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Near-field second-harmonic generation of semiconductor quantum dots
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Optical second-harmoniSH) response of a semiconductor quantum @@D) 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 sidi#0163-18209)07103-9

[. INTRODUCTION because of the odd parity of the tip field along the polariza-
tion direction of the incident field that excites the tip or be-
In a conventional nonlinear optical experiment such asause the system symmetry is destroyed when the fiber tip is
second-harmonic generatigBHG), the nonlinear materials scanned over the QD. The SH susceptibility is strongly de-
are usually illuminated by a far fieldaser bear) and the pendent on the relative position between the tip and the QD
second-harmoni¢SH) signal is also collected in the far-field and the tip-position dependence of the SH signal reflects the
region. In such a situation, it is well known that second-orderspatial distribution of the tip field. We also show that, in the
optical nonlinear effects are absent in the electric-diflle  near-field excitation regime, the light-hole states contribute
cal) approximation in materials exhibiting central-inversion significantly to the SHG of a QD, although it was claimed
symmetry* For a semiconductor quantum-d@D) structure  previously that the light hole contribution to the SHG of a
with a rectangular-potential profile in three dimensions ex-quantum well is negligibly small for far-field excitations be-
cited by a far field, the SH nonlinear susceptibility arising cause the ratio of the light hole and electron-effective masses
from interband and intersubband transitions vanishes in this very close to the conduction- to valence-band offset Fatio.
local approximation because of the definite parity of theThis is partly due to the fact that the near-field excitation
wave functions. The same conclusion also holds for symmetenhances the light-hole transition rate in the QD syétem
ric quantum-well and quantum-wire structures. Thus, in or-because the strormcomponent of the tip field couples to the
der to analyze the second-order nonlinearity in these sydight hole (the z direction is perpendicular to the end of the
tems, one has to break the system symmetry by means of thiber tip). Recently, the possibility of studying nonlinear op-
driving field or go beyond the electric dipole approximation tical properties of a single molecule trapped in the tip-sample
to include the nonlocality of the optical response in thejunction with near-field optical characterization methbds
analysis. Previously, the far-field optical SHG of a symmet-and wave-mixing near-field optitshave been discussed
ric quantum-well structure associated with intersubband trantheoretically. The near-field second-harmonic generation
sitions was investigated based on a nonlinear nonlocal rérom a rough-metal surfaéeand Langmuir-Blodgett filnfs
sponse theory.It was shown that it is crucial to take into has also been measured experimentally.
account the spatial variation of the local field for obtaining a The present paper is organized as follows. In Sec. II, we
nonzero SH signal from a quantum-well system with a sym-calculate the frequency- and space-dependent SH nonlinear
metric confined-potential profile. Since the local-field com-current density of a QD using an anisotropic effective-mass
ponent perpendicular to the quantum-well plane varies rapapproximation. In our theory, both heavy- and light-hole
idly across the quantum well, a significant SH conversioncontributions to the SHG are included. Assuming that the
efficiency was predicted in the systém. QD structure is excited by the near field of the NSOM tip
In this paper we show that, if a symmetric QD is excitedand the SH signal is collected in the far-field region, we
by a near field produced by a fiber tip of a near-field scandefine an effective SH susceptibility tensor for the QD/tip
ning optical microscopéNSOM), a second-order nonlinear system. To calculate the tip field, we model the metal-coated
response is generated in the QD system because the tip fiefitber tip as a thin disk. The tip field is the self-consistent
(driving field) varies rapidly over the QD domain. The usual response of the disk to the incident field and is solved by use
optical-transition selection rules for the SH nonlinear inter-of the discrete-dipole approximation. In Sec. Ill, we first
action between the driving field and the QD are broken eithepresent numerical calculations of the tip field and then show
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numerous results for the SH susceptibility tensor of a GaAs m: 0 0
QD obtained by scanning the tip and varying the frequency. .
The important role of the tip-field parity and breaking the Me=| 0 me O |, @
system symmetry by scanning the tip over the QD in the SH 0

nonlinear response of the QD is discussed. Finally, we give a

conclusion in Sec. IV.

