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Near-field second-harmonic generation of semiconductor quantum dots
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National Institute of Standards and Technology, Gaithersburg, Maryland 20899

~Received 24 July 1998!

Optical second-harmonic~SH! response of a semiconductor quantum dot~QD! excited by the near field of
a tip in a near-field scanning-optical microscope is investigated theoretically. Using an anisotropic effective-
mass approximation, we analyze the frequency- and space-dependent SH nonlinear current density in the
midgap frequency region associated with interband and intersubband transitions in the QD system. Both heavy-
and light-hole states contribute to the SH signal of the QD system. Assuming that an external field drives the
tip and the tip field excites the QD, and neglecting local-field effects, we define an effective SH susceptibility
tensor of the QD/tip system in terms of the incident-external field. The second-harmonic generation is allowed
because the rapidly varying tip field excites the selection-rule breaking transitions in the QD system. For a
given size of the metal-coated tip, we performed numerical calculations of the SH susceptibility by scanning
the tip and varying the frequency. We show that the SH nonlinearity of the QD/tip system is strongly depen-
dent on the tip position because the overlap integral of the QD envelope wave functions and the tip field is
varied by scanning the tip over the QD. Our results also show that the spatial distribution of the tip field is
reflected in the tip-position dependence of the SH signal.@S0163-1829~99!07103-9#
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I. INTRODUCTION

In a conventional nonlinear optical experiment such
second-harmonic generation~SHG!, the nonlinear materials
are usually illuminated by a far field~laser beam!, and the
second-harmonic~SH! signal is also collected in the far-fiel
region. In such a situation, it is well known that second-or
optical nonlinear effects are absent in the electric-dipole~lo-
cal! approximation in materials exhibiting central-inversio
symmetry.1 For a semiconductor quantum-dot~QD! structure
with a rectangular-potential profile in three dimensions
cited by a far field, the SH nonlinear susceptibility arisi
from interband and intersubband transitions vanishes in
local approximation because of the definite parity of t
wave functions. The same conclusion also holds for symm
ric quantum-well and quantum-wire structures. Thus, in
der to analyze the second-order nonlinearity in these
tems, one has to break the system symmetry by means o
driving field or go beyond the electric dipole approximati
to include the nonlocality of the optical response in t
analysis. Previously, the far-field optical SHG of a symm
ric quantum-well structure associated with intersubband tr
sitions was investigated based on a nonlinear nonlocal
sponse theory.2 It was shown that it is crucial to take int
account the spatial variation of the local field for obtaining
nonzero SH signal from a quantum-well system with a sy
metric confined-potential profile. Since the local-field co
ponent perpendicular to the quantum-well plane varies r
idly across the quantum well, a significant SH convers
efficiency was predicted in the system.2

In this paper we show that, if a symmetric QD is excit
by a near field produced by a fiber tip of a near-field sc
ning optical microscope~NSOM!, a second-order nonlinea
response is generated in the QD system because the tip
~driving field! varies rapidly over the QD domain. The usu
optical-transition selection rules for the SH nonlinear int
action between the driving field and the QD are broken eit
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because of the odd parity of the tip field along the polari
tion direction of the incident field that excites the tip or b
cause the system symmetry is destroyed when the fiber t
scanned over the QD. The SH susceptibility is strongly
pendent on the relative position between the tip and the
and the tip-position dependence of the SH signal reflects
spatial distribution of the tip field. We also show that, in t
near-field excitation regime, the light-hole states contrib
significantly to the SHG of a QD, although it was claime
previously that the light hole contribution to the SHG of
quantum well is negligibly small for far-field excitations be
cause the ratio of the light hole and electron-effective mas
is very close to the conduction- to valence-band offset rat3

This is partly due to the fact that the near-field excitati
enhances the light-hole transition rate in the QD syste4

because the strongz component of the tip field couples to th
light hole ~the z direction is perpendicular to the end of th
fiber tip!. Recently, the possibility of studying nonlinear o
tical properties of a single molecule trapped in the tip-sam
junction with near-field optical characterization method5

and wave-mixing near-field optics6 have been discusse
theoretically. The near-field second-harmonic generat
from a rough-metal surface7 and Langmuir-Blodgett films8

has also been measured experimentally.
The present paper is organized as follows. In Sec. II,

calculate the frequency- and space-dependent SH nonli
current density of a QD using an anisotropic effective-m
approximation. In our theory, both heavy- and light-ho
contributions to the SHG are included. Assuming that
QD structure is excited by the near field of the NSOM
and the SH signal is collected in the far-field region, w
define an effective SH susceptibility tensor for the QD/
system. To calculate the tip field, we model the metal-coa
fiber tip as a thin disk. The tip field is the self-consiste
response of the disk to the incident field and is solved by
of the discrete-dipole approximation. In Sec. III, we fir
present numerical calculations of the tip field and then sh
2245
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numerous results for the SH susceptibility tensor of a Ga
QD obtained by scanning the tip and varying the frequen
The important role of the tip-field parity and breaking t
system symmetry by scanning the tip over the QD in the
nonlinear response of the QD is discussed. Finally, we giv
conclusion in Sec. IV.

