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Near-field magnetoabsorption of quantum dots
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We investigate the effect of an external magnetic field of variable orientation and magnitude (up to 20 T) on
the linear near-field optical absorption spectra of single and coupled III-V semiconductor quantum dots. We
focus on the spatial as well as on the magnetic confinement, varying the dimensions of the quantum dots and
the magnetic field. We show that the ground-state exciton binding energy can be manipulated utilizing the
spatial and magnetic confinement. The effect of the magnetic field on the absorption spectra, increasing the
near-field illumination spot, is also investigated. The zero-magnetic-field “structural” symmetry can be de-
stroyed varying the magnetic field orientation and this affects the near-field spectra. The asymmetry induced
(except for specific orientations along symmetry axes) by the magnetic field can be revealed in the near-field
but not in the far-field spectra. We predict that near-field magnetoabsorption experiments, of realistic spatial
resolution, will be in the position to bring to light the quantum dot symmetry. This exceptional symmetry-
resolving power of the near-field magnetoabsorption is lost in the far field. The influence of the Coulomb
interactions on the absorption spectra is also discussed. Finally, we show that certain modifications of the

magnetoexcitonic structure can be uncovered using a realistically acute near-field probe of =20 nm.
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I. INTRODUCTION

According to the Rayleigh formulation of Abbe’s crite-
rion, the best resolution which can be obtained in the far
field, in vacuum, using visible light, is =200 nm. From the
early 1980s, the near-field scanning optical microscopy
(NSOM or SNOM) has demolished this limit. NSOM stems
from an idea proposed by Synge' in 1928. The illumination
or the light collection is performed in a spot with dimensions
smaller than the wavelength A\, but simultaneously, in order
to surpass the “diffraction limit,” the light source or the light
detector is placed very close to the sample: the—mainly—
exponentially decaying, evanescent near field instead of the
propagating far field is exploited. The Heisenberg uncer-
tainty principle can qualitatively explain the creation of eva-
nescent and propagating waves in the vicinity of a tiny hole
in a screen.>?

A “near-field microwave microscope” with a resolution of
~N\/60 (A=3 cm) was already demonstrated* in 1972. Due
to the obvious technical difficulties, a scanning near-field
optical microscope appeared more than one decade later.>®
Among the numerous applications of SNOM variants we
quote quantum dot spectroscopy and microscopy,’ investiga-
tion of phospholipid monolayers,® identification of chemical
compounds by vibrational spectroscopy,’ single-molecule
detection,'® Raman imaging,!! photocurrent excitation in
semiconductors,!? lithography,'> magnetic imaging,'* logic
and functional operations,'> and many more. Review articles
which describe the physics, techniques, and applications of
the near-field optics can be found in the literature.!®-20

One of the attractive features of NSOM is that optical
transitions which are far-field (FF) forbidden may become
near-field (NF) visible.2! Theoretical calculations have fore-
seen that the Coulomb interaction and the spatial interference
of the exciton wave functions bring on extraordinary non-
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monotonic features to the linear absorption spectra of single
and coupled semiconductor quantum dots (QDs).?>?3 When
the spatial resolution is close to the excitonic Bohr radius p,
the intensity of these spectral features depends on the spatial
resolution in a remarkably nonmonotonic way.”?> A spatial
resolution of =12 nm in the visible range had already been
achieved in the early 1990s (Ref. 24) (e.g., imaging of tiny
Al letters on a glass substrate). However, in the case of semi-
conductor heterostructures, where the quantum states are
“buried” below the surface, the undisputable spatial resolu-
tion achieved at the end of the 1990s was =~100-200 nm.
For GaAs, p~ 12 nm and therefore no direct comparison be-
tween theory and experiment could be made at that time. To
make possible such a comparison, at least three points could
be improved: (1) The surface cap layer which causes
50-100 nm detrimental spacing between the QD excitonic
states and the aperture of the NF probe could be decreased.
(2) Experimentalists could select a semiconductor with
greater p—e.g., InAs with p=~38 nm. (3) The spatial resolu-
tion of the NF probes had to be sharpened. These improve-
ments were to a significant degree met recently.?>% A spatial
resolution of 30 nm (=\/30, A=930 nm) in the photolumi-
nescence imaging of self-assembled InAs QDs (Ref. 25) and
successful real-space mapping of the center-of-mass wave
functions of an exciton confined in a naturally occurring
GaAs QD (Ref. 26) were achieved. This experimental
progress>>2% gave more impulse to theoretical calculations.
Indeed, the NF spectra of excitons and biexcitons formed
in QDs naturally occurring at interface fluctuations of
GaAs-based quantum wells have been recently
calculated.?’-?® Finally, a theoretical description of SNOM on
macromolecules has been most recently released.” Analo-
gous ‘“violations” of the FF selection rules have also been
predicted for quantum wires (QWRs).>® In the case of
QWRs, the strong influence of the Coulomb interactions had
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FIG. 1. (Color online) Single quantum dot, with QW width, z,
=10 nm. Single-particle hole and electron eigenenergies as a func-
tion of B, applied in the x (Bllx) or in the z (Bllz) direction. The
symmetry of these configurations is approximately (Bllx) or strictly
(Bllz) cylindrical. Ten hole and ten electron eigenenergies are
presented.

been demonstrated earlier by the quenching of the one-
dimensional singularity in the single-particle density of
states.?!