Il. THEORY -

We consider a GaAs QD structure having GaAs layer v1+ Yo
widths of L,,L,, andL, along thex, y, andz directions,
respectively. In the optical-frequency range of interest in this =
paper, we may assume that optical transitions in the QD Y1t 72
system only involve conduction and valence bands near the mg
Brillouin-zone centefl”. In the one-band effective-mass ap- 0 0 Y —on
proximation, the wave function of electrons)( heavy holes
(hh), and light holes Ih) can be written as

0 ) ()

Vo) =up(r)F,(r), b=ehh,lh, (D)

whereu(r) and F(r) are the periodic Bloch and envelope
parts of the wave functions. For simplicity, we adopt, in this Yim 72
paper, the infinite-barrier model to calculate the eigenenergy .
(E,) and the corresponding envelope function of electrons M= ' (4)
and holes, neglecting the band-mixing and electron-hole cor-
relation effects. Therefore, the spatial dependence of the en- 0 0 Mo
velope wave function takes a separable for),(r) L Y1t2v;]
=Fy(X)Fy(y)F,(z) where the functiorF;(i=x,y,z) repre-
sents a standing wave along each coordinate direction. We
note that including the finite-barrier height and the heavy-
and light-hole band interactiSnwould make quantitative Wheremg,mg , andy, andy, are the free-electron mass, the
changes in the electronic energies and envelope functions effective-electron mass, and the Luttinger parameters, re-
the QD system compared to the results in the infinite-barriespectively.
model, thus would result in quantitative changes in our final When the QD is excited by a tip field of angular fre-
results. However, we expect that neglecting these effects iquency ofw (see Fig. 1, the near field E(r)] induces a SH
the calculations does not modify qualitatively our results. Innonlinear current density across the QD system. In a second-
calculating hole states, we include the anisotropy of the eforder perturbation theory, the frequency- and space-
fective masses for both the heavy- and Iight-holes. The e|e(‘dependent nonlinear current density Stemming from com-
tbfon, heavy, and light hole effective mass tensors are giveBined interband and intersubband transitions is givel! by

y

jaﬁmUjﬁy<r>-E<r>d3erjﬂ,(r)E(r)dsr}
B,y (2w+ilT)—E.p

1 fo(E,)—fo(E,)  fo(Eg)—folE
JNL(Zw,r)=—2 ol 7)_ ol )_ of B)_ o(E,) ,
w*o, filot+ilT)—E,, #h(o+ilT)—E,

©)

R

where j,4(r) is the one-electron transition-current density where —e is the electron charge, arfe, is the interband
between statexr and stateB, o represents the spirig is the  momentum matrix element at the Brillouin zooenter The
electron Fermi-Dirac distribution functiom,is the relaxation atomiclike wave functions of the heavy- and light-hole bands
time, andE,z=E,—E,. Note that we have ignored the at thel" point, which are needed to evalud®g, , are™

band index in Eq(5) for brevity. We will restore it when it

is necessary. For the optical transition between the conduc- 1 ]

tion and valence band, the transition-current density is given, 13/2,3/2 = EKXJr iY)1), )

in the envelope-function approximation, by

i

Jaﬁ(r)=—m£OPCUFa(f)FZ(r), (6) 3/2,112 = —=[[(X+iY) | =2Z7]), ®

Ell
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|3/2,—1/2)=%|[(X—iY)T+ZZL]>, ) Nso _Eo.
|3/2,—3/2)=%|(X—iY)l), (10

where|X),|Y), and|Z) are the orbital wave functions of the
top of the valence band. and | denote spin-up and spin-
down components. The atomic-wave function of the conduc- Quantum dot

tion band is constructed byt/2,+1/2)=|s1|),|s) being the

orbital-wave function of the bottom of the conduction band. FIG. 1. Schematic diagram showing a QD system excited by a
For the intersubband transition within the conduction andfber tip in a near-field scanning-optical microscope. The disk

valence bands, the transition-current density reads as model used to calculate the tip field is also indicated.
. € sity is due to the valencev]-conduction €;)-conduction
- . * _ * A
Jap(r)= 2i1f* [Fa(NVFN=Fa(VFg(r], (cy)-valence ) and conduction €)-valence (,)-valence
b (v,)-conduction(c) level transitions in the QD system. Note
b=eg,hh,lh. (11 thatc’s andv’s are the abbrevations of quantum numbers

(ny,Nny,n,) for the states belonging to the conduction and
In the present paper we are mainly interested in the casealence bands, respectively. Taking the low-temperature
where the fundamental frequency of the incident field islimit and keeping only the resonant term in the expression
close to the half of the energy gag{). In such a situation, for the nonlinear current density, it immediately follows
the dominant contribution to the SH nonlinear current denfrom Eg. (5) that

L chlmUjulvz(r>~E<r>d3er1U2c<r)-E<r>d3r}
NL _ =
T 2en="5 (,,C%,vz [7(20+i/7)—Eq J[h(w+i/7)—Eq, ]

jczv(r)Ujvcl(r)E(r)dSerjclcz(r)~E(r)d3r}

_U,U%CZ [A(20+il7)—Ec, [A(w+il7)~E ] ‘ (12

As it stands, Eq(12) shows that the spatial variation of the field variatiort? that is important for our analysis of the SHG
SH nonlinear current density is determined by the overlap obf a symmetric QD. In the following we will focus our at-
the conduction- and valence-band envelope wave functiongntion on the calculations of the tip field.

