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Excitons and plasmons in hybrid semiconductor-metal nanostructures strongly interact via the Coulomb
forces. Simultaneously, excitons in semiconductors experience typically strong intrinsic spin-dependent inter-
actions that result in efficient coupling between spins of excitons and dynamic electric fields of photons. A joint
action of the exciton-plasmon and spin-dependent interactions leads to a coupling between spins and plasmons.
Calculated optical spectra of hybrid nanoparticle molecules reveal such spin-plasmon coupling. The spin-
plasmon coupling creates spin-dependent Lamb shifts of excitons. In the presence of the exciton-plasmon
interaction, the spin splitting in the exciton spectrum can decrease or even vanish under certain conditions. In
a magnetic field, the spin-plasmon interaction strongly alters optical spin-dependent selection rules, leading to
forbidden optical lines. Allowed and forbidden optical transitions in the presence of the exciton-plasmon and
spin-plasmon interactions typically acquire Fano-type or antiresonance shapes. Plasmon-induced interactions
in semiconductor-metal nanocrystal structures suggest interesting opportunities for tailoring of spin and optical
spectra of excitons.
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I. INTRODUCTION

Photons and electron spins in semiconductors strongly
couple due to the spin-orbit interaction in the valence band,
enabling the effect of optical spin orientation of carriers.1,2 In
semiconductor quantum dots �SQDs�, spin-dependent inter-
actions in excitons often govern the fine structure of exci-
tonic spectra.3–10 Another important class of interactions in
solid-state and molecular nanostructures comes from the
Coulomb coupling between excitons and plasmons. The in-
teraction between optical dipoles �excitons� and plasmons
may have Coulomb and electromagnetic components and can
be coherent or incoherent.11–21 Exciton-plasmon and
electron-plasmon interactions are observed and studied in
many material systems, including solid-state nanoelectronics
devices,22–24 colloidal nanoassemblies,11,20,25–30 molecular-
metal systems,11,21,31,32 etc. A recent paper33 reported the ef-
fects of strong coupling between optically excited spin-
polarized carriers and plasmons in core-shell colloidal
nanocrystals.

Here we propose and study theoretically hybrid systems
where spin-polarized excitons and plasmons become
strongly coupled. These systems comprise self-assembled
SQDs and metal nanoparticles �MNPs�. The coupling be-
tween spin-polarized excitons and plasmons occur via the
dynamic Coulomb interaction. The Coulomb interaction it-
self does not depend on the spin coordinates. However, the
Coulomb interaction can create spin-flip transitions and can
involve spins if an exciton Hamiltonian has spin-dependent
terms and the resulting exciton wave functions involve the
spin coordinates in a nontrivial way.34,35 Indeed, the exciton
Hamiltonian of SQD incorporates the spin-orbit interaction
in the valence band and the interband spin-dependent ex-
change interaction.3–5 These spin-dependent interactions in-
side a SQD enable the spin-plasmon coupling in a SQD-
MNP molecule. Theoretically, some aspects of the coherent
interaction between spin states of exciton in a self-assembled

SQD and plasmons at zero magnetic field were considered in
a letter.18 In contrast to Ref. 18, we calculate here important
effects of the external magnetic field and consider special
structures with broken symmetry. In our systems, two spin
states of exciton interact, the spin splitting in the exciton
spectrum can be changed, and the magnetic field controls a
spin orientation of excitons.

Presently there is a lot of interest in fabrication and tech-
nology of various hybrid semiconductor-metal nanostruc-
tures having simultaneously exciton and plasmon reso-
nances. Such solid-state material systems can be realized
involving epitaxial, self-assembled, and colloidal
nanostructures.24,36–39 A layer of self-assembled SQDs can be
grown in the vicinity of a crystal surface covered with metal
nanocrystals.24,37,40 Metal nanoclusters can be incorporated
in a bulk crystal and can interact with bulk excitons.38 Or,
colloidal nanoparticles can be introduced into a crystal using
the overgrowth method.41 Several structures modeled in this
paper incorporate semiconductor self-assembled SQDs
�GaAs and InAs� and spherical and elliptical metal nanocrys-
tals �Au and In�. The structures modeled here resemble the
already existing systems or can be fabricated using modern
technologies.

II. MODEL AND FORMALISM

We now consider a system comprising a self-assembled
SQD and a MNP �Fig. 1�. A SQD is located in the plane z
=0 at the origin of coordinates. A MNP is located above and
a position of its center is given by the vector R. This struc-
ture can be realized using self-assembled SQDs in a semi-
conductor matrix. Material systems successfully used for
fabrication of self-assembled quantum dots include
GaAs/AlGaAs,42 InAs/GaAs,7 and InAs/GaAsSb.43 In an ex-
perimental system, a MNP can be attached or grown on the
surface of a sample. Here, for simplicity, we assume that a
dielectric matrix �GaAs or another semiconductor� occupies
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the whole three-dimensional space. In experimental struc-
tures, this situation can be obtained by covering the surface
with an attached MNP by a layer of dielectric material �semi-
conductor or other�. The case of MNP on the open surface of
semiconductor should be considered separately and needs
computational work because of the complex geometry. In the
following, we make two approximations regarding our sys-
tem. We neglect the retardation effects; in other words, we
assume that our system is relatively small, R��, where � is
the wavelength if incident light. Also, we use the dipole ap-
proximation for induced electric fields inside the complex,
assuming RMNP,RSQD�R, where RMNP and RSQD are the ra-
dii of MNP and SQD, respectively.

