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Inelastic light scattering experiments on deep-etched GAk&aAs modulation doped quantum dots
in a magnetic field are reported. The Raman measurements at large in-plane wave vector transfer reveal
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

Quantum dots (QD) are formed by laterally confining acations of inelastic light scattering in studies of quantum
quasi-two-dimensional electron gas [1]. The quantizatiorconfinement and electron interactions. Such applications
of the kinetic energy leads to a discrete density of stateemerge from the relatively large wave-vector transfer in
characteristic of atoms and hence QD’s can be thouglthese optical experiments that correspond to wavelengths
of as artificial atoms with a well controlled number of comparable to radii of QD’s. In this wave vector regime
electrons. Because QD’s are embedded in a semiconduthie generalized Kohn theorem [13,15], which limits the
tor matrix, their electronic excitations can be drasticallyreach of long wavelength probes such as far infrared (FIR)
modified by magnetic fields. The magnetic field and thespectroscopy, is no longer valid, and the light scattering
electron-electron interactions lead to a range of interestmethod is found to be effective in giving access to exci-
ing ground states. In a strong magnetic field these grounthtions that display the combined effects of the confining
states are analogs of the chiral Luttinger liquid [2—6] andpotentials and electron-electron interactions [18]. The re-
in even stronger magnetic fields, of incompressible ligsults presented below reveal a complex shell structure in
uids of the fractional quantum Hall effect [7—9]. Thesethe states of quantum dots with many electrons.
different ground states possess a spectrum of characteris-The GaAgGaAlAs quantum dots were prepared in
tic charge and spin density excitations. At present, veryhe form of disks of radiug. Disks with radii in the
little is known about these excitations as the experimenrange 50 < R < 100 nm were etched from a modu-
tal techniques employed so far [8,10—17] probe mainlhjation doped multi-quantum-well structure [19] with
ground state properties of quantum dots. carrier densityr, = 8.5 X 10! cm~2 . The photolumi-

Inelastic light scattering measures the excitation specescence and near-resonant electronic Raman spectra (in
trum of a QD [18-21] and, in principle, can provide a backscattering geometry) of the deep-etched quantum
direct evidence of the discrete nature of excitations in zerodots were measured in magnetic fields up to 12 T at 2 K.
dimensional (0D) systems and of the effects of electronA rich spectrum of excitations with Raman shifts in the
electron interactions. In the absence of a magnetic fieldange 1-35 meV was observed in each sample.

Strentzet al. [21] measured the resonant electronic Raman Spectra for a dot with a nominal radi@s= 75 nm and
spectrum from shallow etched QD’s with sizes down tonominal density:, = 8.5 X 10'! ¢cm~2 in magnetic fields
400 nm while Wangt al. [19] measured the resonantelec- B = 0—-12 T are shown in Fig. 1. Th& = 0 spectra
tronic Raman spectrum of deep etched modulation-dopeshow clearly broad peaks separated by approximately
QD’s with sizes down to 100 nm. Both groups attributedw, = 6 meV as indicated by arrows. Up to three peaks
structures in the Raman spectra to the OD density of statesiere observed. On top of the broad structure a number of

In this Letter we present measurements and theoreticaharper peaks, especially at low energies, is also visible.
interpretations of inelastic light scattering spectra of elecA similar structure was observed previously [19,21] in
tronic excitations in GaAs quantum dots in large magnetiother dot structures. We find thaty(R) decreases with
fields. These spectra display a complex set of elemerthe increasing size of quantum do® & 50 nm, wy =
tary excitations in correspondence with transitions betweef meV; R = 75 nm, wg = 6 meV; R = 100 nm, wg =
the energy levels within the quasi-OD electron system in &.5 meV), but no simple dependence on size can be
magnetic field. These results are evidence of novel appliformulated yet.
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FIG. 1. Measured Raman spectra of quantum dots wit
nominal carrier densityy, = 8.5 X 10!' cm~2 and radiusr =