II. THEORY

We consider a GaAs QD structure having GaAs la
widths of Lx ,Ly , and Lz along thex, y, and z directions,
respectively. In the optical-frequency range of interest in t
paper, we may assume that optical transitions in the
system only involve conduction and valence bands near
Brillouin-zone centerG. In the one-band effective-mass a
proximation, the wave function of electrons (e), heavy holes
(hh), and light holes (lh) can be written as

Cba~r !5ub~r !Fa~r !, b5e,hh,lh, ~1!

whereu(r ) and F(r ) are the periodic Bloch and envelop
parts of the wave functions. For simplicity, we adopt, in th
paper, the infinite-barrier model to calculate the eigenene
(Ea) and the corresponding envelope function of electro
and holes, neglecting the band-mixing and electron-hole
relation effects. Therefore, the spatial dependence of the
velope wave function takes a separable formFa(r )
5Fx(x)Fy(y)Fz(z) where the functionFi( i 5x,y,z) repre-
sents a standing wave along each coordinate direction.
note that including the finite-barrier height and the hea
and light-hole band interaction9 would make quantitative
changes in the electronic energies and envelope function
the QD system compared to the results in the infinite-bar
model, thus would result in quantitative changes in our fi
results. However, we expect that neglecting these effect
the calculations does not modify qualitatively our results.
calculating hole states, we include the anisotropy of the
fective masses for both the heavy- and light-holes. The e
tron, heavy, and light hole effective mass tensors are gi
by
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mJ e* 5F me* 0 0

0 me* 0

0 0 me*
G , ~2!

mJ hh* 5F m0

g11g2
0 0

0
m0

g11g2
0

0 0
m0

g122g2

G , ~3!

mJ lh* 5F m0

g12g2
0 0

0
m0

g12g2
0

0 0
m0

g112g2

G , ~4!

wherem0 ,me* , andg1 andg2 are the free-electron mass, th
effective-electron mass, and the Luttinger parameters,
spectively.

When the QD is excited by a tip field of angular fre
quency ofv ~see Fig. 1!, the near field@E(r )# induces a SH
nonlinear current density across the QD system. In a seco
order perturbation theory, the frequency- and spa
dependent nonlinear current density stemming from co
bined interband and intersubband transitions is given by10
JNL~2v,r !5
1

v2 (
s,a,b,g

jab~r !F E jbg~r !•E~r !d3r GF E jga~r !•E~r !d3r G
\~2v1 i /t!2Eab

F f 0~Eg!2 f 0~Ea!

\~v1 i /t!2Eag
2

f 0~Eb!2 f 0~Eg!

\~v1 i /t!2Egb
G , ~5!
ds
where jab(r ) is the one-electron transition-current dens
between statea and stateb,s represents the spin,f 0 is the
electron Fermi-Dirac distribution function,t is the relaxation
time, and Eab[Ea2Eb . Note that we have ignored th
band index in Eq.~5! for brevity. We will restore it when it
is necessary. For the optical transition between the cond
tion and valence band, the transition-current density is giv
in the envelope-function approximation, by

jab~r !52
e

m0
PcvFa~r !Fb* ~r !, ~6!
c-
n,

where 2e is the electron charge, andPcv is the interband
momentum matrix element at the Brillouin zonecenter. The
atomiclike wave functions of the heavy- and light-hole ban
at theG point, which are needed to evaluatePcv , are11

u3/2,3/2&5
1

A2
u~X1 iY!↑&, ~7!

u3/2,1/2&5
i

A6
u@~X1 iY!↓22Z↑#&, ~8!
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u3/2,21/2&5
1

A6
u@~X2 iY!↑12Z↓#&, ~9!

u3/2,23/2&5
i

A2
u~X2 iY!↓&, ~10!

whereuX&,uY&, anduZ& are the orbital wave functions of th
top of the valence band.↑ and ↓ denote spin-up and spin
down components. The atomic-wave function of the cond
tion band is constructed byu1/2,61/2&5us↑↓&,us& being the
orbital-wave function of the bottom of the conduction ban
For the intersubband transition within the conduction a
valence bands, the transition-current density reads as

jab~r !52
e\

2imJ b*
•@Fb* ~r !¹Fa~r !2Fa~r !¹Fb* ~r !#,

b5e,hh,lh. ~11!