An incident electromagnetic wave approaches the system
from the top and has the form: Eext=Eext,� ·e−i�t+E

ext,�
* ·ei�t,

where Eext,�=e0E0 is the complex amplitude, and e0 is the
polarization vector and � is the frequency. The polarization
vector e0 is in the x-y plane and the wave vector k �−ẑ. In
addition, the system experiences an external magnetic field,
B, applied in the z direction. An anisotropic SQD has a shape
of a lens and its spectrum consists of four excitonic states
with different spin wave functions �Fig. 1�b��. These states
are formed due to interband exchange interaction. At B=0,
two upper spin states are bright, whereas two lower states are
dark. Also, the bright states at B=0 have optical dipoles in
the x and y directions.4 In the following, we will label the
bright states as �2� and �3�, whereas �1� will denote the
ground state of the system. Here we will consider only bright
states, assuming that the size of our complex �R� is longer
than the exciton dimensions.44 A spectrum of MNP is con-
tinuous and exhibits plasmon resonances. SQD and MNP
interact via the Coulomb forces �Fig. 1�b��.

The equation of motion of the density matrix written for
the excitons in the SQD has the form

�
��nm

�t
= i�n���̂,Ĥ0 + V̂��m� − 	

kl

�nm,kl�kl, �1�

where �n� are the involved quantum states, the Hamiltonian

Ĥ0+ V̂ consists of the internal energy of SQD �Ĥ0� and the
light-matter interaction,

V̂ = − er · Etot = �e��r · E�,tot · e−i�t + r · E�,tot
� · ei�t�

= V̂� · e−i�t + V̂�
+ · ei�t, �2�

where E�,tot is the electric field acting on the exciton dipoles
in the SQD. The relaxation matrix has the following ele-
ments: �12,12=�21,21=�12, �13,13=�31,31=�13, �22,22=−�11,22
=�22, and �33,33=−�11,33=�33. We neglect here the spin re-
laxation between exciton states; such relaxation is typically
slow compared to the radiative recombination and
dephasing.45 It is important to note that Eq. �1� involves plas-
mon excitations of MNP through the electric field,

E�,tot = E�,ind + E�,MNP1, �3�

where E�,ind is the external field inside a SQD in the pres-
ence of a MNP. The field E�,MNP1 describes a “self-action” of
the exciton dipole and comes from the surface changes in
MNP induced by the exciton dipole. The interband matrix

elements of the operator V̂�= �e�r ·E�,tot include the vectors
r21= �2�r�1� and r31= �3�r�1� which involve spin-dependent
Bloch functions of excitons.4 In Appendix A, we write down
these Bloch wave functions. The matrix elements calculated
with these functions have the form

r21 = �2�r�1� =
rcv


2
�� 1

− i
F2

� + �1

i
G2

�� ,

r31 = �3�r�1� =
rcv


2
�� 1

− i
F3

� + �1

i
G3

�� . �4�

The exciton energies E12�13� include the interband energy
contributions and the spin-dependent term,

E1j = ESQD + 	Espin,1j�B� ,

where the spin-state index j=2,3, 	Espin,1j is the spin energy
�Appendix A�, and ESQD contains the band-gap and size-
quantization energies of the carriers. For simplicity, we omit
here a quadratic diamagnetic effect in the interband energies
E1j. At B=0, the splitting between the spin states


0 = E12 − E13.

In the absence of the retardation effects, the electric field
E�,ind is given by

dMNP = E0��̂e0�, E�,ind = E0�e0 +
3���̂e0� · n� · n − �̂e0

R3 �
= E0�T̂ · e0� ,

T̂ = �Txx Txy Txz

Tyx Tyy Tyz

Tzx Tzy Tzz
� ,

where dMNP is the MNP dipole moment and �̂ is the polar-
izability tensor of MNP; n=R /R. For an elliptical MNP, the

tensor �̂ is given in Appendix B. An important case of
spherical MNP is described by

1

SQD MNP

photons

Coulomb

a) b)
3

2GaAs
or
AlGaAs

z

light B

x

y

GaAs
or
InAs

FIG. 1. �Color online� �a� Schematics of nanocrystal complex
composed of semiconductor quantum dot and metal nanoparticle.
�b� Transitions in the system; the vertical arrows represent light-
induced transitions and relaxation in nanoparticles; the horizontal
arrows depict the Coulomb interaction.
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E�,ind = E0�e0 + �
3�e0 · n� · n − e0

R3 �, � = RMNP
3 �m − �0

�2�0 + �m�
,

�5�

where �m=�m��� and �0 are the dielectric constants of metal

and matrix, respectively. Dielectric constants of metals �Au
and In� will be taken from the empirical tables.46 For the
dielectric constant of the matrix �GaAs�, we will use �0