[cf. Eqg. (6)], and the strength of the current-density oscilla-  Although the experimental techniques of near-field scan-
tion is controlled by the combined interband and intersub-ning optical microscopy have been developed rapidly in the
band transitions. last few years3~?a realistic and unique model for calculat-

In order to calculate the SH signal, one has to determinéng the tip field of a metal-cladded fiber tip is still lacking.
the local field[ E(r)] driving the QD system. If we neglect Previously, the Bethe-Bouwkamp model has been used to
the influence of the interaction between the tip and the QDralculate the tip field and to analyze experimental near-field
on the fundamental local field(r) would be the tip field images?' However, in this model the effect of the finite
calculated in the absence of the QD system. Here we shoulthickness of the metal cladding on the tip field is neglected.
mention that in real samples the QD is embedded in barrieAlso, the tip has been modeled frequently as a single-
materials and the difference between the background dielecadiating dipolé? for the simplicity of calculations and the
tric constants for the QD and barrier medium is usuallyclarity of the physical picture. Unfortunately, the single-
small. Also, including the local-field correction to the tip dipole model cannot account for the dependence of the tip
field arising from the dielectric mismatch between vacuumfield on tip parameters such as aperture or cladding size. The
and the semiconductor-background material changes thip has also been modeled as a series of dipoles distributed
composition of the propagating and evanescent componentsroughout the tip volume to model the tip more
of the tip field, namely a part of the evanescent wave irrealistically?®?* The self-consistent response of this set of
vacuum is converted into a propagating wave inside the QRlipoles describes the tip response. However, even with this
structure because the dielectric constant of the QD structum@odel, only the response of the end of the tip can be consid-
is larger than unity. However, the presence of the backered. Otherwise, the performance becomes computationally
ground material does not influence the symmetry of the tipprohibitive. In this paper, we will take this approach. We
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model the end of the metal-coated tip as a thin disk of height N

h and of radiusR, as shown in Fig. 1. The interigcore part E(ri)=E0(ri)—,u0w22 G(w,ri,r)-alw,r)E(r;),
of the disk is glass and serves as an aperagiusa). The 17
remaining part of the tip is aluminum cladding. We assume

an incident-plane electromagnetic fiel,) of frequencyw

locally illuminates the core region of the tip. The spatially where
localized field radiated from the whole tip is the self-
consistent response of the tip to the driving field. Our model €(w,rj))—1
obviously cannot account for light-propagation effects “(wer)ZP’EOVm

through the fiber down to the end of the tip. However, it .

should reproduce the essential features of the field emitted b§ the local-dipole polarizibility of each subvolume,
the tip. The tip-field distribution calculated based on our diské(w.rj) =1+io(w,r;)/(eow) being the relative dielectric
model and the Bethe-Bouwkamp model exhibits essentiallgonstant of the tip material at the grid pomt The approach
the same symmetry. However, our disk model predicts #f solving the local field through Eq$14) and(15) is also
strong tip-size(metal-cladding thicknegslependence of the called the coupled- or discrete-dipole method, which has
tip field that is not described in the Bethe-Bouwkamp modelbeen widely used in the electromagnetic scattéfifgand

Our model predicts internal structure in the tip field under-NSOM problems??*?°After obtaining the electric field in-
neath the metal cladding, as will be shown in Sec. lIl. Thisside the tip, one can also calculate the figlt(r)] radiated
fine structure is responsible for a triplet structgaecentral ~ from the tip by using Eq(14), letting E, be equal to zero.
minimum and side maximan the transmission NSOM im- Once the tip field has been determined, we can calculate
ages of Au nanoparticles observed in recent experinfénts.the SH nonlinear current density by using Eip) to evalu-