In the present paper we are mainly interested in the c
where the fundamental frequency of the incident field
close to the half of the energy gap (Eg). In such a situation,
the dominant contribution to the SH nonlinear current d
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sity is due to the valence (v)-conduction (c1)-conduction
(c2)-valence (v) and conduction (c)-valence (v1)-valence
(v2)-conduction~c! level transitions in the QD system. Not
that c’s and v ’s are the abbrevations of quantum numbe
(nx ,ny ,nz) for the states belonging to the conduction a
valence bands, respectively. Taking the low-temperat
limit and keeping only the resonant term in the express
for the nonlinear current density, it immediately follow
from Eq. ~5! that

FIG. 1. Schematic diagram showing a QD system excited b
fiber tip in a near-field scanning-optical microscope. The d
model used to calculate the tip field is also indicated.
JNL~2v,r !5
1

v2
H (

s,c,v1 ,v2

j cv1
~r !F E j v1v2

~r !•E~r !d3r GF E j v2c~r !•E~r !d3r G
@\~2v1 i /t!2Ecv1

#@\~v1 i /t!2Ecv2
#

2 (
s,v,c1 ,c2

j c2v~r !F E j vc1
~r !•E~r !d3r GF E j c1c2

~r !•E~r !d3r G
@\~2v1 i /t!2Ec2v#@\~v1 i /t!2Ec1v#

J . ~12!
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As it stands, Eq.~12! shows that the spatial variation of th
SH nonlinear current density is determined by the overlap
the conduction- and valence-band envelope wave funct
@cf. Eq. ~6!#, and the strength of the current-density oscil
tion is controlled by the combined interband and inters
band transitions.

In order to calculate the SH signal, one has to determ
the local field@E(r )# driving the QD system. If we neglec
the influence of the interaction between the tip and the
on the fundamental local field,E(r ) would be the tip field
calculated in the absence of the QD system. Here we sh
mention that in real samples the QD is embedded in bar
materials and the difference between the background die
tric constants for the QD and barrier medium is usua
small. Also, including the local-field correction to the t
field arising from the dielectric mismatch between vacu
and the semiconductor-background material changes
composition of the propagating and evanescent compon
of the tip field, namely a part of the evanescent wave
vacuum is converted into a propagating wave inside the
structure because the dielectric constant of the QD struc
is larger than unity. However, the presence of the ba
ground material does not influence the symmetry of the
f
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field variation12 that is important for our analysis of the SH
of a symmetric QD. In the following we will focus our at
tention on the calculations of the tip field.

Although the experimental techniques of near-field sc
ning optical microscopy have been developed rapidly in
last few years,13–20a realistic and unique model for calcula
ing the tip field of a metal-cladded fiber tip is still lacking
Previously, the Bethe-Bouwkamp model has been used
calculate the tip field and to analyze experimental near-fi
images.21 However, in this model the effect of the finit
thickness of the metal cladding on the tip field is neglect
Also, the tip has been modeled frequently as a sing
radiating dipole22 for the simplicity of calculations and the
clarity of the physical picture. Unfortunately, the singl
dipole model cannot account for the dependence of the
field on tip parameters such as aperture or cladding size.
tip has also been modeled as a series of dipoles distrib
throughout the tip volume to model the tip mo
realistically.23,24 The self-consistent response of this set
dipoles describes the tip response. However, even with
model, only the response of the end of the tip can be con
ered. Otherwise, the performance becomes computation
prohibitive. In this paper, we will take this approach. W
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2248 PRB 59ANSHENG LIU AND GARNETT W. BRYANT
model the end of the metal-coated tip as a thin disk of he
h and of radiusR, as shown in Fig. 1. The interior~core! part
of the disk is glass and serves as an aperture~radiusa). The
remaining part of the tip is aluminum cladding. We assu
an incident-plane electromagnetic field (E0) of frequencyv
locally illuminates the core region of the tip. The spatia
localized field radiated from the whole tip is the se
consistent response of the tip to the driving field. Our mo
obviously cannot account for light-propagation effec
through the fiber down to the end of the tip. However,
should reproduce the essential features of the field emitte
the tip. The tip-field distribution calculated based on our d
model and the Bethe-Bouwkamp model exhibits essenti
the same symmetry. However, our disk model predict
strong tip-size~metal-cladding thickness! dependence of the
tip field that is not described in the Bethe-Bouwkamp mod
Our model predicts internal structure in the tip field und
neath the metal cladding, as will be shown in Sec. III. T
fine structure is responsible for a triplet structure~a central
minimum and side maxima! in the transmission NSOM im
ages of Au nanoparticles observed in recent experimen25