=12. Another important contribution to the field, E�,MNP1,
depends on the induced exciton dipole moment, d�, and has
the form

E�,MNP1 =
3���̂ · �3�d�,exc · n� · n − d�,exc�� · n� · n − �̂ · �3�d�,exc · n� · n − d�,exc�

�0R6 = Â · d�,exc,

Â = �Ax
�x� Ax

�y� Ax
�z�

Ay
�x� Ay

�y� Ay
�z�

Az
�x� Az

�y� Az
�z� � ,

where dexc is the optical dipole moment of exciton �see be-
low�; dexc� ẑ. Then, the light-exciton interaction operator is

V�,j1 = �j�V̂��1� = �e��E�,tot · r j1� ,

where r j1= �j�r�1� are interband matrix elements and j=2,3.
In the rotating-wave approximation47

�22 = 22, �33 = 33, �21 = 21e
−i�t, �31 = 31e

−i�t.

�6�

The induced dipole moment of SQD can be written via the
density matrix,

d�,exc = − �e��21 · r12 + 31 · r13� .

In the linear regime, the diagonal matrix elements are given
by

�22 = i
21 · V�,12

+ − V�,21 · 12

�22
,

�33 = i
31 · V�,13

+ − V�,31 · 13

�33
.

For the nondiagonal elements, we obtain

21 =
��� − E13 + i�13 + e2r31 · �Â · r13���e��r21 · E�,ind� − �e�3�r31 · E�,ind��r21 · �Â · r13��

��� − E13 + i�13 + e2r31 · �Â · r13����� − E12 + i�12 + e2r21 · �Â · r12�� − e4�r31 · �Â · r12���r21 · �Â · r13��
,

31 =
��� − E12 + i�12 + e2r21 · �Â · r12���e��r31 · E�,ind� − �e�3�r21 · E�,ind��r31 · �Â · r12��

��� − E13 + i�13 + e2r31 · �Â · r13����� − E12 + i�12 + e2r21 · �Â · r12�� − e4�r31 · �Â · r12���r21 · �Â · r13��
.

The absorption rate from the system �SQD and MNP� is
given by13,48

Q = QSQD + QMNP, �7�

where

QSQD = E1222�22 + E1333�33,

QMNP = �
VNP

dVj · E = Im��NP�
�

2�
�

VNP

dVE�
in · E�

in�, �8�

where the electric current inside a MNP is given by j�

=−i���m−1� /4� ·E�
in. Also, E�

in=E�,ind
in +E�,exc

in , where E�,ind
in

and E�,exc
in are the fields inside the MNP induced by the ex-

ternal radiation and by the oscillating exciton dipole, respec-
tively. Since the dissipation rate is a positive value, the above
equations assume that Im��NP��0. In the dipole approach,
the field E�,ind

in has the form

E�,ind
in = �̂ · �E0e0 +

�3�d�,exc · n� · n − d�,exc�
R3 � ,

where the tensor �̂ couples the uniform external field and the
field inside a metal ellipsoid �Appendix B�. For a spherical
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MNP, �̂= �3�0 / �2�0+�m��1̂. The MNP dissipation can be re-
duced to

QMNP =
2�

3
RMNP

3 �E�
in�2Im��m� .

The resultant total dissipation Q=QSQD+QMNP includes the
effects of interference between three terms in the electric
field: The external electromagnetic wave, the field induced
by surface changes in MNP, and the field due to the optically
driven excitonic dipoles of SQD. The cross section of optical
absorption is then calculated as

 =
Q

I0
=

2�

c0

�0 · E0

2
Q .

The formalism based on the master equation �Eq. �1�� treats
rigorously the nonretarded �near-field� Coulomb interaction
between the exciton and plasmon. But, the coupling of the
exciton with the electrometric waves is only included via the
phenomenological broadening �1j. In the absence of MNP,
�1j

0 =�rad,0 /2+�dephasing, where �rad,0=� /�0, �0 is the radia-
tive lifetime, and �dephasing is the broadening due to internal
dephasing in a SQD. In the presence of MNP, the phenom-
enological broadenings in Eq. �1� become �1j
= pj · ��rad,0 /2�+�dephasing, where pj are plasmon enhancement
factors. Simultaneously, the total broadening of exciton reso-
nance in the presence of metal nanocrystal acquires a term
due to nonradiative energy transfer, �FRET,j. This energy-
transfer mechanism comes from dissipation of energy of os-
cillating exciton dipole inside the metal component. Then,
the total broadening is given by �1j

tot= pj · ��rad /2�+�dephasing
+�FRET,j. In Sec. III, we model nanostructures with small
radiative broadenings: �1j

tot� pj · ��rad /2� or �dephasing
+�FRET,j � pj · ��rad /2�. In other words, the radiative broad-
ening for the nanostructures studied in Sec. III can be ne-
glected. In general, we should note that the quantum formal-
ism based on Eq. �1� is valid for relatively small
nanostructures in which the radiative damping is smaller
than the other broadenings �internal dephasing and energy-
transfer broadening�. For example, a MNP with a large size
��photon wavelength� acquires a large radiative broadening
of a plasmon resonance due to strong coupling with
photons.20 Our formalism cannot describe this case but it
describes consistently small structures with a small radiative
damping.