We have simulated these NSOM images by use of differen@ite the SHG strength. If we are interested in the SH signal
models, particularly, the disk model and the Bethe-that is observed in the far-field region when the QD is ex-
Bouwkamp model. We found that our disk model correctlycited by the near field of a tip and neglect local-field effects,
accounts for the position of the side maxima in the NSOMthen the radiation strength of the SHG is essentially propor-
images as well as the different widths of the central mini-tional to the square of the integrated nonlinear current den-
mum in the NSOM images along the directions parallel andbity or polarization. Therefore, it is physically meaningful to
perpendicular to the polarization direction of the light in the define an effective susceptibility tensog)( of the QD sys-

far zone. The driving field in a real NSOM tip is not a plane tem via
wave but has a maximum amplitude in the core region and
decays rapidly inside the metal cladding. In our disk model, o
a steplike distribution of the driving fielta constant ampli- 20 LyLyL,

tude in the core region and zero inside the metal clagding . . : .
) ; . . Here we emphasize thé&, is the amplitude of the incident
used. We have checked that including a smooth spatial Var&eld thatdrivesthe fiber tip, not the tip field that drives the

t@on OT the d_riving field does not significantly change the tinD. Therefore, the effective susceptibility defined above
22:36'1? ;:f\rtlcular, does not change the symmetry of the tlpmay be viewed as a measure of the optical nonlinearity of the

Assuming that the optical response of the tip material i QD/tip system. From such a point of view, one should expect

linear and can be characterized by a local isotropic condu?—hat the SH susceptibility of the QD system is strongly de-
tivity, we use the Green'’s function method to determine Self_pendent on the tip position. In particular, we will show that

! o : .~~~ varying the tip position breaks the symmetry of the QD/tip
gogigséel;ltl);nthee tgfnglegllzﬂ(r)r]. Rgiar?(ljn?h:]lit:;r?eﬂjpbls system and leads to a nonzero component of the SH suscep-
xcl yan ex et o(r), we fi : y tibility tensor that otherwise would be zero for the far-field
solving the integral equation

excitation in the electrical-dipole approximation.

i=1,2,...N, (14)

(15

f INL(2w,r)d3r = epx:EoE,. (16)

E(f)=Eo(r)—iMowf Glw,r,r')-o(w,r E(r)d3r’, Ill. NUMERICAL RESULTS

(13 In this section we present a numerical study of the non-

. linear near-field optical response of a QD system. To this end
whereG ando(w,r’) are the vacuum dyadic Green’s func- we first analyze the tip field that excites the optical transi-
tion and the frequency-dependent local conductivity of thetions in the QD. Using the coupled-dipole method described
tip materials. Because the Green’s function possesses a sii-the preceding section, we calculated the tip field as a func-
gularity when the source point approaches the observation tion of the space coordinate. In Figs. 2—4 are shown the
pointr, it is, in general, almost impossible to solve Efj3)  tip-field variations in thexy plane 20 nm away from the end
exactly. In order to obtain an approximate solution to theof the tip. In the calculations, we assume the external field of
above equation, we divide the tip indd small subvolumes wavelengthx=1300 nm is polarized along the axis and
(V) and replace the integral in Eq1l3) by a summation. has unit amplitude. The disk-tip geometry used in the calcu-
Taking an appropriate renormalization procedure to removéations is given as follows: the disk-tip height ik
the singularity of the Green’s function, it follows naturally =14 nm, the total-tip radius iR=147 nm, and the aper-
from Eq. (13) that the local field inside the tip at each grid ture radius is=49 nm. Note that we choose a small value
pointr; can be obtained from the following algebraic equa-for the disk heighh for the convenience of calculations. This
tions model has been used to accurately simulate experimental
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FIG. 2. Magnitude of thex component of the tip field as a FIG. 4. Magnitude of thez component of the tip field as a
function of the space coordinate in thg plane 20 nm away from function of the space coordinate in tRg plane 20 nm away from
the end of the tip. The disk tip height is 14 nm, the total tip radiusthe end of the tip. The same parameters are used as in Fig. 2.
is 147 nm, and the core radius is 49 nm. The wavelength is 1300
nm. the x and z components of the tip field are larger than the
component. This implies that thg component of the SH
NSOM images of Au particle®. We have performed nu- nonlinear current density would be smaller than the other
merical calculations of the tip field for different values of the two components when the tip is excited by an external field
disk heighth. We found that increasing the disk height only polarized along the axis.
makes a small change in the tip-field distributi@ietailed We now investigate how the tip position influences the
calculations of the tip field and comparisons of results ob-SHG of the QD system. In the following calculations, we
tained by different methods will be presented in a forthcom-also assume that the external field is polarized alongxthe
ing papey. It appears from Figs. 2—4 that the tip fieldll  axis. In this case, the relevant elements of the SH suscepti-
three componentsvaries rapidly in space and is highly lo- bility tensor of our QD/tip system defined in E¢L6) are
calized near the aperture. In the vicinity of the tip edge therey,,x, xyxx, @ndx,xx, Which correspond to the integrated SH
is also a significant portion of the field due to the large di-nonlinear current density along the y, and z directions,
electric mismatch between the metal coating and vacuunrespectively. Sincgyy is very small when the tip is scanned
For thex component of the field, a local maximium occurs along thex andy axes due to the smayl component of the
underneath the aluminum cladding layer for the same reasotip field (cf. Fig. 3), we shall not consider it in our numerical
This additional internal structure in the tip field is not pre- analyses. The tip size and geometry are the same as used in
dicted in the Bethe-Bouwkamp model but has been detecteBligs. 2—4. We scan the tip along tker y direction over the
experimentally’®> We also found that more internal structure QD at the distance of 20 nm between the tip end and the top
in the tip field appears when the thickness of the metal cladef the QD. Thus, when the tip position is a=0 andy
ding is increased. Far away from the tip all three components-0, the center of the QD is just underneath the center of the
of the field decay rapidly. Also, we note from Figs. 2—4 thattip. The material parameters for the GaAs QD used in the
calculations areL,=50 nm, L,=10 nm, L,=5 nm, mj
=0.06M,, 7,=6.85y,=2.1, and 7#/7=10 meV. We
choose the above-mentioned QD geometry to limit the
optical-intersubband transitions contributing to the SH sus-
ceptibility to only those among the quantized states confined
along thex direction. We do this to simplify the numerical
calculations. However, it should be kept in mind that the
‘ interband transition involves the states connected with the
“ : [Eyl confinement along all the three directions. In Figs. 5 and 6
I'O ll I ;
'“ ‘“ we show, respectively, thexx and zxx components of the
I
" »Zzz;?.:::\:

,"‘ﬁ\“ I
0:\3\ ]'
«\\)/’I ‘\

III 1
' ‘ 'lll effective SH susceptibility tensor as a function of the tip
| position along thex axis at different fundamental frequen-
cies. Note that, in our calculations, we have only taken into
acount the contribution to the SHG from 15 quantwerh(,
andlh) states near the bottom of the conduction band and
the top of the valence band. This should be justified in the
frequency range used in Figs. 5 and 6. The eigenenergies of
FIG. 3. Magnitude of they component of the tip field as a these quantum states are listed in Table I. Also, it should be
function of the space coordinate in thg plane 20 nm away from Stressed that both heavy- and light-hole states contribute to
the end of the tip. The same parameters are used as in Fig. 2. theXxxx component of the susceptibility. Owing to the inter-
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TABLE I. Eigenenergies of a GaAs QD with,=50 nm, L,
=10 nm, and.,=5 nm.

Quantum numbersn{,n,,n,) E¢ (V) Ep,(eV) Ej (V)

~ 111 1.7069 —0.0749 —0.1848
E 21,1 1.7136 —0.0789 —0.1869
= 31,1 1.7248 —0.0856 —0.1905
oF 411 1.7406 —0.0951 —0.1955

51,1 1.7608 —0.1072 —0.2019

and thex component of the tip field, the SH signal is ex-

pected to be small in this cagén fact, when the tip position

0 50 100 150 200 is atx=0 andy=0,y.xx=0 because of the definite parity of
Tip Position X (nm) the wave functions and the tip fieJdVe also note from Fig.

5 that there exists a pronounced maximum when the tip is

o _ scanned somewhat away from the QD. This enhancement in

susceptibility tensor of a QD with,=50 nm, L,=10 nm, and o gy nonlinearity is due to breaking the symmetry of over-

L,=5 nm when a tip is scanned along tkeirection over the QD . L9 o
at a height of 20 nm. The tip field is calculated based on a disklfap of the wave function and the tip field. When the tip is

model described in the text. The fundamental photon energies Oyrther scanne(_j away from the QD, two addltlona_l _s_mall
fw=0.93 (curve 1, 0.94 (curve 2, 0.96 (curve 3, and 0.97 eV peaks appear in th&xx component of the susceptibility.
(curve 4 are used. These peaks are due to the combineahdz components of