We have simulated these NSOM images by use of differ
models, particularly, the disk model and the Beth
Bouwkamp model. We found that our disk model correc
accounts for the position of the side maxima in the NSO
images as well as the different widths of the central mi
mum in the NSOM images along the directions parallel a
perpendicular to the polarization direction of the light in t
far zone. The driving field in a real NSOM tip is not a plan
wave but has a maximum amplitude in the core region
decays rapidly inside the metal cladding. In our disk mod
a steplike distribution of the driving field~a constant ampli-
tude in the core region and zero inside the metal cladding! is
used. We have checked that including a smooth spatial va
tion of the driving field does not significantly change the
field, in particular, does not change the symmetry of the
field at all.

Assuming that the optical response of the tip materia
linear and can be characterized by a local isotropic cond
tivity, we use the Green’s function method to determine s
consistently the tip field@E(r )#. Recalling that the tip is
excited by an external fieldE0(r ), we find the local field by
solving the integral equation

E~r !5E0~r !2 im0vE GJ ~v,r ,r 8!•s~v,r 8!E~r 8!d3r 8,

~13!

whereGJ ands(v,r 8) are the vacuum dyadic Green’s fun
tion and the frequency-dependent local conductivity of
tip materials. Because the Green’s function possesses a
gularity when the source pointr 8 approaches the observatio
point r , it is, in general, almost impossible to solve Eq.~13!
exactly. In order to obtain an approximate solution to t
above equation, we divide the tip intoN small subvolumes
~V! and replace the integral in Eq.~13! by a summation.
Taking an appropriate renormalization procedure to rem
the singularity of the Green’s function, it follows natural
from Eq. ~13! that the local field inside the tip at each gr
point r i can be obtained from the following algebraic equ
tions
t
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E~r i !5E0~r i !2m0v2(
j Þ i

N

GJ ~v,r i ,r j !•a~v,r j !E~r j !,

i 51,2, . . . ,N, ~14!

where

a~v,r j !53e0V
e~v,r j !21

e~v,r j !12
~15!

is the local-dipole polarizibility of each subvolume
e(v,r j )511 is(v,r j )/(e0v) being the relative dielectric
constant of the tip material at the grid pointr j . The approach
of solving the local field through Eqs.~14! and ~15! is also
called the coupled- or discrete-dipole method, which h
been widely used in the electromagnetic scattering26,27 and
NSOM problems.22,28,29After obtaining the electric field in-
side the tip, one can also calculate the field@E(r )# radiated
from the tip by using Eq.~14!, letting E0 be equal to zero.

Once the tip field has been determined, we can calcu
the SH nonlinear current density by using Eq.~12! to evalu-
ate the SHG strength. If we are interested in the SH sig
that is observed in the far-field region when the QD is e
cited by the near field of a tip and neglect local-field effec
then the radiation strength of the SHG is essentially prop
tional to the square of the integrated nonlinear current d
sity or polarization. Therefore, it is physically meaningful
define an effective susceptibility tensor (xJ) of the QD sys-
tem via

i

2v

1

LxLyLz
E JNL~2v,r !d3r 5e0xJ:E0E0 . ~16!

Here we emphasize thatE0 is the amplitude of the inciden
field thatdrives the fiber tip, not the tip field that drives th
QD. Therefore, the effective susceptibility defined abo
may be viewed as a measure of the optical nonlinearity of
QD/tip system. From such a point of view, one should exp
that the SH susceptibility of the QD system is strongly d
pendent on the tip position. In particular, we will show th
varying the tip position breaks the symmetry of the QD/
system and leads to a nonzero component of the SH sus
tibility tensor that otherwise would be zero for the far-fie
excitation in the electrical-dipole approximation.