III. APPLICATIONS

A. Plasmon-induced interaction between spin states of exciton

The eigenenergies of the exciton states in a SQD-MNP
molecule in the presence of the exciton-plasmon Coulomb
interaction can be obtained from the spectrum of energy dis-
sipation inside a SQD: QSQD���. In our model, this spectrum
has two peaks as a function of �. Considering � as a com-
plex variable, the function QSQD��� has two poles with the
positions given by

��� − E13 + i�13 + e2r31 · �Â · r13����� − E12 + i�12

+ e2r21 · �Â · r12�� − e4�r31 · �Â · r12���r21 · �Â · r13�� = 0.

�9�

To solve Eq. �9�, we first note that the tensor Â is a slow
function of � because the metal dielectric function has typi-
cally very broad spectral structures. Therefore, we treat here

Â as a constant: Â= Â��=�0�. Then, we find the complex
roots of Eq. �9�,

��12�13� =
Ẽ13 + Ẽ12 � 
�Ẽ12 − Ẽ13�2 + 4Eint

2

2
,

Ẽ12 = E12 − i�12 − e2r21 · �Â · r12�, Ẽ13 = E13 − i�13

− e2r31 · �Â · r13�, Ẽint
2 = e4�r31 · �Â · r12��

��r21 · �Â · r13�� . �10�

The imaginary parts of ��1j give the decays of excitons,
whereas the real parts are the Lamb shifts of energies due to
the exciton-plasmon interaction. The positions of the peaks
of QSQD��� are close to � Re��12�13��. The interaction be-
tween the two spin states of the exciton is given by the pa-

rameter Ẽint. The parameter Ẽint is nonzero if a SQD-MNP
system has reduced symmetry or in the presence of a mag-
netic field. We now consider two particular cases. If a SQD-
MNP system has one of two particular planes of symmetry

�x-z or y-z plane�, the matrix Â is diagonal and the interac-
tion between two excitons exists only in the presence of a
magnetic field,

Ẽint
2 = e4�x31Ax

�x�x12 + y31Ay
�y�y12��x21Ax

�x�x13 + y21Ay
�y�y13� .

This equation is nonzero only if B�0 since, at B=0, the
exciton dipoles �r12 and r13� are linearly polarized in the x

and y directions. At B=0, the parameter Ẽint does not vanish
if a SQD-MNP system has lowered symmetry mentioned

above �also see Fig. 6 below�. Then, Ẽint
2

=e4�y31Ay
�x�x12��x21Ax

�y�y13�.

B. GaAs/GaAlAs quantum dot and spherical Au nanoparticle

Figure 2�a� shows the chosen geometry for the system. At
B=0, the excitons of SQD have optical dipoles along the x
and y directions. A MNP is located on the x axis and its
radius RMNP=7.5 nm. The distance between a SQD and a
MNP is R=20 nm and the vector n=R /R= �1 /
2,0 ,1 /
2�.
The vertical distance between the SQD and the MNP surface
d�6.6 nm. The dielectric constant of matrix �0=12 and the
Au constant is taken from Ref. 46. The dipole approximation
for the exciton-plasmon interaction is valid for an exciton
located at sufficiently long distance 
R from the surface of
MNP. In particular, the dipole approximation is applicable if

R�RMNP. In our geometry, 
R=12.5 nm and the dipole
condition is satisfied. The exciton energy is chosen typical
for a GaAs/GaAlAs self-assembled dot,42 ��0=1.6 eV. The
interband dipole used here describes optical transitions in
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GaAs: rcv=6.5 Å. Then, the bare exciton energies at B=0
are denoted as: E12=��0 and E13=��0−
0. An exchange
splitting 
0 and other microscopic parameters of the Hamil-
tonian vary from dot to dot and, here, we will use some
typical realistic numbers for these parameters.4,7 The
exchange-splitting energy in self-assembled SQDs is rela-
tively small and will be chosen here as 
0=0.75�bx−by�
=41 �eV. Other parameters, including g factors, will
be: az=−0.2, bz=−0.2, bx=0.155, by =0.1, ge=−0.8, and gh
=−2.2.

Figures 2�b� and 2�c� show calculated absorption spectra
of SQD-MNP molecule for R=20 and 100 nm. For conve-
nience, we plot the absorption spectrum as a function of the
detuning from the high-energy exciton peak, �	�=���
−�0�, where ��0=E12�B=0�. At low temperatures ��4 K�,
the intrinsic broadening of isolated dipole, �1j

0 , is rather
small.7,31 For our calculations, we take the following num-
bers: �1j

