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Shell Structure and Electronic Excitations of Quantum Dots in a Magnetic Field Probed
by Inelastic Light Scattering
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Inelastic light scattering experiments on deep-etched GaAsyAlGaAs modulation doped quantum dots
in a magnetic field are reported. The Raman measurements at large in-plane wave vector transfer revea
a multicomponent excitation spectrum of the many-electron quantum dots. Observed transitions split
with the magnetic field. The experimental results are interpreted in terms of the calculated excitation
spectrum in the Hartree approximation. The results reveal an electronic shell structure of quantum
dots and a low energy excitation due to a Landau-like band crossing the Fermi level with increasing
magnetic field. [S0031-9007(96)00625-4]

PACS numbers: 73.20.Dx, 71.45.Gm, 78.66.Fd, 78.30.Fs
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Quantum dots (QD) are formed by laterally confining
quasi-two-dimensional electron gas [1]. The quantizat
of the kinetic energy leads to a discrete density of sta
characteristic of atoms and hence QD’s can be thou
of as artificial atoms with a well controlled number
electrons. Because QD’s are embedded in a semicon
tor matrix, their electronic excitations can be drastica
modified by magnetic fields. The magnetic field and
electron-electron interactions lead to a range of inter
ing ground states. In a strong magnetic field these gro
states are analogs of the chiral Luttinger liquid [2–6] a
in even stronger magnetic fields, of incompressible
uids of the fractional quantum Hall effect [7–9]. The
different ground states possess a spectrum of charac
tic charge and spin density excitations. At present, v
little is known about these excitations as the experim
tal techniques employed so far [8,10–17] probe mai
ground state properties of quantum dots.

Inelastic light scattering measures the excitation sp
trum of a QD [18–21] and, in principle, can provid
direct evidence of the discrete nature of excitations in ze
dimensional (0D) systems and of the effects of electr
electron interactions. In the absence of a magnetic fi
Strentzet al. [21] measured the resonant electronic Ram
spectrum from shallow etched QD’s with sizes down
400 nm while Wanget al. [19] measured the resonant ele
tronic Raman spectrum of deep etched modulation-do
QD’s with sizes down to 100 nm. Both groups attribut
structures in the Raman spectra to the 0D density of sta

In this Letter we present measurements and theore
interpretations of inelastic light scattering spectra of el
tronic excitations in GaAs quantum dots in large magn
fields. These spectra display a complex set of elem
tary excitations in correspondence with transitions betw
the energy levels within the quasi-0D electron system
magnetic field. These results are evidence of novel ap
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cations of inelastic light scattering in studies of quantu
confinement and electron interactions. Such applicati
emerge from the relatively large wave-vector transfer
these optical experiments that correspond to waveleng
comparable to radii of QD’s. In this wave vector regim
the generalized Kohn theorem [13,15], which limits th
reach of long wavelength probes such as far infrared (F
spectroscopy, is no longer valid, and the light scatter
method is found to be effective in giving access to ex
tations that display the combined effects of the confini
potentials and electron-electron interactions [18]. The
sults presented below reveal a complex shell structure
the states of quantum dots with many electrons.

The GaAsyGaAlAs quantum dots were prepared
the form of disks of radiusR. Disks with radii in the
range 50 , R , 100 nm were etched from a modu
lation doped multi-quantum-well structure [19] wit
carrier densityns ­ 8.5 3 1011 cm22 . The photolumi-
nescence and near-resonant electronic Raman spectr
a backscattering geometry) of the deep-etched quan
dots were measured in magnetic fields up to 12 T at 2
A rich spectrum of excitations with Raman shifts in th
range 1–35 meV was observed in each sample.

Spectra for a dot with a nominal radiusR ­ 75 nm and
nominal densityns ­ 8.5 3 1011 cm22 in magnetic fields
B ­ 0 12 T are shown in Fig. 1. TheB ­ 0 spectra
show clearly broad peaks separated by approxima
v0 ­ 6 meV as indicated by arrows. Up to three pea
were observed. On top of the broad structure a numbe
sharper peaks, especially at low energies, is also visi
A similar structure was observed previously [19,21]
other dot structures. We find thatv0sRd decreases with
the increasing size of quantum dots (R ­ 50 nm, v0 ­
8 meV ; R ­ 75 nm, v0 ­ 6 meV ; R ­ 100 nm, v0 ­
4.5 meV ), but no simple dependence on size can
formulated yet.
© 1996 The American Physical Society
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FIG. 1. Measured Raman spectra of quantum dots w
nominal carrier densityns ­ 8.5 3 1011 cm22 and radiusr ­
75 nm for magnetic fieldsB ­ 0 12 T. The inset shows
transitionsV1 at B ­ 9 T for dot radii R ­ 50, 75, 100 nm.