III. NUMERICAL RESULTS

In this section we present a numerical study of the n
linear near-field optical response of a QD system. To this
we first analyze the tip field that excites the optical tran
tions in the QD. Using the coupled-dipole method describ
in the preceding section, we calculated the tip field as a fu
tion of the space coordinate. In Figs. 2–4 are shown
tip-field variations in thexy plane 20 nm away from the en
of the tip. In the calculations, we assume the external field
wavelengthl51300 nm is polarized along thex axis and
has unit amplitude. The disk-tip geometry used in the cal
lations is given as follows: the disk-tip height ish
514 nm, the total-tip radius isR5147 nm, and the aper
ture radius isa549 nm. Note that we choose a small valu
for the disk heighth for the convenience of calculations. Th
model has been used to accurately simulate experime
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NSOM images of Au particles.25 We have performed nu
merical calculations of the tip field for different values of th
disk heighth. We found that increasing the disk height on
makes a small change in the tip-field distribution~detailed
calculations of the tip field and comparisons of results
tained by different methods will be presented in a forthco
ing paper!. It appears from Figs. 2–4 that the tip field~all
three components! varies rapidly in space and is highly lo
calized near the aperture. In the vicinity of the tip edge th
is also a significant portion of the field due to the large
electric mismatch between the metal coating and vacu
For thex component of the field, a local maximium occu
underneath the aluminum cladding layer for the same rea
This additional internal structure in the tip field is not pr
dicted in the Bethe-Bouwkamp model but has been dete
experimentally.25 We also found that more internal structu
in the tip field appears when the thickness of the metal c
ding is increased. Far away from the tip all three compone
of the field decay rapidly. Also, we note from Figs. 2–4 th

FIG. 2. Magnitude of thex component of the tip field as a
function of the space coordinate in thexy plane 20 nm away from
the end of the tip. The disk tip height is 14 nm, the total tip rad
is 147 nm, and the core radius is 49 nm. The wavelength is 1
nm.

FIG. 3. Magnitude of they component of the tip field as a
function of the space coordinate in thexy plane 20 nm away from
the end of the tip. The same parameters are used as in Fig. 2.
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the x andz components of the tip field are larger than they
component. This implies that they component of the SH
nonlinear current density would be smaller than the ot
two components when the tip is excited by an external fi
polarized along thex axis.

We now investigate how the tip position influences t
SHG of the QD system. In the following calculations, w
also assume that the external field is polarized along thx
axis. In this case, the relevant elements of the SH susce
bility tensor of our QD/tip system defined in Eq.~16! are
xxxx ,xyxx , andxzxx, which correspond to the integrated S
nonlinear current density along thex, y, and z directions,
respectively. Sincexyxx is very small when the tip is scanne
along thex andy axes due to the smally component of the
tip field ~cf. Fig. 3!, we shall not consider it in our numerica
analyses. The tip size and geometry are the same as us
Figs. 2–4. We scan the tip along thex or y direction over the
QD at the distance of 20 nm between the tip end and the
of the QD. Thus, when the tip position is atx50 and y
50, the center of the QD is just underneath the center of
tip. The material parameters for the GaAs QD used in
calculations areLx550 nm, Ly510 nm, Lz55 nm, me*
50.067m0 , g156.85,g252.1, and \/t510 meV. We
choose the above-mentioned QD geometry to limit
optical-intersubband transitions contributing to the SH s
ceptibility to only those among the quantized states confi
along thex direction. We do this to simplify the numerica
calculations. However, it should be kept in mind that t
interband transition involves the states connected with
confinement along all the three directions. In Figs. 5 an
we show, respectively, thexxx and zxx components of the
effective SH susceptibility tensor as a function of the
position along thex axis at different fundamental frequen
cies. Note that, in our calculations, we have only taken i
acount the contribution to the SHG from 15 quantum (e,hh,
and lh) states near the bottom of the conduction band a
the top of the valence band. This should be justified in
frequency range used in Figs. 5 and 6. The eigenenergie
these quantum states are listed in Table I. Also, it should
stressed that both heavy- and light-hole states contribut
the xxx component of the susceptibility. Owing to the inte

s
0

FIG. 4. Magnitude of thez component of the tip field as a
function of the space coordinate in thexy plane 20 nm away from
the end of the tip. The same parameters are used as in Fig. 2.
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2250 PRB 59ANSHENG LIU AND GARNETT W. BRYANT
band momentum matrix element, however, thezxx compo-
nent of the susceptibility is solely due to the light-hole tra
sitions. It appears from Figs. 5 and 6 that the SH nonlinea
of the QD strongly depends on not only the frequency
also the relative position between the tip and the QD. T
tip-position dependence of the SHG is ascribed to the o
lap of the local-tip field and the QD envelope-wave fun
tions, which determines the magnitude of the nonlin
current-density oscillation. Thus, it is not surprising that t
SH susceptibility vanishes as the tip is scanned far from
QD. Also, it is interesting to note from Fig. 5 that thexxx
component of the susceptibility tensor is very small when
QD is underneath the tip, although the tip field within t
domain over which the QD wave functions extend is re
tively large. This is so because thexxx component of the
susceptibility is mainly induced by thex component of the
tip field. Because of the symmetry of the QD wave functio