75 nm for magnetic fieldsB = 0—12 T. The inset shows
transitions(), at B = 9 T for dot radiiR = 50, 75, 100 nm.

restrict ourselves to the analysis of the dominant SPE
based on Hartree calculations. In the absence of
the wave-vector conservation the cross sectidw)

is averaged over all possible wave-vector transfers
g = ks — k; of the incident(k;) and scatteredky) light:
I(w) = >, W(g)l(q, w). The function W(g) depends

on the structure of individual dots and the structure of an
array of pillars on the sample surface. The Raman cross
sectionl(g, w) for a given wave-vector transfer and
frequencyw is proportional to the imaginary part of the
polarizability I[1(g, o) of the system [23]:

g, 0)= > Km', v pglm, v)[1 = f(m',v")]
X f(m,v)8(EL — Epp — o), 1)

where the density operatgs, = /47, and f(m,v) is
the Fermi occupation function for a statewith angular
momentumm and energyE),. The coupling through
the density fluctuation operatefd”™ = Y, i”e™0 ], (qr)
induces transitions between different angular momenta
and different single particle states To calculate the wave
functions, energies, and SPE spectra we approximate the
quantum dots as disks of radiRsand thickness, confined
by infinite potential barriers. The positive charges of
r]onized donors are modeled as a disk with uniform density,
separated by a distaneefrom the plane of the dot. For
such a high density multiple-quantum-well system, we
assume that electrons trapped in surface states represent
a very small fraction of the free electrons.

In the Hartree approximation, the many-electron Hamil-

As the magnetic field increases, the spectrum evolvetonian for free electrons is replaced by a Hamiltonian of a

in a complicated way. For example, the lowest pea
appears to split and evolves into two peaRs.,- as
indicated by arrows. However, te, peak atB =5 T

ksingle particle moving in a confining potential and a self-
consistent Hartree potential determined by the electron
and the positive charge density through electron-electron

is split into a number of peaks, and an additional lowand electron-positive charge Coulomb interactions. The

energy peak appears.

This complicated behavior caelectron density is given in terms of occupied eigenstates

only be understood by a comparison of experiment with®” of the Hartree Hamiltonian.
realistic calculations of Raman spectra. Some features, In numerical results the following parameters were

e.g., the decrease (increase) of he ({);) transitions

used: R =70 nm, N, = 124, d = 30 nm, t = 8 nm.

with increasing magnetic field, can be understood byThese parameters correspond to a disk with a diameter of
comparison with FIR spectroscopy [13], where the 140 nm and density, =~ 8 X 10" cm 2. In calculating
and Q)+ peaks can be associated with the intra-LandalCoulomb interactions we have also assumed a uniform
and inter-Landau level transitions of a quantum dot. Thelielectric constant of GaAs and neglected the effects
decrease of the high energy peak with increasing dot sizéue to image charges associated with the semiconductor-
for a fixed magnetic field = 9 T is shown in the inset vaccum interface.
for dot radiiR = 50, 75, and100 nm. The results of the calculations are illustrated in Fig. 2
The exciting light is scattered by a 2D array of pillars, which shows the energy levels(m, v) and the corre-
each containing ten QD’s. Not surprisingly [22], the spec-sponding (Gaussian broadened) density of sthtgs) of
tra do not show the wave-vector conservation and clear pdhe dot for magnetic field8 = 0, 5 T. The energy spec-
larization dependence found in quantum well experimentgrum for B = 0 T is discrete and hence the 0D density of
Thus the spin density (SDE) and charge density (CDE}¥tates (DOS) consists of a series of peaks. There is a typ-
excitations are not resolvable from the single particleical single particle energy spacingf =~ 0.1-0.5 meV
excitations (SPE), which dominate the electronic Ramanvithin each peak and an overall arrangment of peaks in
spectrum of the unpatterned quantum wells. In thehe DOS reminiscent of the shell structure of atoms, with
interpretation of the experimental spectra, we initiallya typical energy spacing 6£5 meV.