As the magnetic field increases, the spectrum evol
in a complicated way. For example, the lowest pe
appears to split and evolves into two peaksV1y2 as
indicated by arrows. However, theV1 peak atB ­ 5 T
is split into a number of peaks, and an additional lo
energy peak appears. This complicated behavior
only be understood by a comparison of experiment w
realistic calculations of Raman spectra. Some featu
e.g., the decrease (increase) of theV2 sV1d transitions
with increasing magnetic field, can be understood
comparison with FIR spectroscopy [13], where theV2

and V1 peaks can be associated with the intra-Land
and inter-Landau level transitions of a quantum dot. T
decrease of the high energy peak with increasing dot
for a fixed magnetic fieldB ­ 9 T is shown in the inset
for dot radiiR ­ 50, 75, and100 nm.

The exciting light is scattered by a 2D array of pillar
each containing ten QD’s. Not surprisingly [22], the spe
tra do not show the wave-vector conservation and clear
larization dependence found in quantum well experime
Thus the spin density (SDE) and charge density (CD
excitations are not resolvable from the single parti
excitations (SPE), which dominate the electronic Ram
spectrum of the unpatterned quantum wells. In
interpretation of the experimental spectra, we initia
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restrict ourselves to the analysis of the dominant S
based on Hartree calculations. In the absence
the wave-vector conservation the cross sectionIsvd
is averaged over all possible wave-vector transf
q ­ kf 2 ki of the incidentskid and scatteredskfd light:
Isvd ø

P
q W sqdIsq, vd. The function Wsqd depends

on the structure of individual dots and the structure of
array of pillars on the sample surface. The Raman cr
section Isq, vd for a given wave-vector transferq and
frequencyv is proportional to the imaginary part of the
polarizabilityPsq, vd of the system [23]:

Isq, vd ø
X

m,m0,n,n0

jkm0, n0jrqjm, nlj2f1 2 fsm0, n0dg

3 fsm, nddsEn0

m0 2 En
m 2 vd , (1)

where the density operatorrq ­ ei $q?$r , and fsm, nd is
the Fermi occupation function for a staten with angular
momentumm and energyEn

m. The coupling through
the density fluctuation operatorei $q?$r ­

P
m imeimuJmsqrd

induces transitions between different angular momentam
and different single particle statesn. To calculate the wave
functions, energies, and SPE spectra we approximate
quantum dots as disks of radiusR and thicknesst, confined
by infinite potential barriers. The positive charges
ionized donors are modeled as a disk with uniform dens
separated by a distanced from the plane of the dot. For
such a high density multiple-quantum-well system, w
assume that electrons trapped in surface states repre
a very small fraction of the free electrons.

In the Hartree approximation, the many-electron Ham
tonian for free electrons is replaced by a Hamiltonian o
single particle moving in a confining potential and a se
consistent Hartree potential determined by the elect
and the positive charge density through electron-elect
and electron-positive charge Coulomb interactions. T
electron density is given in terms of occupied eigensta
Cm

n of the Hartree Hamiltonian.
In numerical results the following parameters we

used: R ­ 70 nm, Ne ­ 124, d ­ 30 nm, t ­ 8 nm.
These parameters correspond to a disk with a diamete
140 nm and densityns ø 8 3 1011 cm22. In calculating
Coulomb interactions we have also assumed a unifo
dielectric constant of GaAs and neglected the effe
due to image charges associated with the semiconduc
vaccum interface.

The results of the calculations are illustrated in Fig.
which shows the energy levelsEsm, nd and the corre-
sponding (Gaussian broadened) density of statesDsvd of
the dot for magnetic fieldsB ­ 0, 5 T. The energy spec-
trum for B ­ 0 T is discrete and hence the 0D density
states (DOS) consists of a series of peaks. There is a
ical single particle energy spacingdE ø 0.1 0.5 meV
within each peak and an overall arrangment of peaks
the DOS reminiscent of the shell structure of atoms, w
a typical energy spacing ofø5 meV .
355
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FIG. 2. Hartree energy levelsEn
m and density of statesDsvd

of a dot for magnetic fieldsB ­ 0 and 5 T. The horizontal
line indicates the Fermi level and arrows indicate strong Ram
transitions forqR ­ 3.5 across the Fermi level atB ­ 5 T.