FIG. 6. Magnitude of thezxx component of the effective SH
susceptibility tensor of a QD withLx550 nm, Ly510 nm, and
Lz55 nm when a tip is scanned along thex direction over the QD
at a height of 20 nm. The same parameters are used as in Fig

FIG. 5. Magnitude of thexxx component of the effective SH
susceptibility tensor of a QD withLx550 nm, Ly510 nm, and
Lz55 nm when a tip is scanned along thex direction over the QD
at a height of 20 nm. The tip field is calculated based on a d
model described in the text. The fundamental photon energie
\v50.93 ~curve 1!, 0.94 ~curve 2!, 0.96 ~curve 3!, and 0.97 eV
~curve 4! are used.
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and thex component of the tip field, the SH signal is e
pected to be small in this case.~In fact, when the tip position
is atx50 andy50,xxxx50 because of the definite parity o
the wave functions and the tip field.! We also note from Fig.
5 that there exists a pronounced maximum when the tip
scanned somewhat away from the QD. This enhanceme
the SH nonlinearity is due to breaking the symmetry of ov
lap of the wave function and the tip field. When the tip
further scanned away from the QD, two additional sm
peaks appear in thexxx component of the susceptibility
These peaks are due to the combinedx andz components of
the tip-field enhancement as shown in Figs. 2 and 4 fox
570 and 120 nm and two minima occur forx'50 and 90
nm. The two minima occur when the field distribution abo
the center of the dot is locally approximately symmetric. F
x'50 nm, this occurs when the edge of the aperture is c
tered on the dot. Forx'90 nm, it occurs when the structur
under the cladding is centered on the dot. This result s
gests that the nonlinear near-field microscopy of quant
nanostructures may provide an effective probe of the
field.

In contrast to thexxx component, thezxx component of
the SH susceptibility shows a rather different tip-positi
dependence, as can be seen in Fig. 6. Particularly, we
from Fig. 6 thatxzxx reaches its maximum value when the t
is just over the QD. This is because, when the tip position
close to zero, thez component of the tip field dominates th
contribution to thezxx element of the susceptibility, al
though thex component of the tip field also contributes
xzxx through the field-induced intersubband transitio
within the conduction and valence bands. Since thez com-
ponent of the tip field has odd parity along thex axis com-
pared to the even parity for thex component of the tip field,
the overlap integral of the wave functions and thez compo-
nent of the tip field has a maximum value when the tip a
the QD are centered. This field component is very weak
the far-field excitation and would not generate significant
signal in that case. One also sees from Fig. 6 that an a
tional small peak appears when the tip position is aboux
587 nm. This occurs when the enhanced field under
cladding is centered on the dot.

From Figs. 5 and 6 we also observe the strong freque
dependence of the magnitude of the SH susceptibility. T
xxx component of the susceptibility has a large magnitu
when the photon energy is about\v50.93 eV. This is be-
cause, in the vicinity of this frequency, resonant two-pho
optical transitions occur between one of the heavy-h
states and one of the electron states (2\v'Ee-hh). At the
higher frequency~say\v50.97 eV), thezxxcomponent of
the susceptibility reaches a high value since the fundame.

TABLE I. Eigenenergies of a GaAs QD withLx550 nm, Ly

510 nm, andLz55 nm.

Quantum numbers (nx ,ny ,nz) Ee ~eV! Ehh ~eV! Elh ~eV!

1,1,1 1.7069 20.0749 20.1848
2,1,1 1.7136 20.0789 20.1869
3,1,1 1.7248 20.0856 20.1905
4,1,1 1.7406 20.0951 20.1955
5,1,1 1.7608 20.1072 20.2019
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two-photon energy is near one of the resonant light-h
electron-transition energies (2\v'Ee-lh). A detailed dis-
cussion of the frequency dependence of the SH susceptib
will be presented later. The tip-position dependence of
SH signal is essentially independent on the frequency~cf.
Figs. 5 and 6!.