The analysis of excitons in QDs subjected to a magnetic
field B has been the subject of quite a few recent publica-
tions. We quote a theoretical description of excitons formed
by N electrons and holes in InGaAs/GaAs QDs under a
perpendicular magnetic field (single-particle Fock-Darwin
spectrum).’?> We also cite a study of the effect of a perpen-

dicular magnetic field, along the z axis, on the excitons of a
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FIG. 2. (Color online) Single quantum dots with QW widths,
70=20 nm and 30 nm. Single-particle hole and electron eigenener-
gies as a function of B, applied in the x (Bllx) direction. The zero-
magnetic-field “structural” cylindrical symmetry has been broken
by the “in-plane” magnetic field. Ten hole and ten electron eigenen-
ergies are presented.

QD with an asymmetric parabolic potential in the xy plane
(with different harmonic oscillator frequencies along x and
along y) and a narrow quantum well along the z axis,?® as
well as an investigation of the influence of a strong (up to
40 T) perpendicular magnetic field on the excitonic structure
of a QD disk.** The NF method?? allowed the identification
of the corner and the side modes of the infrared spectra in
triangular and square two-dimensional QDs which could be
modified by a vertical magnetic field.> Preliminary calcula-
tions for a single QD, neglecting the Coulomb interaction,
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revealed interesting modifications of the absorption spectra
under perpendicular magnetic field.3

In the works cited above,*?>73® B was applied in a charac-
teristic perpendicular direction. Our computational scheme
allows us to study QD structures of any given geometry,
under a magnetic field of any orientation. In this framework
we are not restricted to analytically solvable problems like
the famous Fock-Darwin system. For B=0, the single QDs
under study possess a ‘“‘structural” cylindrical symmetry.
However, we investigate the NF magnetoabsorption spectra
under a “perpendicular” magnetic field which conserves and
under an “in-plane” magnetic field which destroys this
“structural” cylindrical symmetry. We explore the effect of
the spatial confinement imposed by the QD dimensions and
the magnetic confinement governed by B. The single QDs
considered here have a parabolic potential in the xy plane
and a square quantum well (QW) in the z axis. We examine
the effect of the spatial confinement varying the QW width

20 40 40 -20 O

X (nm)

0.125 0.250 0.375 0.500 0625 0.750 0.875 1.00
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(c) o =50 nm single dot, z, =10 nm

without Coulomb

FIG. 3. (Color online) Single
quantum dot with a square quan-
tum well (zp=10 nm) along the z
axis and parabolic confinement in
the xy plane. Local absorption
adX, fw) (color scale) for differ-
ent spatial resolutions 2\21n 20
~2.350 taking into account or
neglecting the Coulomb interac-
tions. The structural (for B=0) cy-
lindrical symmetry is preserved by
the “perpendicular” magnetic field
in this ideal configuration. X (nm)
is the tip position along the x axis,
while we keep Y=0. The photon
energy hw (meV) is measured
with respect to the band gap.

20 40

(e.g., 10 nm, 20 nm, or 30 nm), while the magnetic confine-
ment is modified changing the magnetic field orientation
(e.g., along the z or x axis) and magnitude (0—20 T). More-
over, we consider the case of a double QD with a soft barrier.
Increasing the illumination spot, we examine how B affects
the calculated absorption spectra. The influence of the Cou-
lomb interactions between electrons and holes is also dis-
cussed.

The article is organized in the following way: Our theo-
retical framework, consisting of four successive steps, is pre-
sented in Sec. II. First step (Sec. IT A): calculation of the
single-particle states of electrons and holes subjected to a
magnetic field of variable magnitude and orientation, for a
QD of arbitrary geometry. Second step (Sec. II B): computa-
tion of the Coulomb matrix elements for the interaction be-
tween electrons and holes. Third step (Sec. II C): evaluation
of the excitonic eigenstates using the results obtained in
Secs. IT A and II B. Finally, Sec. II D (fourth step) summa-
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rizes the necessary equations for the calculation of the NF
absorption spectra. In Sec. III we show and discuss our re-
sults. Specifically, in Sec. III A we analyze the single-particle
states of single QDs, focusing on the spatial confinement
versus the magnetic field orientation and magnitude. In Sec.
IIT B we concentrate on the magnetoabsorption of a single
QD in an ideal configuration and we also discuss the influ-
ence of the Coulomb interactions. Furthermore, in Sec. III C
we consider the magnetoabsorption of single QDs for higher
values of B. The magnetic field orientation is also varied in
order to emphasize its significance, especially in symmetry
breaking. Moreover, in Sec. Il D we analyze a double QD
with a soft barrier. In addition, in Sec. III E we discuss the
influence of the spatial and magnetic confinement on the
ground-state exciton binding. Finally, we state our conclu-
sions in Sec. IV.

The applicability of our method in actual experiments—
i.e., the illumination of a nanostructure with a near-field
probe in conjunction with the simultaneous application of an
external magnetic field—may become a challenge to experi-
mentalists. We hope that the results presented in this paper
will encourage such an adventure.

