sur-
face R=d1, the relative shift is about 10% �relative to the
plasmon frequency in the absence of the semiconductor�, and
the energy of the plasmon is high. So, the system, considered
in the paper, with the nanoparticle placed inside the semicon-
ductor is preferable for the study of the resonance effects of
the exciton-plasmon interaction because in this case, the
plasmon frequency is close to the exciton frequencies of
many semiconductors. Besides, due to the condition �1�1,
the position of the particle outside the crystal leads to the
decrease in the electric field created by the oscillations,
which results in the decrease in the effects of the resonance
interaction by about one order of magnitude.

Summarizing, the localized exciton states would manifest
themselves in the optical spectra of the studied hybrid struc-
tures as an additional line with extremely short lifetime situ-
ated under the exciton band.

IV. CONCLUSIONS

The lowest-energy levels of the excited states of the sys-
tem consisting of a metallic nanoparticle and a quantum well
in a semiconductor are calculated variationally taking into
account the exciton-plasmon interaction in the dipole-dipole
approximation. The dependence of the energy of the local-
ized excitons on the distance between the nanoparticle and
the quantum well and on the nanoparticle radius was ob-
tained. It is shown that the presence of the metallic nanopar-
ticle in the vicinity of the quantum well can qualitatively
alter the exciton states and the optical properties of the struc-
ture. In particular, �1� if the exciton energy level is lower
than the energy of the plasmon, the interaction of the exciton
with the surface plasmon can cause localization of the exci-
ton near the nanoparticle; �2� strong resonance interaction
between the exciton and the plasmon states changes the char-
acter of the propagation of the exciton as a whole from the
Wannier-type to the Frenkel-type type; �3� the giant increase
in the oscillator strength of the localized exciton transition
occurs near the resonance between the exciton and the plas-
mon levels. Calculations show that in the case of the exciton-
plasmon resonance, the oscillator strength for the transition
of the localized exciton can exceed by several orders of mag-
nitude greater than the oscillator strength of the free exciton
in the quantum well. This effect is caused by �a� the “bor-
rowing” from the dipole plasmon transition intensity by the
intensity of the exciton transition and �b� the large radius of
the exciton state localized near the nanoparticle and, conse-
quently, the enhancement of the oscillator strength due to the
Rashba effect.
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APPENDIX: THE QUANTIZATION OF THE STATES OF
THE PLASMON OSCILLATIONS OF THE

METALLIC NANOPARTICLE IN THE
SEMICONDUCTOR MATRIX

The Lagrange function of the nanoparticle in the semicon-
ductor matrix can be written as

L =
1

8�
�

r�R

dr�
�1�����2 − 8���� · P� +
�4��2

�p
2 Ṗ2�

+
1

8�
�

r�R

dr�
�
�2�����2 − 8���� · P�

+
4�

�
Ṗ2 −

4�

�
�0

2P2� , �A1�

where P=e�iri �ri is the coordinate of the ith electron� is the
dipole moment of the unit volume, ��r� is the electrostatic
potential, �=�0�LT
�

�2� /2�, 
�1� is the frequency indepen-
dent part of the dielectric constant of the metal nanoparticle,

�

�2� is the high-frequency dielectric constant of the semicon-
ductor, and �LT is the longitudinal-transverse splitting of the
exciton state. It can be shown that the chosen Lagrange func-
tion �Eq. �A1�� leads via application of the the variational
principle to the Maxwell’s equations, the dynamic equation
for polarization as well as to the corresponding boundary
conditions for the system. We will find the periodical in time
solutions of the obtained equations for the spherical nanopar-
ticle in the form

��r� = �
lm

alm��lm
�1��r� , r � R

�lm
�2��r� , r � R ,

� �A2�

P�r� = �
lm

alm�Plm
�1��r� , r � R

Plm
�2��r� , r � R ,

� �A3�

where

Plm
�1��r� =

�p
2

4��l
2 � �lm

�1��r� �A4�

and

Plm
�2��r� =

�

�l
2 − �0b

2 � �lm
�2��r� , �A5�

�0b is the position of the exciton band in the energy spectrum
of the semiconductor, �p is the plasma frequency. Here and
further on the indexes 1 and 2 denote physical values related
to the metallic particle and to the semiconductor crystal, re-
spectively, �l are the eigenfrequencies of the system. We
have used the solutions of the Laplace equation for the me-
tallic sphere in the dielectric matrix �lm

�1,2��r� as the eigen-
functions. As known,4 the eigenfrequencies for the spherical
particle depend only on the quantum number l,

�l =� l�p
2


�1�l + 
�
�2��l + 1�

.

Using the Lagrange function of Eq. �A1� and the standard
secondary quantization procedure,36 one can obtain the
Hamiltonian of the system in the representation of secondary
quantization H=�l��lAlm

+ Alm, where Alm
+ and Alm are the cre-

ation and the annihilation operators of the plasmon with the

frequency �l, âlm= 1
2 � �

Blm�l
�1/2�Âl,m+ �−1�mÂl,−m

+ �, where

Blm =
�p

2

8��l
4�

S

�lm
�1��r� � �lm

�1���r�dS

−
�

2��l
2 − �0b�2�

S

�lm
�2��r� � �lm

�2���r�dS . �A6�

In this way, we can obtain the operator of the electrostatic
potential of the system outside of the metallic nanoparticle,

�̂ = �
lm

1

2
� �

Blm�l
�Âlm�lm

�2��r� + Âlm
+ �lm

�2���r�� �A7�

and the operator of the dipole moment of the sphere,

P̂ = �
i

�p
2

8��l
2� �

Blm�l

��Âlm� ��lm
�1��r�dr + Âlm

+ � ��lm
�1���r�dr� . �A8�

The integration is performed over the volume of the metallic
sphere in Eq. �A8� and over the surface of the metallic sphere
in Eq. �A6�.
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