the tip-field enhancement as shown in Figs. 2 and 4xfor
band momentum matrix element, however, thex compo-  — /0 @nd 120 nm and two minima occur fer=50 and 90
nent of the susceptibility is solely due to the light-hole tran-"M- The two minima occur when the.fleld distribution labout
sitions. It appears from Figs. 5 and 6 that the SH nonlinearit)}he center of t_he dot is locally approximately symmetric. For
of the QD strongly depends on not only the frequency but<=90 nm, this occurs when th'e edge of the aperture is cen-
also the relative position between the tip and the QD. Thd€red on the dot. For=90 nm, it occurs when the structure

tip-position dependence of the SHG is ascribed to the oveinder the cladding is centered on the dot. This result sug-
lap of the local-tip field and the QD envelope-wave func-9€StS that the nonlinear near-field microscopy of quantum

tions, which determines the magnitude of the nonlineafl@nostructures may provide an effective probe of the tip

current-density oscillation. Thus, it is not surprising that thefi€!d:

SH susceptibility vanishes as the tip is scanned far from the N contrast to thexxx component, thaxx component of
QD. Also, it is interesting to note from Fig. 5 that thex the SH susceptibility shows a rat.her d|ffer9nt tip-position
component of the susceptibility tensor is very small when thé/éPendence, as can be seen in Fig. 6. Particularly, we note
QD is underneath the tip, although the tip field within the from Fig. 6 thaty,,, reaches its maximum value when the tip
domain over which the QD wave functions extend is rela-S Just over the QD. This is because, when the tip position is
tively large. This is so because thexx component of the close to zero, the component of the tip field dominates the

susceptibility is mainly induced by the component of the contribution to thezxx element of the susceptibility, al-

tip field. Because of the symmetry of the QD wave functionsthough thex component of the tip field also contributes to
Xzxx through the field-induced intersubband transitions

30 within the conduction and valence bands. Since Zloam-
ponent of the tip field has odd parity along thexis com-
pared to the even parity for thecomponent of the tip field,
the overlap integral of the wave functions and theompo-
nent of the tip field has a maximum value when the tip and
the QD are centered. This field component is very weak in
the far-field excitation and would not generate significant SH
signal in that case. One also sees from Fig. 6 that an addi-
tional small peak appears when the tip position is about
=87 nm. This occurs when the enhanced field under the
cladding is centered on the dot.

From Figs. 5 and 6 we also observe the strong frequency
dependence of the magnitude of the SH susceptibility. The
xxx component of the susceptibility has a large magnitude
when the photon energy is abautv=0.93 eV. This is be-
cause, in the vicinity of this frequency, resonant two-photon

FIG. 6. Magnitude of thexx component of the effective SH Optical transitions occur between one of the heavy-hole
susceptibility tensor of a QD with,=50 nm,L,=10 nm, and states and one of the electron stated ¢2-E.pj,). At the
L,=5 nm when a tip is scanned along thelirection over the QD  higher frequencysayf «=0.97 eV), thezxxcomponent of
at a height of 20 nm. The same parameters are used as in Fig. 5the susceptibility reaches a high value since the fundamental

FIG. 5. Magnitude of thexxx component of the effective SH
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FIG. 7. Comparison of the results for ta@x component of the
SH susceptibility of a QD system with,=50 nm,L,=10 nm, FIG. 8. Magnitude of thexxx and zxx components of the SH
andL,=5 nm when the tip is scanned along thédotted curves  susceptibility tensor of a QD system with,=50 nm, L,
andy (solid curves directions at a height of 20 nm over the QD. =10 nm, and_,=5 nm as a function of the tip-QD separation. In
The two different fundamental frequencies, i%w=0.93 (labeled  calculatingy,yy, the tip is located at=30 nm andy=0 in thexy
1) and 0.97 eM(labeled 2 are used in the calculations. plane, and the photon energy7is»=0.93 eV. In the calculations
of xzxx, the tip is placed ax=0 andy=0 in thexy plane, and a

two-photon energy is near one of the resonant Iight-hoIeOhOton energy oh«=0.97 eV is employed.

electron-transition energies f2~E.,,). A detailed dis-
cussion of the frequency dependence of the SH susceptibilitihe tip field is not broken as the tip is scanned alongythe
will be presented later. The tip-position dependence of th&xis.
SH signal is essentially independent on the frequefofy Now let us study the change of the SH signal when the tip
Figs. 5 and & is pulled away from the QD along thedirection. In Fig. 8