II. THEORY
A. Single-particle states

We assume that the confining potential energy changes
slowly enough, so that the envelope function approach is
applicable. We also make the common hypothesis3?>—3° that—
since the energy region of interest is close to the semicon-
ductor band gap—the effective-mass approximation with a
single electron and hole band describes satisfactorily the
band structure. A comprehensive comparison of the influence
of the single-particle states calculation method (single-band
effective-mass approximation, the multiband k-p method,
and the tight-binding method) on the excitonic recombina-
tion spectrum in InAs/GaAs self-assembled quantum dots,
without magnetic field, has been most recently published.’’

There, the authors establish to what extent the effective-mass
approach is applicable to the description of the electronic
states of self-assembled QDs by a systematic comparison of
the above-stated calculation methods.?’

We calculate the single-particle eigenstates of electrons
and holes subjected to a magnetic field of variable orienta-
tion and under the three-dimensional QD confinement poten-
tial, imposed by the geometry and material parameters of the
QD. We use an expansion into plane waves, |k), within a
periodicity box Q=L.L.L.. Accordingly, we expand the
electron (or hole) envelope functions |¢#) into the orthonor-
mal plane-wave basis [k)—i.e., |¢*)==,CL|k). Due to the

. .. .. 21Tn“/h . .
periodicity condition k., ,=~7 -, where nfl/h is an integer

and a=x,y,z. The index h (e) denotes holes (electrons). The
Hamiltonian is

. —gA)?
=P

. U(r). (1)

A is the vector potential, and U(r) is the confining potential
energy. Notice that the spin is not taken into account in Eq.

(1). Choosing A:l% and setting qB:é, we find

—_gA)? 7252 BY%2 (B -r)?
k(p—q*)kr: *5kk'+k#k,
2m 2m 8m
-B-L
+\k — k" /. ()
2m

L is the angular momentum. Obviously,

K|U(r)|k"y = éfcﬁr exp—ilk=k')-rlU(r). (3)

We obtain the eigenenergies E* as well as the coefficients C
by numerical diagonalization; i.e., we solve the following
eigenvalue problem:

155313-4
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DAk — B8 Yk | ¢} = 0. 4)
=

B. Coulomb matrix elements

Using the single-particle states, we calculate the Coulomb

matrix elements U; hﬂ, L between the different electron

(m, ") and hole (v, ") states: specifically,

2
= | &r fd3r1 e p r)———
Ut oo J W () ¢ )K0|I‘ ey

X" (1) " () = Uy (5)

I=pv, I'=p'v', and k is the dielectric constant. From Eq.

(5) it is evident that the matrix Uj, is Hermitian. Setting
_qE/h=ke,-/h_k€/h’ we obtain

single dot, z, = 10 nm

=10 nm

o=0.1 nm

20 0 20 40

20 0 20 40

photon energy (meV)
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0
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U:«,U«’vVV' = E Ck +q
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qeke k/z q

C. Excitonic problem

The excitonic eigenvalue problem is the next step. We
restrict ourselves to the linear optical regime; i.e., we assume
that the system’s dynamics are those of a single electron-hole
pair. We expand the exciton eigenfunction in terms of single-
particle envelope functions—i.e.,

V(r,.r,) = EC ) 7 (). ()

The square modulus of \I’T(rg,r,,) is the probability of the
electron being at the position r, and the hole at the position
r,. Accordingly, the excitonic eigenvalue problem, setting
w,=(E*+E""), reads

=50 nm

FIG. 5. (Color online) Single
quantum dot with a square quan-
vy ) tum well (zp=10 nm) along the z
axis and parabolic confinement in
the xy plane. Local absorption
adX, hw) (color scale) as a func-
tion of the tip position along the x
axis, X (nm), and the photon en-
ergy measured with respect to the
band gap, iw (meV). We keep Y
=0. Each column corresponds
to different spatial resolution
2\2 In 20=~2.350. Each row cor-
responds to a different value of
the “perpendicular” magnetic field
B,. The “structural” (for B=0) cy-
lindrical symmetry is preserved by
the “perpendicular” magnetic field
in this ideal configuration.

12l =

0.125 0.250 0.375 0.500 0.625 0.750 0.875 1.00
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single dot, z = 30 nm

o=0.1 nm oc=10 nm

photon energy (meV)

20 0 20

X (nm)

0 0125 0.250 0.375 0.500

2 [m]réﬂr + U”/ - ETé‘”/]C; =0. (8)
[7

Equation (8) is solved by numerical diagonalization. The ex-
citonic matrix Sy =w; &+ Uy is Hermitian in our regime
of interest. The exciton eigenenergies E” give the energies,
while the excitonic wave functions W7 give the oscillator
strength of the optical transitions.