0 =2.2 �eV and �rad
0 =1 ns. At long separations R,

the effect of MNP on the absorption in a SQD is weak and
the absorption spectra show two Lorentzian peaks. For the
x-polarized incident wave, the peak is located at E12=��0
and, for the y-polarized incident wave, the peak is centered at
E13=��0−
0. This is in agreement with the selection rules
for the spin states of excitons.4 For R=20 nm, the exciton-
plasmon interaction strongly modifies the spectrum. First, the
lines acquire Fano line shapes. This effect happens mainly
due to the interference between the incident electric field and
the exciton-induced dipole field. Mathematically, this effect
comes from the function QMNP �Eq. �8�� which incorporates
the interfering fields, E�,ind and E�,exc. In addition, the posi-
tions of the lines become shifted and are given now by
��12�13� �Eq. �10��. We also note that the optical selection
rules for the x and y excitons are not changed in this SQD-
MNP molecule because the exciton-plasmon interaction does
alter the symmetry of the SQD in this geometry. The system
still has a symmetry plane �z-x plane�. However, in a high
magnetic field, optical selection rules become strongly al-
tered by the exciton-plasmon interaction �Fig. 3�. In strong
magnetic fields ��
EZ��
0�, the spectral lines of SQD in the

absence of MNP are circularly polarized. For the + polar-
ization of incident light �e0

�+�= �x+ iy� /
2�, the absorption
process involves only the high-energy exciton �E12�,
whereas, for the − excitation �e0

�−�= �x− iy� /
2�, the spec-
trum includes only the excitation E13. In the presence of
MNP, these traditional selection rules break down because
the MNP disturbs the cylindrical symmetry of the exciton
states in high magnetic fields. In the presence of the exciton-
plasmon interaction, the normally forbidden transitions �E13
for + excitation and E12 for − excitation� become now
allowed and, interestingly, appear in the spectra as antireso-
nances �Fig. 3�. The appearance of these transitions in the
form of antiresonance can be understood as an effect of in-
terference of electric fields inside the MNP. These electric
fields are the incident circularly polarized wave and the di-
pole fields induced by the spin-polarized excitons. Math-
ematically, antiresonances come from the function QMNP.

It is also interesting to look at the shifts of exciton ener-
gies in the presence of a MNP. For our geometry at B=0, the
exciton states are not mixed. The plasmon-induced �Lamb�
shifts of excitons can be taken from the formulas for Ẽ1j �Eq.
�10��,

	E1j
Lamb = Ẽ1j − E1j + i�1j = − e2r j1 · �Â · r1j� ,

where j=2,3. The real part of 	E1j
Lamb can be positive or

negative �Fig. 4�a��. The parameter −Im�	E1j
Lamb� should be
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FIG. 2. �Color online� �a� Model and geometry of a complex
composed of spherical gold nanoparticle and GaAs quantum dot.
��b� and �c�� Optical absorption spectra for two polarizations of
incident light and for two distances R=100 and 20 nm. Inset shows
the absorption of the complex in a wide energy interval.
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positive since it describes energy transfer from excitons to
plasmons �Fig. 4�a��. One can see that the exciton-plasmon
interaction can create significant shifts of exciton energies. In
our geometry, the x and y excitons interact differently with
the plasmon subsystem and, therefore, the exciton splitting at
B=0,


exc = ��12 − ��13,

should depend on the SQD-MNP distance, R. Now we look
at the function 
exc�R� for the exciton energy ��0
=1.56 eV. At this energy, the Lamb shifts are strong and
negative �Fig. 4�a�� and, simultaneously, the dissipation of
the excitons is relatively weak. Figure 4�b� shows the exciton
splitting as a function of R. Interestingly, 
exc vanishes at
R�14 nm. Here we took a smaller number for the internal
exchange splitting, 
0=25 �eV; the corresponding ex-
change parameters were bx=0.134 and by =0.1. A spectrum
of exciton-plasmon excitations in a magnetic field is shown
in Fig. 5. We plot here the energies

�	�1j = ��1j − ��0

for R=15 and R=100 nm. One can see that, at R=15 nm,
the zero-magnetic-field exchange splitting becomes strongly
reduced due to the exciton-plasmon interaction. This is an
example of a spin-dependent interaction between excitons
and plasmons.

It is interesting to compare our results with the results of
Ref. 14. The paper14 describes the interaction between exci-
tons and plasmons in hybrid structures composed of mol-
ecules and metal nanocrystals. Several optically active mol-
ecules �J-aggregates� form a shell around a metal
nanocrystal. The molecule system in this structure exhibits a
strong collective exciton resonance in the optical spectra. In
this situation, the excitons strongly interact with the plas-
mons and this interaction appears in a form of Rabi splitting.
In our structures, we have a different regime of interaction.
Our system includes single exciton lines with relatively weak
oscillator strengths. In addition, the exciton in our system has
a very narrow absorption line �this assumes low tempera-
tures�, whereas the plasmon resonance is very broad. The
integrated absorption of the plasmon peak is much greater
than that of the exciton. This physical situation corresponds
to the regime of Fano effect. In this regime, exciton peaks in
the absorption spectra acquire asymmetric shapes and also
become shifted and broadened.