It is also interesting to analyze the modification of the SHwe plot thexxx andzxxcomponents of the SH susceptibility
signal when the tip is scanned along thelirection, while  as a function of the tip-QD separation. In calculatipg,
the polarization of the external field is still along tkexis.  we placed the tip at=30 nm andy=0, and used the pho-
In this case, one would expect that the tip-position depenton energy ofiw=0.93 eV. In the calculations ¢f,,y, the
dence of the SH susceptibility tensor along thexis is dif- tip was atx=0 andy=0 in the xy plane, and a photon
ferent from that along thg axis because the spatial distribu- energy ofiw=0.97 eV was employed. We see from Fig. 8
tion of the tip field is different in the two coordinate that the magnitude of the SH susceptibility decays exponen-
directions(cf. Figs. 2 and 4 Figure 7 compares the results tially with an increase in the tip-QD separation because of
for the zxx component of the SH susceptibility of a QD the decay of the tip field that excites the optical transitions in
system withL,=50 nm,L,=10 nm, and.,=5 nm when the QD. The decay length for thexx and zxx components
the tip is scanned along the (dotted curvesandy (solid  of the SH susceptibility is estimated to be about 15 nm,
curves directions at a tip-QD separation of 20 nm. The twowhich corresponds to the decay length of the square of the
different fundamental frequencies, i.¢.0=0.93 and 0.97 tip field at the fundamental frequency. Since the SH signal
eV are used in the calculations. We see from Fig. 7 thatdetected in the far-field region is proportional to the square
although the main features of the tip-position dependence dff the susceptibility, it is expected that the SH intensity de-
the SH signal are similar along theandy axes, obvious cays two times faster.
differences exist for the two cases. Particularly, one notes At this stage, we remind ourselves that all results pre-
that the SH susceptibility first increases and then decreassented in Figs. 5—8 are obtained for a fixadye line broad-
as the tip is scanned along thexis, and the decrease of the ening of 10 meV. For high-quality QD structures, the line-
SH signal with the tip scanning along theaxis is thus  width is much smaller and can be as small as 0.14 [feV.
slower than that along the axis because botkandz com-  Thus, the calculations discussed so far may underestimate
ponents of the tip field in the core region exhibit the samethe magnitude of the SH susceptibility. To obtain a reason-
behavior(cf. Figs. 2 and %4 The initial increase arises be- able estimate of the maximium SH nonlinearity of our QD
cause increasiny increases the amount of the edge thatsystem, we calculated the SH susceptibility for different re-
overlaps the dot. Also, the second peaks in the tip-positiotexation times by varying the fundamental photon energy.
dependence of the SH signal appear in different location3ypical results are shown in Figs. 9 and 10. We see from
along the different directions. This is also due to the asym#¥igs. 9 and 10 that both thexx andzxx components of the
metric distribution of the tip field in they plane because the SH susceptibility are greatly enhanced when the linewidth
polarization of the incident field is along thkeaxis. We have changes from 5 to 1 meV. A maximum value of about 22
also calculated th&xx component of the SH susceptibility pm/V is obtained fory,., when the two-photon energy ex-
when the tip is scanned along tlyeaxis. Our calculations actly hits one of the heavy-hole electron interband transition
indicate thaty,, is equal to zero because the symmetry ofresonances. For thexx component, an even higher value
the overlap of the QD wave function and thkeomponent of  (about 45 pm/VY is obtained when one of the light-hole elec-
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25 2.0

Disk model
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20
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Ixxxxl (prn/V)

ol PI/Y)

0 50 100 150 200

0 ' J ' T ' Tip Position X (nm)
0.88 0.91 0.94 0.97 1.00
Photon Energy (e V) FIG. 11. Comparison of results for thexx component of the

SH susceptibility of a QD system with,=50 nm, L,=10 nm,
and L,=5 nm at the fundamental frequency &éfw=0.93 eV
when the tip field is calculated based on the disk madelid
curve and the Bethe-Bouwkam(BB) model (dotted curve The
same parameters are used as in Figs. 5 and 6.

FIG. 9. Magnitude of the&xx component of the SH susceptibil-
ity tensor of a QD system with,=50 nm,L,=10 nm, andL,
=5 nm as a function of the fundamental photon enérgyfor two
different linewidths, i.e.i/7=1 (solid line) and 5 meV (dotted
line). In the calculations, the tip is locatedxat 30 nm andy=0 in

the xy plane, and tip-QD separation along thdirection is 20 nm. should be multiplied by a factor of 100]