D. Near-field absorption spectra: Spatial resolution

Finally, we calculate the near-field optical absorption
spectra. We suppose that the near-field illumination can be
characterized by an electric field distribution &,(r) with a
given profile & centered around the beam position R—i.e.,
that £,(r)=E,&r—R). fiw is the photon energy. We further
suppose that £,(r) is not affected from the static external
magnetic field B. This hypothesis is underpinned by
NSOM’s significant signal strength.>* The local absorption

PHYSICAL REVIEW B 73, 155313 (2006)

o=50 nm

FIG. 6. (Color online) Single
quantum dot with a square quan-
tum well (zp=30 nm) along the z
axis and parabolic confinement in
the xy plane. Local absorption
adX, fw) (color scale) as a func-
tion of the tip position along the x
axis, X (nm), and the photon en-
ergy measured with respect to the
band gap, fiw (meV). We keep Y
=0. Each column corresponds
to different spatial resolution,
2\52 In20=2.350. Each row cor-
responds to a different value of
the “in-plane” magnetic field B,.
The zero-magnetic-field “struc-
tural” cylindrical symmetry has
been broken by the “in-plane”
magnetic field.

0.625 0.750 0.875 1.00

for a given tip position, R, is then expressed in the form??

alR
R, w) = ImZ Ei(/—)—hw 9)

Here y is a small damping constant, while ai(R)
=|fd’r¥7(r,r)é&(r—R)|*>. This means that, generally, for a
narrow but finite probe, W7(r,r) is averaged over a region
which is determined by the spatial extension of the electric
field profile. This is the desired experimental near-field situ-
ation. Under these circumstances, it has been shown?'-2 that
excitonic transitions which are forbidden in the far field®®
may become visible in the near field. For the electric field
profile we use §(x,y,z)f><exp(—";%r2vz). This implies that the
hypothetical experimental situation is such that the probe is
scanned parallel to the xy plane. The spatial resolution—i.e.,
the magnitude of the spot illuminated by the near-field
probe—is then approximately given by the full width at half

155313-6
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single dot, z, = 30 nm

=10 nm

o=0.1nm

photon energy (meV)

20 0 20
Y (nm)
0 0.125 0250 0.375 0.500 0.625 0.750 0.875

maximum (FWHM) of the Gaussian (i.e., 2y2In2c
~2.350).%°

III. RESULTS AND DISCUSSION

A. Single-particle states of single QDs: Spatial confinement vs
magnetic field orientation and magnitude

To start with, we consider the geometry of a single QD
with parabolic confinement (pc) in the xy plane and a square
quantum well in the z axis.?? In order to examine the relative
influence of the spatial versus the magnetic confinement, we
vary the QW width z,. Specifically, we use the values z,
=10 nm, 20 nm, and 30 nm. The lateral dimension of the
QDs (xy plane) is determined®? by the confinement energy of
electrons and holes which is taken %w,.=20 meV and
3.5 meV, respectively. The material parameters used here are
appropriate for GaAs/AlGaAs QDs: In the z axis, we take
300 meV and 200 meV for the conduction-band and
valence-band offsets, respectively. We use 0.067m, and

PHYSICAL REVIEW B 73, 155313 (2006)

o=50 nm

FIG. 7. (Color online) The
same single quantum dot and
magnetic field orientation with
Fig. 6. Now adY,hw) is illus-
trated, keeping X=0. The zero-
magnetic-field “structural” cylin-
drical symmetry has been broken
by the “in-plane” magnetic field.
For this reason this Y scan (X
=0) is not equivalent to the X scan
(Y=0) illustrated in Fig. 6.

1.00

0.38m, (m, is the electron mass) for the effective mass of
electrons and holes, respectively, and everywhere 12.9 for
the dielectric constant. Without application of a magnetic
field, this system has cylindrical symmetry. The application
of a magnetic field modifies the energy spectrum.

Under a “perpendicular” magnetic field applied in the z
direction, the system is rotationally symmetric relative to the
z axis; i.e., the QD retains its cylindrical symmetry. The total
eigenenergies are given by E,,+E,. The z-axis eigenenergies
are determined by the QW—i.e., E.=F;, where i is a natural
number. Because of the parabolic confinement in the xy
plane, application of a “perpendicular” magnetic field along
the z axis changes the height of the energetic staircase and
removes the degeneracy proportionally to B (Refs. 40 and
41); i.e., the xy plane eigenenergies become

E,= Enp,m,= hQ2n,+ |my| + 1) = hwpm/2,  (10)
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FIG. 8. (Color online) Double quantum dot with a soft barrier
and interdot distance along x, x;=30 nm. The QW width is z,
=10 nm and the confinement is parabolic along y. Single-particle
hole and electron eigenenergies as a function of B, applied in the x
(Bllx) or in the z (Bllz) direction. Here twelve hole and twelve
electron eigenenergies are presented.

O’ = w4+ o, (11)

As mentioned above, the energy scale fiw,,. stems from the
“spatial” parabolic confinement in the xy plane. On the other
hand, wz=feB/m" is the cyclotron gap which is related to
the “magnetic confinement.” n,, is a natural number and m; is
an integer. In the following, the states with n p=0, 1,2,... are
denoted as 1,2,3,... . The states with m;=0, £1, £2,... are

characterized as s,p,d, ... . Moreover, in Eq. (10), the plus
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(+) sign corresponds to electrons and the minus (—) sign to
holes. Due to the rotational symmetry relative to the z axis
under a “perpendicular” magnetic field, the z component of
the angular momentum (with eigenvalues 7im;) is conserved.