C. InAs/GaAs quantum dot and Au nanorod

We now consider a system with a gold nanorod in a ge-
ometry shown in Fig. 6�a�. The parameters are: R=26 nm
and n= �1 /2,1 /2,1 /
2�. A nanorod is taken in the form of
ellipsoid with dimensions:RMNPx=15 nm, and RMNPy
=RMNPz=8.5 nm, where RMNPi is the radius of the ellipsoid
in the i direction. This nanorod has two plasmon resonances
and one of them is at �1.2 eV �inset of Fig. 6�c��. This is
the typical energy of excitons in InAs/GaAs self-assembled
dots.7 According to the selection rules, the x-polarized light
creates only the high-energy exciton peak �x exciton� for
long R �Fig. 6�b��. For shorter SQD-MNP separations, one
can see the y exciton as antiresonance in this spectrum be-
cause the exciton-plasmon interaction breaks the symmetry
of the system and the y exciton becomes active under the
x-polarized excitation. We also can see that the exciton with
the x dipole interacts weakly with the x plasmon because the
electric field of this exciton dipole at the center of MNP �r
=R� lies approximately in the zy plane. Simultaneously, the
direction of the electric field of the y dipole at r=R is close
to the x direction and, therefore, the interaction of the y
exciton with the x plasmon is strong and appears in the ab-
sorption spectrum as a Fano-type antiresonance �Fig. 6�b��.
Again, mathematically, the antiresonance comes from the
function QMNP��� and originates from the interference of the
electric fields inside a MNP. Simultaneously, the dissipation
inside a SQD �QSQD� shows just two peaks and, of course,
has not antiresonances �Fig. 6�c�� and, in the presence of a
MNP, the second peak due to the y exciton appears in the
function QSQD �see Fig. 6�c� for R=26 nm� due to the break-
ing of symmetry in the system. This is another example of
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modification of selection rules for the SQD excitons in the
presence of the exciton-plasmon interaction.

IV. PHOTOLUMINESCENCE (PL) IN A MAGNETIC FIELD

A. Rate equation formalism

In Sec. IV, we will neglect the coherent components of the
exciton-plasmon interaction and consider simple classical
rate equations describing the incoherent exciton dynamics. In
the quantum-mechanical approach, the processes of absorp-
tion and emission are described with the operator of light-
dipole interaction,49

V̂int = − er · Ê0 = i�e�r · 	
k,�


2���k

�0V
�ek

���ĉk,�e−i�kt

− ek
����ĉk,�

+ ei�kt� , �11�

where k and � are the photon wave vector and the photon
polarization index, respectively. For circularly polarized pho-
tons with a wave vector along the z direction, ek

��=��

= �x̂� iŷ� /
2. In the presence of a MNP, a local electromag-
netic field at the SQD becomes modified in the way similar
to the modification E�,ext→E�,ind, as it was already calcu-
lated. Then, the polarization vector in Eq. �11� should be
changed,

ek
��� → ẽk

��� = �ek
��� +

3���̂ek
���� · n� · n − �̂ek

���

R3 � = T̂ · ek
���.

�12�

This leads to strongly modified absorption and emission ma-
trix elements. The absorption process in the presence of a
MNP was described above using a classical electromagnetic

field. In particular, the classical field E�,ind� T̂ ·e0 entered the
matrix elements of the light-matter interaction �r j1 ·E�,ind� in
the density matrix �see the equations for  j1�. The quantum
approach to the electromagnetic field �Eqs. �11� and �12��
gives the following optical matrix element r j1 · �T̂ ·ek

����; this
is similar to the previously used matrix elements, r j1 ·E�,ind

�r j1 · �T̂ ·e0�, calculated with the classical field.

We now focus on the emission process. The probability of
spontaneous emission of photon with k �z is calculated from
Eq. �11�,

�rad,j
��� � ��1�r�j� · ẽk

�����2,

where �=� and the vector �1�r�j� is given in Appendix A.
We see now that the radiation process also becomes strongly
modified because the vector ẽk

��� includes the plasmon-
induced field of MNP. Assuming a nonresonant pumping, an
emission process can be described using simple rate
equations,11,26

dnj

dt
= − ��rad,j

tot + �FRET,j + �nonrad�nj + Ij ,

where nj are the populations of the exciton states with j
=2,3 and Ij are the rates of optical generation. The relax-
ation rates �rad,j

tot , �FRET,j, and �nonrad come from radiative
processes, nonradiative energy transfer to a MNP, and intrin-
sic nonradiative recombination in a SQD, respectively. This
rate-equation approach assumes that we neglect the coherent
component of the exciton-plasmon interaction. In other
words, the exciton-plasmon interaction should be relatively
weak so that �
0�� �	E1j

Lamb�. The above approximation also
means that the plasmon-induced mixing between two spin
states is small, i.e., �Eint��
0. Simultaneously, the effect of
the plasmonic field on the PL spectrum can be overall strong
as we will see below. Then, we can use the bare exciton
energies, E1j, to model the PL spectrum. Under continuous
pumping, the intensity of PL line is proportional to nj ·�rad,j

��� .
Using the rate equations, we obtain nj under the steady-state
conditions and then calculate the PL spectrum for the two
polarizations �=�,

PL��� � P��pump�

�� �rad,2
���

�rad,2
tot + �nonrad + �FRET,2

�PL

�PL
2 + ��� − E12�2

+
�rad,3

���

�rad,3
tot + �nonrad + �FRET,3

�PL

�PL
2 + ��� − E13�2� .