When compared with the DOS of noninteracting ele
trons we find that the modulation is enhanced by electr
electron interactions. This is due to the spatial separa
of the positive background from the disk. Since electro
repel each other very effectively, the electron charge d
sity is depressed inside the disk and enhanced at the e
of the disk. The Hartree potential is therefore repuls
in the center of the dot, a situation very similar to Hartr
potentials in modulation-doped quantum wells. This
in stark contrast to the normally assumed parabolic c
fining potential. The shell structure is enhanced by
degeneracy of states with the same absolute value of
gular momentumm. This degeneracy is removed by th
magnetic field, leading to a splitting of energy levels. F
small values of the magnetic field a rapid rearrangem
and crossing of levels takes place. For higher magn
fields,B . 4 T, Landau bands begin to form as shown
Fig. 2 for B ­ 5 T.

One finds a single particle energy spacing within ea
Landau band fromdE ø 0.1 meV close to the center
of the dot (smalljmj) to a spacingdE ø 5 meV for
large angular momenta, i.e., edge states. The Lan
bands have a negative dispersion for smallm as they
follow the effective Hartree potential, which is repulsiv
for electrons in the center of the dot, and a positi
dispersion when electrons approach a potential barrie
the edge. The turning point marks the peak in DOS.
356
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a result, the Fermi level crossing the Landau band gi
rise to very low frequency excitations (jmj ø 2 in Fig. 2).
The remaining excitations are either edge intra-Land
band excitations and inter-Landau level excitations.
Fig. 2 we show SPE with significant oscillator streng
for magnetic fieldB ­ 5 T and a selected wave-vecto
transferqR ­ 3.5. The Fermi level is indicated with a
solid line, and transitions between intitial and final sta
are indicated with arrows. We see, surprisingly, th
higher harmonics of edge excitations fall into the sam
energy range and have the same oscillator strength as i
Landau band excitations.

We now summarize in Fig. 3 the evolution wit
magnetic field of calculated SPE and measur
Raman spectra. In the right panel of Fig. 3 w
show representative calculated SPE spectra
small sqR ­ 0.7; q ­ 1 3 105 cm21d and large
sqR ­ 3.5; q ­ 5 3 105 cm21d wave vectors involved
in the scattering process. For comparison with experim
the calculated energies have been multiplied by a fac
of 1.3 to account for a decrease in the effective dielec
constant due to the vaccum. The calculated spectra
q ­ 1 3 105 cm21 andB ­ 0 show only one peak while

FIG. 3. (a) Measured Raman spectra of quantum dots w
nominal carrier densityns ­ 8.5 3 1011 cm22 and radiusr ­
75 nm for magnetic fieldsB ­ 0 5 T. (b) Calculated SPE
spectra Isq, vd of a dot with carrier densityns ­ 8.0 3
1011 cm22 sN ­ 124d and radiusr ­ 70 nm, and q ­ 1 3
105 cm21 (dashed line) andq ­ 5 3 105 cm21 (solid line).
The arrows point out related peaks in experiment and the
for each magnetic field.



VOLUME 77, NUMBER 2 P H Y S I C A L R E V I E W L E T T E R S 8 JULY 1996

o
e

,

g
lo
i
e
.

re
tu
w
f
a

th
ex
ic

,
so
e
e
y
o
d

ne
ts

l
al

er,
spectra for q ­ 5 3 105 cm21 consist of three main
transitions with a spacing of the order of6 meV in good
agreement with experiment. If we follow the evolution
the calculated SPE spectrum as a function of the magn
field, we see that theq ­ 5 3 105 cm21 spectra are in
agreement with the measured spectra. For example
B ­ 1 T we see two peaks, while atB ­ 3 T we see three
peaks. AtB ­ 5 T the agreement is also encouragin
especially with respect to the emergence of a very
energy excitation associated with the Fermi level cross
a quasi-Landau-level band. The measured spectra ar
course, an average over many such calculated spectra

In summary, a very rich spectrum of excitations is
vealed in the Raman spectrum of many-electron quan
dots in a magnetic field. The experimental spectra sho
magnetic field behavior consistent with that calculated
single particle excitations within the Hartree approxim
tion. The single particle excitation spectrum reflects
formation of electronic shells within quantum dots and
hibits a complex evolution with magnetic field. A realist
calculation of edge magnetoplasmons and spin density
citations, and of the mechanism of resonant excitation
now required for a more detailed quantitative compari
with experiment, but the value of the inelastic light scatt
ing technique in probing quantum dot excitations has b
amply demonstrated. This now opens up the possibilit
study collective excitations from a range of strongly c
related ground states in QD’s in a strong magnetic fiel
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