On the other hand, under an “in-plane” magnetic field,
applied along the x or y axis, the symmetry of the system is
broken; i.e., it is no longer cylindrical. This is a case where
an analytical solution of the single-particle problem is not
straightforward, a case underlining the power of the numeri-
cal procedure proposed in the present work. Under “in-
plane” magnetic field, none of the components of the angular
momentum is conserved. In any case, in analogy with
QWs,*? one would expect the influence of an “in-plane”
magnetic field to increase with the QW width.

Figure 1 presents the single-particle eigenenergies as a
function of the “in-plane” magnetic field applied along the x
axis or as a function of the “perpendicular” magnetic field
applied along the z axis for the QD with zy=10 nm. For B
=0, we have already postulated that the energetic separation
of the degenerate groups of eigenstates is 3.5 meV for holes
and 20 meV for electrons. For this narrow QW, for B=0, the
energetic separation of the z-axis eigenenergies E, is so large
that we can distinguish the expansion of the first four groups
of degenerate (for B=0) xy-plane eigenenergies E,, into non-
degenerate (for B,#0) ones. The population of these first
four groups is 1+2+3+4 [cf. Eq. (10)], equal to the number
of eigenstates chosen to be presented in Fig. 1. For B=0, a
single E,,. ladder, the corresponding to the ground state £,
is depicted in Fig. 1. Hence, this QD with z,=10 nm, under
a “perpendicular” magnetic field, retains its cylindrical sym-
metry and a single E,,, ladder for B=0. Henceforth, this will
be referred as ideal configuration. Due to the very small QW
width, as expected, the “in-plane” magnetic field negligibly
affects the single-particle eigenstates. Therefore, for this QD
with z,=10 nm, discussing the absorption spectra, we will
restrict ourselves to the case of the “perpendicular” magnetic
field.

Figure 2 presents the single-particle eigenenergies as a
function of the “in-plane” magnetic field applied along the x
axis for the QDs with z5=20 nm and 30 nm. For B=0, we
have already postulated that the energetic separation of the
degenerate groups of eigenstates is 3.5 meV for holes and
20 meV for electrons. Increasing the QW width, the spatial
confinement diminishes. Hence, we observe an increasing
influence of the magnetic confinement caused by the “in-
plane” magnetic field. Moreover, as expected (for B=0),*
increasing z,, the energetic separation of the z-axis eigenen-
ergies E, decreases. Consequently, for B=0, more than one

E,y. ladder is depicted in Fig. 2. Relative to the case with
Zp=20 nm, the mixing of the E,,, ladders is enhanced for the
QD with z,=30 nm. Since under “in-plane” magnetic field
the z axis is not anymore a symmetry axis, the symmetry is
higher under “perpendicular” magnetic field. This is ex-
pected to be reflected upon the NF spectra.

B. Single QD in ideal configuration: The influence of the
Coulomb interaction

Figure 3 depicts the magnetoabsorption spectra of our
single QD with z,=10 nm, in the ideal configuration, faking
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TABLE 1. All excitons with some FF-bright components, for
B,=4T, in the energy range which includes all the 36 excitons of
the 6e-6/ description. The 10e-10/A description provides two “new”
such excitons, the ones with (the FF-dark) key components
1p(=1)-2p(+1) and 1p(+1)-2p(-1). All eigenenergies are quoted in
meV. The asterisk (*) denotes an FF-bright and @ an FF-dark key
component.

Key ET ET Cl:ey component Ii-ey component
component 6e-6h  10e-10h 6e-6h 10e-10h
15(0)-1s(0)* 51.9 51.7 (0.96,0.00)  (0.96,0.00)
15(0)-2s(0) @ 65.4 65.3 (0.96,0.00)  (0.96,0.00)
Ip(=1)-1p(+1)* 77.1 76.8 (0.94,0.00)  (0.93,0.00)
Ip(+1)-1p(=1)* 85.9 85.6 (0.96,0.00)  (0.95,0.00)
Ip(-1)-2p(+1)@ 87.3 (0.96,0.00)
Ip(+1)-2p(-1)@ 95.7 (0.95,0.00)
25(0)-1s(0) @ 98.4 98.1 (0.88,0.00)  (0.83,0.00)
1d(=2)-1d(+2)* 99.7 99.5 (0.87,0.00)  (0.80,0.00)
25(0)-2s(0)* 107.7  107.5 (0.97,0.00)  (0.95,0.00)
1d(+2)-1d(-2)* 1159 1159 (0.98,0.00)  (0.98,0.00)

into account or neglecting the Coulomb interaction, for rela-
tively small values of the “perpendicular” magnetic field (B
=0, B.=1T, and B.=4 T). The multipanel plots correspond