It is also interesting to analyze the modification of the S
signal when the tip is scanned along they direction, while
the polarization of the external field is still along thex axis.
In this case, one would expect that the tip-position dep
dence of the SH susceptibility tensor along they axis is dif-
ferent from that along thex axis because the spatial distrib
tion of the tip field is different in the two coordinat
directions~cf. Figs. 2 and 4!. Figure 7 compares the resul
for the zxx component of the SH susceptibility of a Q
system withLx550 nm, Ly510 nm, andLz55 nm when
the tip is scanned along thex ~dotted curves! and y ~solid
curves! directions at a tip-QD separation of 20 nm. The tw
different fundamental frequencies, i.e.,\v50.93 and 0.97
eV are used in the calculations. We see from Fig. 7 th
although the main features of the tip-position dependenc
the SH signal are similar along thex and y axes, obvious
differences exist for the two cases. Particularly, one no
that the SH susceptibility first increases and then decre
as the tip is scanned along they axis, and the decrease of th
SH signal with the tip scanning along they axis is thus
slower than that along thex axis because bothx andz com-
ponents of the tip field in the core region exhibit the sa
behavior~cf. Figs. 2 and 4!. The initial increase arises be
cause increasingy increases the amount of the edge th
overlaps the dot. Also, the second peaks in the tip-posi
dependence of the SH signal appear in different locati
along the different directions. This is also due to the asy
metric distribution of the tip field in thexy plane because th
polarization of the incident field is along thex axis. We have
also calculated thexxx component of the SH susceptibilit
when the tip is scanned along they axis. Our calculations
indicate thatxxxx is equal to zero because the symmetry
the overlap of the QD wave function and thex component of

FIG. 7. Comparison of the results for thezxx component of the
SH susceptibility of a QD system withLx550 nm, Ly510 nm,
andLz55 nm when the tip is scanned along thex ~dotted curves!
and y ~solid curves! directions at a height of 20 nm over the QD
The two different fundamental frequencies, i.e.,\v50.93 ~labeled
1! and 0.97 eV~labeled 2! are used in the calculations.
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the tip field is not broken as the tip is scanned along thy
axis.

Now let us study the change of the SH signal when the
is pulled away from the QD along thez direction. In Fig. 8
we plot thexxx andzxxcomponents of the SH susceptibilit
as a function of the tip-QD separation. In calculatingxxxx ,
we placed the tip atx530 nm andy50, and used the pho
ton energy of\v50.93 eV. In the calculations ofxzxx, the
tip was atx50 and y50 in the xy plane, and a photon
energy of\v50.97 eV was employed. We see from Fig.
that the magnitude of the SH susceptibility decays expon
tially with an increase in the tip-QD separation because
the decay of the tip field that excites the optical transitions
the QD. The decay length for thexxx andzxx components
of the SH susceptibility is estimated to be about 15 n
which corresponds to the decay length of the square of
tip field at the fundamental frequency. Since the SH sig
detected in the far-field region is proportional to the squ
of the susceptibility, it is expected that the SH intensity d
cays two times faster.

At this stage, we remind ourselves that all results p
sented in Figs. 5–8 are obtained for a fixedlarge line broad-
ening of 10 meV. For high-quality QD structures, the lin
width is much smaller and can be as small as 0.14 meV30

Thus, the calculations discussed so far may underestim
the magnitude of the SH susceptibility. To obtain a reas
able estimate of the maximium SH nonlinearity of our Q
system, we calculated the SH susceptibility for different
laxation times by varying the fundamental photon ener
Typical results are shown in Figs. 9 and 10. We see fr
Figs. 9 and 10 that both thexxx andzxx components of the
SH susceptibility are greatly enhanced when the linewi
changes from 5 to 1 meV. A maximum value of about
pm/V is obtained forxxxx when the two-photon energy ex
actly hits one of the heavy-hole electron interband transit
resonances. For thezxx component, an even higher valu
~about 45 pm/V! is obtained when one of the light-hole ele

FIG. 8. Magnitude of thexxx and zxx components of the SH
susceptibility tensor of a QD system withLx550 nm, Ly

510 nm, andLz55 nm as a function of the tip-QD separation.
calculatingxxxx , the tip is located atx530 nm andy50 in thexy
plane, and the photon energy is\v50.93 eV. In the calculations
of xzxx, the tip is placed atx50 andy50 in thexy plane, and a
photon energy of\v50.97 eV is employed.
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tron interband transitions is resonantly excited~cf. Fig. 10!.
This result suggests that the light-hole contribution to
SHG of a symmetric QD is significantly enhanced throu
the near field excitation because of the odd parity of thz
component of the tip field along thex axis. This result is also
consistent with the prediction that the near-field excitat
enhances the light-hole transition rate in a QD structu4

Comparing our results with previous calculations for Ga
quantum wells given in Ref. 3 and noticing the differe
definition of the SH susceptibility in our case@see Eq.~16!
and the sentence below this equation#, we find that the mag-
nitude of the SH nonlinearity of the QD is comparable to th
for the quantum wells.@Since the tip field in the disk mode
is about one order of magnitude smaller than the exte
field that drives the tip~cf. Figs. 2–4!, to compare with the
results in Ref. 3 the SH susceptibility defined in Eq.~16!