For simplicity, we neglected above spin-flip transitions be-
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tween exciton states in a SQD. The total radiative rates
�rad,j

tot =�rad,0Pj, where �rad,0 is the total radiative rate of the
excitons in the absence of MNP. The B-dependent factors

Pj =
1

2
���Fj + Gj�Txx

� + �Fj − Gj�Tyx
� �2

+ ��Fj + Gj�Txy
� + �Fj − Gj�Tyy

� �2� .

At B=0 and R→�, these factors Pj→1. For B=0 and for
the symmetric case �Fig. 7�a��, P2→ �Txx�2 and P3→ �Tyy�2.
The factors Pj describe the modification of the emission rates
of magnetoexcitons in the presence of a MNP. The nonreso-
nant pumping rates Ij = I0 · P��pump�. The factor P��pump�
comes from the field enhancement of absorption of pumping
light with a frequency �pump and a field E�,pump. For a non-
resonant excitation with photon energies above the barrier
material, this factor can be estimated as

P��pump� =
�T̂ · E�,pump�2

E�,pump
2 .

We now consider the rate of energy transfer, �FRET
��� . This

energy-transfer process is similar to the Förster resonance
energy transfer �FRET� mechanism. Then, we can use the
Fermi’s golden rule to calculate the rate of exciton transfer
from a SQD to a MNP.26 The resulting rates of are

�FRET,j = − 2 · Im�Ẽ1j − i�1j� = 2 · Im�e2r j1 · �Â · r1j�� ,

where Ẽ1j are the solutions for the poles of the functions 1j
in the absence of the coherent mixing between excitons �Eq.
�10��. For one simple case, the energy-transfer rates are

�FRET,j = 2sj

e2rcv
2

�0R6 Im�� j� .

To derive this equation, we assumed B=0 and n �x. For j
=2, s2=4, and � j =�xx. In the case of j=3, s3=1, and �3
=�yy.

B. Magnetophotoluminescence from InAs/GaAs quantum dot
and In nanocrystal

The system is now composed of InAs SQD and In MNP.
The In MNP is an oblate ellipsoid with dimensions: RMNPx
=RMNPy =40 nm and RMNPz=10 nm. The low-frequency
plasmon resonance of such ellipsoid is at �1.2 eV that over-
laps perfectly with the typical exciton energies of InAs
SQDs.7 Similar structures with In islands and InAs self-
assembled dots were reported recently in the experimental
paper.24 In our calculations, the geometrical and other param-
eters are: n= �1 /
2,0 ,1 /
2�, R=30 nm, �0=12, �0
=1.2 eV, �PL=20 �eV, 
0=41 �eV, �nonrad=� /�nonrad,
�nonrad=10 ns, �rad,0=� /�rad,0, and �rad,0=1 ns. The indium
dielectric constant is taken from Ref. 46. For the chosen
parameters, the coherent shifts of excitons can be neglected
��	E1j

Lamb��
0� because the chosen distance R is relatively
long. However, the plasmon-enhancement effects remain
strong. In particular, the plasmon enhancement factor
P��pump=1.6 eV��11 for E�,pump �x. This also means that
the optical selection rules for the PL process can be strongly
changed. Indeed, we see this effect in the calculations �Fig.
7�. For long R and negligible exciton-plasmon interaction,
the PL spectra in a magnetic field follow the usual selection
rules �Fig. 7�c��. At B=0, both excitons �x and y states� are
active in the emission configuration with ek

�+� and k � ẑ. At
high magnetic fields, the high-energy exciton mode domi-
nates in the ek

�+�-emission spectrum. For shorter distances R,
a MNP starts to influence strongly the electromagnetic fields
of incident and emitted photons and, simultaneously, the
energy-transfer process ��FRET,j� becomes active. And we see
overall enhancement of PL together with a strong alternation
of the selection rules in high magnetic fields �Figs. 7�c� and
7�d��. Three processes affect the PL intensity: The absorp-
tion, radiative emission, and nonradiative energy transfer.
The absorption rate is strongly increased: P��pump��11. The
radiative rates ��rad,j

��� and �rad,j
tot � are significantly increased

due to the presence of the plasmon resonance. For R
=30 nm and B=0, calculated enhancement factors for these
rates are: P2�4.2 and P3�12. Simultaneously, the FRET
rates grow as the distance R decreases. For R=30 nm and
B=0, the FRET rates become comparable with the radiation
rates: �FRET,2�2.2 �eV, �FRET,3�7.9 �eV, �rad,2

tot

�1.7 �eV, and �rad,3
tot �4.9 �eV. The enhanced radiative

rates tend to increase the PL intensity whereas the emerging
energy-transfer process tends to decrease the emission. Now
we comment on the selection rules. The change in the selec-
tion rules in the magneto-PL spectra �Fig. 7�d�� comes from
the exciton-plasmon interaction and from the breaking of
cylindrical symmetry in the presence of an optically active
MNP. In particular, the radiative rates �rad,2

�+� and �rad,3
�+� at B

=0 have different enhancement factors because excitons with
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different dipole moments interest differently with the x-y
plasmon mode of the MNP.26 For the same reason, the FRET
rates for the two excitons become also different. In a high
magnetic field, the unusual selection rules for the emission of
excitons �curve for 2 T in Fig. 7�d�� originate from the modi-
fication of photonic fields in the presence of a plasmonic
MNP.