to different radii, 2v’mcr% 2.350, of the illuminated spot:
(a) 0=0.1 nm, (b) 0=10 nm, and (¢) 0=50 nm. Within each
multipanel plot, each row corresponds to a different value of
the magnetic field, while each column corresponds to results
with or without Coulomb interactions. A normalized color
code is used to illustrate the local absorption, ag(X ,hw),as a
function of the tip position along the x axis denoted by X,
and the photon energy measured with respect to the band
gap, hw. The position of the tip along the y axis is kept Y
=0. Due to the cylindrical symmetry of this configuration,
any scan passing through the center of the dot would produce
the same result. In Fig. 3, to facilitate the discussion, for the
solution of the excitonic problem, we took into account six
electron and six hole eigenstates (6e-6h description). This
number (1+2+3) is equal to the first three groups of degen-
erate for B=0 eigenstates of electrons or holes [cf. Eq. (10)].
We have also performed calculations taking into account ten
electron and ten hole eigenstates (10e-10h description),
which corresponds to the inclusion of the first four groups of
degenerate for B=0 eigenstates of electrons or holes (1+2
+3+4). As expected, increasing the photon energy, the
10e-10A description deviates from the 6e¢-6h one. However,
for low photon energies the two pictures almost coincide.
Moreover, considering the excitons which possess some FF-
bright components, the two pictures come even closer, in the
energy range which includes all the 36 excitons of the 6e
-6h picture. We will return to this point later on. An exem-
plary comparison of the two descriptions is presented in
Table I. As expected, the Coulomb interaction leads to a
nearly rigid redshift and transfers the oscillator’s strength
from higher to lower energies. We notice that, for this QD,
for 0=50 nm the absorption spectra depend only slightly on
the tip position; i.e., the “far-field” limit is almost reached.
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We also observe that for B=0, the Coulomb interaction is
responsible for the appearance of an additional feature at
~65 meV which is strong for 0=0.1 nm, almost disappears
for 0=10 nm, and is again strong in the “far field.” The
intensity of such spectral features depends on the spatial
resolution in a remarkably nonmonotonic way, presenting a
minimum when the spatial resolution is close to p.?> Here we
notice that for B,=1 T and 4 T, this feature at =65 meV not
only retains but also strengthens this nonmonotonic behavior.
For B,=4 T, due to the slight modification of the relevant
single-particle eigenenergies, this transition is slightly shifted
to =65.4 meV. Moreover, for B,=4 T, there are additional
features (e.g., at =98—100 meV) which demonstrate a rather
nice ‘“‘nonmonotonous’ character, in the sense described
above.

In order to depict the “far-field” transitions in a less glam-
orous but more precise fashion, we illustrate in Fig. 4 the
“far-field” (o=50 nm) spectra of Fig. 3, as a function of the
photon energy only (i.e., for all tip positions X). Initially, we
consider the results without Coulomb matrix elements. Since
in the far-field regime ag(R)OC| [&*rV7(r,r)]%, only transi-
tions between electron and hole single-particle states for
which the z component of the total angular momentum is
zero are FF allowed; i.e., the necessary rule is mle+mf‘=0.
However, this rule is not sufficient. If the transition is to
survive in the far field, the radial integral must also be non-
zero. The removal of the degeneracy, caused by the “perpen-
dicular” magnetic field, increases the number of FF-allowed
transitions, from 3 (B=0) to 6 (B.=4 T). For B=0, the en-
ergetically lowest transition is not degenerate, the next one is
doubly degenerate, and the highest one is triply degenerate.
For this reason, their oscillator strength follows quite pre-
cisely a 1:2:3 law. On the other hand, for B,=4 T, due to the
removal of the degeneracy, all transitions show approxi-
mately the same oscillator strength. The peak energies of all
these transitions can be identified with the sum of the corre-
sponding electron and hole single-particle eigenenergies,
since we ignore the band gap in the presentation of our re-
sults. For B,=4 T, in order of increasing energy, we distin-
guish the following transitions: ls(mj=0) to 1s(m§' =0),
Ip(m==1) to Ip(m}'=+1), Ip(m{=+1) to Ip(m}'=—1) and
ld(m¢==2) to ld(m)'=+2), 2s(m¢=0) to 2s(m!=0), 1d(m¢
=+2) to 1d(m§’=—2). For B=0, the two (1p-1p) transitions
are degenerate. For B=0, the two (1d-1d) transitions and the
(2s-2s) transition are degenerate, too. In the following, we
simplify the symbolism; e.g., for the transition 1d(m;=+2)
to 1d(m'=-2), we write 1d(+2)-1d(-2).

The inclusion of the Coulomb interaction mixes the tran-
sitions between single-particle electron and hole states. The
relative contribution of each single-particle electron- (u-)
hole (») transition to a particular exciton (7) is given by Eq.
(7). Generally, the increase of B_ to 4 T leads to a much more
distinct character of the excitonic eigenstates, which mirrors
the redistribution of the single-particle eigenstates (cf. Fig.
1). Table I quotes, in order of increasing energy, for B,
=4 T, the excitons which contain some FF-allowed single-
particle electron- (u-) hole (v) transitions—i.e., FF-bright
components. Table I also compares the 6e-6A to 10e-10h
description, for B,=4 T, in the energy range which embraces
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all the 36 excitons of the 6e-6A description. Only excitons
with at least one FF-bright component are listed—i.e., exci-
tons with vanishing z component of the total angular momen-
tum. The catalog includes the key component [the one with
the dominant coefficient, C;,, in the expansion of Eq. (7)]
and the exciton eigenenergy E7, as well as C,y componenr I
the present energy range, the 10e-10k description provides
only two “new” excitons with some FF-bright components:
the ones with (the FF-dark) key components Ip(—1)-
2p(+1) and 1p(+1)-2p(~1). Apart from this, the two descrip-
tions are very similar in the energy range of interest, for the
excitons with some FF-bright components. E7 are in fact
very close, with a maximum difference of 0.3 meV, while
Cley componens ar€ almost identical as well, except for the ex-
citons with key components 2s(0)-1s(0) and 1d(-2)-1d(+2).
Actually, the exciton with key component 2s(0)-1s(0) has an
important 1d(-2)-1d(+2) component and vice versa, and the
little differences are due to the interplay between these two
components.