FIG. 9. Magnitude of thexxx component of the SH susceptibi
ity tensor of a QD system withLx550 nm, Ly510 nm, andLz

55 nm as a function of the fundamental photon energy\v for two
different linewidths, i.e.,\/t51 ~solid line! and 5 meV~dotted
line!. In the calculations, the tip is located atx530 nm andy50 in
thexy plane, and tip-QD separation along thez direction is 20 nm.

FIG. 10. Magnitude of thezxx component of the SH suscept
bility tensor of a QD system withLx550 nm, Ly510 nm, and
Lz55 nm as a function of the fundamental photon energy\v for
two different linewidths, i.e.,\/t51 ~solid line! and 5 meV~dotted
line!. In the calculations, the tip is located atx50 andy50 in the
xy plane, and tip-QD separation along thez direction is 20 nm.
e

n
.
s
t

t

al

should be multiplied by a factor of;100.#
Finally, we compare in Figs. 11 and 12 the results for

SH susceptibility obtained by using the disk model and
Bethe-Bouwkamp model to calculate the tip field. In the c
culations, the same parameters are used as in Figs. 5 a
except that a fundamental frequency of\v50.93 eV is em-
ployed. Note that, in the Bethe-Bouwkamp model,4,21,31,32

the tip core is vacuum and the metal cladding is a perf
conductor with infinite extension in thexy plane but zero
extension along thez direction. We see from Figs. 11 and 1
that the magnitude and the tip-position dependence of the
susceptibility are quite different when the tip field is calc
lated by use of different models. Because there is no
structure in the spatial distribution of thex component of the
tip field in the Bethe-Bouwkamp model, thexxx component
of the SH susceptibility exhibits only one maximum whe
the tip is scanned away from the center of the QD to bre
the symmetry. Also, since the space dependence of thz
component of the tip field in the Bethe-Bouwkamp mod
differs significantly from that in the disk model, thezxx
component of the SH susceptibility shows a different t
position dependence. Structures in the tip-position dep
dence of the SHG are related to profile in the tip field that

FIG. 11. Comparison of results for thexxx component of the
SH susceptibility of a QD system withLx550 nm, Ly510 nm,
and Lz55 nm at the fundamental frequency of\v50.93 eV
when the tip field is calculated based on the disk model~solid
curve! and the Bethe-Bouwkamp~BB! model ~dotted curve!. The
same parameters are used as in Figs. 5 and 6.

FIG. 12. Same as in Fig. 11 except that thezxx component of
the SH susceptibility is plotted.
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locally approximately symmetric or antisymmetric. Th
structure can be used to identify the best model for the
field. Figures 11 and 12 also show that, while the fine str
ture in the line scans of the SH signal is strongly depend
on the specific model for the tip field, the tip-field symmet
dependence of the SH susceptibility tensor is the same
different models.

IV. CONCLUSION

In this paper we present a theoretical investigation of
nonlinear SH optical response of a QD system excited b
tip field in a near-field optical microscope. By modeling t
metal-coated tip as a thin disk consisting of a glass core
a metal-cladding layer, we calculate the tip field by use
the discrete-dipole approximation. Assuming that the
field drives the optical transitions in the QD system, we c
culate the effective SH susceptibility tensor of the QD in t
midgap-frequency range. For a given size of the me
coated tip, we performed numerical calculations of the
susceptibility by varying the tip position and the fundamen
frequency. Our numerical results show that the SH non
s
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earity of the QD/tip system is strongly dependent on the
position because the overlap integral of the QD envelo
wave functions and the tip field that determines the stren
of the SH nonlinear current oscillations is varied by scann
the tip over the QD. Since thex andz components of the tip
field have opposite parities along thex axis, thexxx andzxx
components of the SH susceptibility tensor exhibit a qu
different tip-position dependence. When the QD and the
are centered, thexxx component of the SH susceptibility i
zero due to the even parity of thex component of the tip
field, whereas thezxx component reaches its maximu
value because of the odd parity of thez component of the tip
field that couples to the light-hole transitions. The maximu
value of thexxx component of the susceptibility is obtaine
when the system symmery is broken by scanning the
away from the QD. Our results also show that symme
parities in the tip-field distribution correlate with structur
in the tip-position dependence of the SH signal. Using ne
field microscopy to generate nonlinear optical respo
should provide an effective probe of quantum nanostructu
and, at the same time, provide additional information ab
symmetry points in the tip field.
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