V. CONCLUSIONS

Here we have considered a few examples of hybrid
exciton-plasmon systems comprising self-assembled semi-
conductor quantum dots and metal nanocrystals. For the met-
als, we took gold and indium and, for semiconductors, we
used GaAs and InAs. Spins and plasmons strongly interact in
these hybrid systems. This interaction comes from the joint
action of the dynamic Coulomb coupling and the spin-
dependent exchange interaction. To tune the spin states of
excitons in a SQD, we involved a strong magnetic field. In
the absorption spectra, the exciton-plasmon interaction leads
to several features: asymmetric line shapes �Fano effect�,
plasmon-induced Lamb shifts of exciton energy, and forbid-
den optical lines. The forbidden optical lines appear often in
the form of antiresonances. Since the exciton-plasmon inter-
action shifts exciton energies, one can change a spin splitting
of exciton by varying the SQD-MNP distance. In the PL
spectra, we found theoretically an interesting plasmon-
induced modification of optical selection rules in a strong
magnetic field.

ACKNOWLEDGMENTS

This work was supported by NSF and Volkswagen Foun-
dation.

APPENDIX A: SPIN-DEPENDENT WAVE FUNCTIONS
OF EXCITONS

The spin states of excitons in the presence of a magnetic
field are described by the following Hamiltonian:4

Ĥspin = az�Ĵh,z · ŝe,z� + 	
i=x,y,z

bi�Ĵh,i
3 · ŝe,i�

+ �B�geŝe,z −
gh

3
Ĵh,zB ,

here Ĵh,i are the operators of angular momentum of heavy
holes and ŝe,i are the electron spin operators. Since we con-

sider only heavy holes, Ĵh,i are 2�2 matrices; az are bi are
the exchange interaction constants and ge�h� are the g factors.
The bright exciton states ��2� and �3�� can be written as

�j� = Fj�mz = + 1� + Gj�mz = − 1� ,

where j=2,3 and �mz=+1�= �sz=−1 /2; Jz=+3 /2� and �mz
=−1�= �sz=+1 /2; Jz=−3 /2� are the bright states and mz is
the total angular momentum of exciton. Then, the Hamil-
tonian yields the eigenenergies and eigenstates for the two
spin states,

	Espin,12�13��B� =
1

2
�H2 + H3 � 
�H2 − H3�2 + 4V2� ,

H2 = −
3az

4
−

27bz

16
−


EZ

2
, H3 = −

3az

4
−

27bz

16
+


EZ

2
,

V =
3�bx − by�

8
,

where 
EZ=�B�ge+gh�B is the Zeeman splitting. The split-
ting of the spin states at B=0,


0 =
3

4
�bx − by� .

Then, the amplitudes are derived as

F2�3��B� =
�V�


V2 + �H2 − 	Espin,12�13��2
,

G2�3��B� =
�V��	Espin,12�13� − H2�

V
V2 + �H2 − 	Espin,12�13��2
.

Using the Bloch functions for the electrons and heavy holes,
we calculate the amplitudes of the absorption process,

�mz = + 1�r�gs� =
rcv


2� 1

− i

0
�, �mz = − 1�r�gs� =

rcv


2�1

i

0
� ,

where �gs�= �1� is the ground state of the crystal. Important
interband matrix elements are now written as

�j�r�1� =
rcv


2�� 1

− i

0
�Fj

� + �1

i

0
�Gj

��, j = 2,3.

The matrix elements for the emission process: �1�r�j�
= �j�r�1��.

APPENDIX B: A POLARIZABILITY AND FIELDS
OF METAL ELLIPSOID

In the general case, the quasistatic matrices for elliptical
nanocrystals have the forms

�̂ = ��xx �xy �xz

�yx �yy �yz

�zx �zy �zz
�, �̂ = ��xx �xy �xz

�yx �yy �yz

�zx �zy �zz
� .

When the principle axes of an ellipsoid coincide with the
coordinate system, these matrices are diagonal and their
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components are given by50

�ii =
RMNPxRMNPyRMNPz

3

�m − �0

��m − �0�Li + �0
,

�ii =
�0

��m − �0�Li + �0
,

where i=x ,y ,z and RMNPi is the radius of ellipsoid along the
i axis.

For a nanorod �Fig. 6�a��, RMNPx�RMNPy =RMNPz and the
L parameters are

Lx =
1 − e2

2e3 �Ln
1 + e

1 − e
− 2e, Ly = Lz =

1

2
�1 − Lx�,

e =
1 − �RMNPz

RMNPx
2

.

For an oblate ellipsoid �Fig. 7�a��, RMNPx=RMNPy �RMNPz
and the L parameters are the following:

Lz =
1 + e2

e3 �e − arctan�e��, Lx = Ly =
1

2
�1 − Lz�,

e =
�RMNPx

RMNPz
2

− 1.
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