. . _ . . Finally, we compare in Figs. 11 and 12 the results for the
tron interband transitions is resonantly excitedl Fig. 10. g gysceptibility obtained by using the disk model and the
This result suggests that the light-hole contribution to theBethe—Bouwkamp model to calculate the tip field. In the cal-
SHG of a symmetric QD is significantly enhanced throughjations, the same parameters are used as in Figs. 5 and 6

the near field excitation because of the odd parity of zhe except that a fundamental frequencyfas=0.93 eV is em-
component of the tip field along theaxis. This result is also ployed. Note that, in the Bethe-Bouwkamp mofia}3132

consistent with the prediction that the near-field excitation,o tip core is vacuum and the metal cladding is a perfect
enhances the light-hole transition rate in a QD struc‘lure.conductor with infinite extension in they plane but zero

Comparing our “?S““S. with previous caqulations fo.r GaASextension along the direction. We see from Figs. 11 and 12
guantum wells given in Ref. 3 and noticing the different

definition of the SH susceptibility in our cagsee Eq.(16) that the magnitude and the tip-position dependence of the SH

) . ) susceptibility are quite different when the tip field is calcu-
and the sentence below this equafjame find that the mag- |5te4 by use of different models. Because there is no fine
hitude of the SH nonllnegrlty of th? Q.D ls_comparable to thatstructure in the spatial distribution of threcomponent of the
for the quantum wellg.Since the tip field in the disk model ip field in the Bethe-Bouwkamp model, thex component
is about one order of magnitude smaller than the extern !

; . . . - f the SH susceptibility exhibits only one maximum when
field tha_t drives the tigcf. Figs. 2_.43 _to compare with the the tip is scanned away from the center of the QD to break
results in Ref. 3 the SH susceptibility defined in E6) o symmetry. Also, since the space dependence ofzthe

component of the tip field in the Bethe-Bouwkamp model

0 differs significantly from that in the disk model, thexx
________ ;ﬁ:g component of the SH susceptibility shows a different tip-
40 position dependence. Structures in the tip-position depen-
dence of the SHG are related to profile in the tip field that are
% 30 4
0.60
S Disk model
:g 20 4 1T\ e BB model
= 0.45
10 z
E; 0.30
0 T T T T T T T 35
0.88 091 0.94 0.97 1.00 0.15
Photon Energy (eV)
FIG. 10. Magnitude of thexx component of the SH suscepti- 0.00 ' . SSN

bility tensor of a QD system with.,=50 nm, L,=10 nm, and 0 50
L,=5 nm as a function of the fundamental photon enégigy for
two different linewidths, i.e.£/r=1 (solid line) and 5 meV(dotted
line). In the calculations, the tip is located»at 0 andy=0 in the FIG. 12. Same as in Fig. 11 except that thex component of
Xy plane, and tip-QD separation along thdirection is 20 nm. the SH susceptibility is plotted.

100 150 200
Tip Position X (nm)
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locally approximately symmetric or antisymmetric. This earity of the QD/tip system is strongly dependent on the tip
structure can be used to identify the best model for the tigposition because the overlap integral of the QD envelope
field. Figures 11 and 12 also show that, while the fine strucwave functions and the tip field that determines the strength
ture in the line scans of the SH signal is strongly dependen®f the SH nonlinear current oscillations is varied by scanning
on the specific model for the tip field, the tip-field symmetry the tip over the QD. Since theandz components of the tip

dependence of the SH susceptibility tensor is the same fdteld have opposite parities along thexis, thexxx andzxx
different models. components of the SH susceptibility tensor exhibit a quite

different tip-position dependence. When the QD and the tip
IV. CONCLUSION are centered, thexx component of the SH susceptibility_ is
zero due to the even parity of thecomponent of the tip
In this paper we present a theoretical investigation of thdield, whereas thezxx component reaches its maximum
nonlinear SH optical response of a QD system excited by &alue because of the odd parity of theomponent of the tip
tip field in a near-field optical microscope. By modeling the field that couples to the light-hole transitions. The maximum
metal-coated tip as a thin disk consisting of a glass core andalue of thexxx component of the susceptibility is obtained
a metal-cladding layer, we calculate the tip field by use ofwhen the system symmery is broken by scanning the tip
the discrete-dipole approximation. Assuming that the tipaway from the QD. Our results also show that symmetry
field drives the optical transitions in the QD system, we cal-parities in the tip-field distribution correlate with structures
culate the effective SH susceptibility tensor of the QD in thein the tip-position dependence of the SH signal. Using near-
midgap-frequency range. For a given size of the metalfield microscopy to generate nonlinear optical response
coated tip, we performed numerical calculations of the SHshould provide an effective probe of quantum nanostructures
susceptibility by varying the tip position and the fundamentaland, at the same time, provide additional information about
frequency. Our numerical results show that the SH nonlinsymmetry points in the tip field.
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