C. Single QDs subjected to higher magnetic field

The application of a small perpendicular magnetic field
was sufficient to remove the degeneracy, modifying the mag-
netoabsorption spectra. However, the spatial confinement
still dominates for small values of the magnetic field. Below,
in Secs. III C-III E, to evaluate the significance of the mag-
netic confinement, we increase B up to 20 T. Moreover, in
Secs. I C and IIT E the magnetic field orientation is also
varied in order to emphasize its importance.

Let us consider again our single QD in the ideal configu-
ration. For B,>4 T, the range of the six energetically lowest
electron or hole eigenstates—used in this exemplary
calculation—is enriched with higher quantum numbers n,
and |m|, while simultaneously some of the states with lower
quantum numbers move to higher energies and are therefore
omitted from our calculation (cf. Fig. 1). In Fig. 5, we show
the magnetoabsorption spectra of this configuration for
higher values of B, (8 T, 12 T, 16 T, and 20 T), for different
spatial resolution, 2y2 In 26=2.350 (6=0.1 nm, =10 nm,
and 0=50 nm), including the Coulomb interactions in the
calculation. Specifically, the local absorption ay(X,% w) is
presented, keeping Y'=0. Each column corresponds to differ-
ent spatial resolution, while each row corresponds to a dif-
ferent value of the “perpendicular” magnetic field. We ob-
serve that, due to the incessant rearrangement of the single-
particle eigenstates, brought about by the increase of B,, the
number of FF-allowed excitons is continuously modified. We
underline that the “structural” (for B=0) cylindrical symme-
try is preserved here by the “perpendicular” magnetic field.
Therefore, any scan passing through the center of the dot
(e.g., along Y, keeping X=0) would produce the same result
with the present scan.

Figure 6 demonstrates the absorption spectra of the QD
with zy=30 nm for relatively high values of B, (8 T, 12 T,
16 T, and 20 T). Specifically, we show the local absorption
aX,hw), keeping Y=0. Figure 6 is “the broken-symmetry
counterpart” of Fig. 5: the zero-magnetic-field “structural”

13

cylindrical symmetry has now been destroyed by the “in-
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plane” magnetic field. Therefore, different scans passing
through the center of the dot are now not equivalent; e.g.,
this scan along X keeping Y=0 (cf. Fig. 6) is not equivalent
to a scan along Y keeping X=0 (cf. Fig. 7). This asymmetry
is still evident for o=10 nm, but it is vanishing for o
=50 nm.** The comparison of Figs. 6 and 7 illustrates that
the destruction of the symmetry (asymmetry) induced by the
“in-plane” magnetic field can be revealed in the near-field
but not in the far-field spectra.

Pushing our thoughts a little further, we anticipate that
near-field magnetoabsorption experiments, of realistic spatial
resolution, could be used to reveal the symmetry of QDs. If,
for example, the QD is of “structural” cylindrical symmetry,
as above, application of the magnetic field along the “struc-
tural” symmetry axis preserves the QD symmetry. Therefore,
transverse scans in a plane perpendicular to B will produce
equivalent near-field spectra. On the other hand, application
of the magnetic field along another orientation will more or
less destroy the QD “structural” symmetry. Therefore, the
transverse scans will produce dissimilar near-field spectra.
This impressive symmetry-resolving power of the near-field
magnetoabsorption is lost in the far field.

The asymmetry which can be revealed in the NF but not
in the FF spectra and the symmetry-resolving power of the
NF magnetoabsorption, a property lost in the far field, are
characteristic differences between the near-field and far-field
magnetoabsorption.

D. Double QD with a soft barrier

Finally, we consider the geometry of a specific double
quantum dot. Namely, there is a parabolic confinement along
the y axis and a square QW along the z axis, while for the x
axis, the potential energy has two minima separated by a
prototype®? soft barrier. The interdot distance—i.e., the sepa-
ration of the two minima—is taken x,;=30 nm. The QW
width zp=10 nm. All other material parameters are the same
with the ones used above. Figure 8 presents the single-
particle eigenenergies of this prototype double QD as a func-
tion of B, applied in the x or z direction.

Figure 9 illustrates the effect of a strong magnetic field on
the NF absorption spectra of this double QD. The two rows
correspond to 0=0.1 nm and o=10 nm. The two columns
correspond to B=0 and B,=20 T. In this example, for the
solution of the excitonic problem, we use a basis of twelve
electron and twelve hole states. Due to the relatively soft
confinement along x, we observe that the strong magnetic
field leads to much more “confined” excitons. In other
words, for B,=20 T, the spatial extent of the excitonic wave
functions has been decreased by =1/3, while there is a con-
siderable blueshift of the excitonic eigenspectrum. It is in our
opinion important to realize that such modifications of the
excitonic structure can indeed be exposed via a realistically
acute near-field probe with a spatial resolution of 212 In2
X 10 nm=2.35X 10 nm=23.5 nm.