355



VOLUME 77, NUMBER 2 PHYSICAL REVIEW LETTERS 8 ULy 1996

. . "a . a result, the Fermi level crossing the Landau band gives
- . e T = rise to very low frequency excitationfs{| = 2 in Fig. 2).
°01= '_ _" "_ _' al The remaining excitations are either edge intra-Landau
—~ LA —— 5 band excitations and inter-Landau level excitations. In
P IR L TR Fig. 2 we show SPE with significant oscillator strength
\E/ wod e '_' - for magnetic fieldB = 5 T and a selected wave-vector
L - e = transfergR = 3.5. The Fermi level is indicated with a
304 . rLls - ] solid line, and transitions between intitial and final states
Fme™ B=0 are indicated with arrows. We see, surprisingly, that
—— e ——— higher harmonics of edge excitations fall into the same
-0 -5 0 5 energy range and have the same oscillator strength as inter-
—-m D(w) Landau band excitations.
N e — We now summarize in Fig. 3 the evolution with
= = = " = magnetic field of calculated SPE and measured
60 e _.' Il E Raman spectra. In the right panel of Fig. 3 we
—~ ™ A7 7;14 ﬂﬁf - show representative calculated SPE spectra for
3 207 ‘X - - ] small (gR=07;¢g=1x100cm™') and large
\E/ S . (gR =3.5;9g =5 X% 10° cm~!) wave vectors involved
W ~ - _.' i in the scattering process. For comparison with experiment
50 - | the calculated energies have begn multiplie(_j by a fact_or
" B=5 of 1.3 to account for a decrease in the effective dielectric
constant due to the vaccum. The calculated spectra for
50 5 10 15 20 25 g =1 X 10° cm ™! andB = 0 show only one peak while
-m D(w)
FIG. 2. Hartree energy levelg!, and density of state®(w) —
* | ——g=510cm

of a dot for magnetic field8 = 0 and5 T. The horizontal
line indicates the Fermi level and arrows indicate strong Raman Py
transitions forgR = 3.5 across the Fermi level & = 5 T. ?’

When compared with the DOS of noninteracting elec-
trons we find that the modulation is enhanced by electron-
electron interactions. This is due to the spatial separation
of the positive background from the disk. Since electrons
repel each other very effectively, the electron charge den-
sity is depressed inside the disk and enhanced at the edges
of the disk. The Hartree potential is therefore repulsive
in the center of the dot, a situation very similar to Hartree
potentials in modulation-doped quantum wells. This is
in stark contrast to the normally assumed parabolic con-
fining potential. The shell structure is enhanced by the
degeneracy of states with the same absolute value of an-
gular momentumn. This degeneracy is removed by the
magnetic field, leading to a splitting of energy levels. For
small values of the magnetic field a rapid rearrangement
and crossing of levels takes place. For higher magnetic
fields,B > 4 T, Landau bands begin to form as shown in
Fig. 2forB =5 T.

One finds a single particle energy spacing within each
Landau band froméE = 0.1 meV close to the center
of the dot (small|m|) to a spacingdE =~ 5 meV for  FG. 3. (a) Measured Raman spectra of quantum dots with
large angular momenta, i.e., edge states. The Landawominal carrier density, = 8.5 X 10'! cm~2 and radiusr =
bands have a negative dispersion for smallas they 75 nm for magnetic fieldsB = 0-5 T. (b) Calculated SPE
follow the effective Hartree potential, which is repulsive SPectral(q. @) of a dot with carrier densityr, = 8.0 X
for electrons in the center of the dot, and a positive s <™, (v = 124) and radiusr = 70 nm, andg = I X

g - ' . WVE10° em ™! (dashed line) andy = 5 X 10° cm ™! (solid line).
dispersion when electrons approach a potential barrier athe arrows point out related peaks in experiment and theory
the edge. The turning point marks the peak in DOS. Ador each magnetic field.
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