E. Ground-state exciton binding

The spatial confinement as well as B (magnitude and ori-
entation) influences the single-particle electron and hole

155313-10



NEAR-FIELD MAGNETOABSORPTION OF QUANTUM DOTS
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eigenenergies (cf. Figs. 1 and 2). Moreover, the spatial con-
finement and B influence the Coulomb interaction, which in
its turn affects the exciton eigenenergies. This obviously of-
fers a way to engineer the ground-state exciton binding en-
ergy E,=E,+E,—E,. Here E, (E,) is the ground-state elec-
tron (hole) eigenenergy and E,, is the ground-state exciton
eigenenergy. Figure 10 depicts E,, as a function of the mag-
netic field applied along the x or z axis for the four charac-
teristic cases of spatial confinement as well as magnetic con-
finement and orientation described in Figs. 1 and 2 (z,
=10nm and B along x, zp=10nm and B along z, 2,
=20 nm and B along x, z,=30 nm and B along x). We ob-
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FIG. 10. The ground-state exciton binding energy E; as a func-
tion of the magnetic field applied along the x or z axis for the four
characteristic cases depicted in Figs. 1 and 2.
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FIG. 9. (Color online) Double quantum dot
with a soft barrier and interdot distance along x,
x;=30 nm. The QW width is z5=10 nm and the
confinement is parabolic along y. Local absorp-
tion (X, w) (color scale) as a function of the
tip position along the x axis, X (nm), and the
photon energy measured with respect to the band
gap, fiw (meV). We keep ¥Y'=0. Each row corre-
sponds to different spatial resolution 2y2 In 20
T ~2.350: 0=0.1 nm and o=10 nm. Each column
corresponds to a different value of the magnetic
field—i.e., B=0 and B,=20 T.
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serve that for B=0, the size of the QD determines the mag-
nitude of E;. The electrons and holes which are confined in a
smaller QD interact more effectively, and accordingly this
leads to a higher E,. Increasing B, the magnetic confinement
brings even closer electrons and holes, and consequently E;
increases. As expected, for the very narrow QD, the in-plane
magnetic field has a negligible effect on E,,.

Large E, relative to the thermal energy, kgT,,om
~26 meV, is certainly desirable because it is necessary for
optical devices able to operate efficiently at room tempera-
ture. We observe that a way to increase E}, is by “squeezing”
the electron and hole wave functions—i.e., by choosing
smaller QDs or by increasing B, thereby forcing the single-
particle carriers to get closer. However, this “squeezing” de-
pends also on the band offsets (GaAs/AlGaAs in our calcu-
lations) which are certainly finite. Moreover, decreasing z,
the single-particle wave functions start to penetrate into the
AlGaAs barrier. Rossi et al. have shown that, generally, com-
pared to QWs, larger E; can be achieved in QWRs, but
for all GaAs-based QWRs considered, they found E,
<kpT,,om-*> We notice that our combination of spatial and
magnetic confinement leads to E,, close to kzT,,,,,. To further
increase E,, with the aim of achieving room-temperature ex-
citon binding, one could, e.g., additionally employ remote
dielectric confinement as already suggested for QWRs (Ref.
46)—i.e., exploit the confinement induced by the dielectric
mismatch*’ of remotely placed oxide layers.
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IV. CONCLUSION

We presented a theoretical framework for the investiga-
tion of the linear near-field absorption spectra of semicon-
ductor quantum dots under magnetic field of variable orien-
tation and magnitude. We examined the influence of the
spatial as well as of the magnetic confinement. This offers a
way to manipulate the excitonic structure—e.g., the ground-
state exciton binding energy. The magnetic field orientation
was shown to be an important factor. The application of the
magnetic field reorganizes the single-particle hole and elec-
tron eigenstates. This, along with the concomitant amend-
ment of the Coulomb interactions, induces a plethora of
modifications to the NF spectra. It was shown that realisti-
cally acute up-to-date NF probes can actually bring to light
(sic) some of these modifications. Depending on its orienta-
tion, the magnetic field can preserve or destroy the “struc-
tural” zero-magnetic-field symmetry. The asymmetry in-
duced by the magnetic field (except for specific orientations
along structural symmetry axes) can be revealed in the NF
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but not in the FF spectra. Moreover, we demonstrated that
near-field magnetoabsorption experiments, of realistic spatial
resolution, will enable us to reveal the symmetry of QDs.
This impressive symmetry-resolving power of the near-field
magnetoabsorption is lost in the far field. The asymmetry
which can be revealed in the NF but not in the FF spectra
and the symmetry-resolving power of the NF magnetoab-
sorption, a property lost in the far field, are characteristic
differences between the near-field and far-field magnetoab-
sorption. Finally we notice that inclusion of a more accurate
description of holes away from the single-band simplifying
hypothesis, as well as of the spin, will lead to a more accu-
rate appreciation of the above-mentioned modifications.
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