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Quasiatomic Fine Structure and Selection Rules in Quantum Dots
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We probe the electronic shell structure of quasiatomic systems, realized in GaAs-AlGaAs quantum
dots, by resonant Raman spectroscopy. We observe a series of discrete spin-density excitation
whose energies are very close to single-particle level spacings in a quantum dot. The combined
information from experiments at different wave vectors in the lateral direction and from investigations
with applied magnetic fields reveals a distinct set of Raman allowed transitionssDn, Dmd, where
changesDn and Dm are changes in radial and angular momentum quantum numbers, respectively.
[S0031-9007(98)05571-9]
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Modern sophisticated growth techniques for semicon
ductor structures, such as molecular-beam epitaxy in co
bination with the technique of modulation doping have
made it possible to realize nearly perfect two-dimension
(2D) electron gases in semiconductor heterostructures
quantum wells. Such structures are ideal starting poin
to fabricate systems with further reduced dimensiona
ity, e.g., quantum wires and quasi-zero-dimensional (0D
dots. The latter can be considered as some kind of ar
ficial atoms. The electronic excitations in these 0D sys
tems can be probed advantageously by resonant Ram
spectroscopy. In zinc blende-type semiconductors on
can excite collective charge-density excitations (CDE
plasmons), which energies are renormalized with respe
to single-particle energy spacings due to direct and e
change Coulomb interactions. One can also excite co
lective spin-density excitations (SDE) [1], which are
affected only by exchange interaction and are ther
fore redshifted with respect to the corresponding single
particle energies [2,3]. The CDE and SDE can b
distinguished by polarization selection rules. CDE ar
observed if the polarizations of the incoming and sca
tered light are parallel to each other (polarized geometr
and SDE if the polarizations are perpendicular (depola
ized geometry). There is a number of interesting Rama
investigations of modulation-doped quantum-dot struc
tures with [4] and without [3,5] external magnetic field.
Lockwoodet al. [4] recently found evidence for the shell
structure in quantum dots by comparing single-particle e
citations (SPE), so called since they occur in both po
larization geometries [2], with a self-consistent Hartre
calculation. We present in this Letter measurements o
high-quality GaAs-AlGaAs quantum dots where we pre
serve polarization selection rules and can resolve in o
and the same quantum-dot sample in addition to the SP
the spectrum of collective CDE and SDE in dependenc
on the transferred lateral wave vectorq and magnetic field
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B. In contrast to the SPE, these excitations are very sha
and allow a fundamental investigation. AtB  0, we find
for largeq a detailed fine structure in the spectrum of th
SDE’s. At B . 0, we observe a characteristic splitting
of the lowest SDE mode, the SDE1. The low-frequency
branch has a negativeB dispersion and represents a col
lective edge-spin-density mode. The SDE1 has a much
lower energy than the CDE1 mode, the Kohn’s mode [6],
and its energy is very close to the single-particle lev
spacing between the highest occupied and the first uno
cupied level in the quantum dot. Interestingly, the secon
spin-density mode, the SDE2, shows no significant energy
shift with B. The analysis of this behavior, in combina
tion with our investigations at various wave vectorsq, al-
lows us to identify the involved single-particle transitions
They take place between different electronic shells and r
semble an atomic fine structure. Our investigations give
complementary view of the recent investigations of qua
tum dot atoms by transport and capacitance spectrosco
(e.g., Refs. [7–9]).

For our studies we have prepared arrays of deep-etch
quantum dots by holographic lithography and reactive
ion etching on one-sided modulation-doped GaAs-
Al 0.3Ga0.1As single quantum wells with 25 nm well
width. The carrier densities and mobility of the quantum
well samples were in the range ofs7 8d 3 1011 cm22

and 7 3 105 cm2 V21 s21, respectively. The lateral dot
diameters were in the range of170 250 nm. Raman ex-
periments have been performed in a closed-cycle cryos
at T  12 K, and atT  2 K in a split-coil magnet.

Raman spectra of a quantum dot sample with 240 n
dots are shown in Fig. 1. To transfer a wave vecto
q in the lateral direction, the sample normal was tilte
with respect to the directions of incoming and scattere
light. Three well pronounced peaks can be observed
the depolarized geometry at largeq [Fig. 1(a)]. From the
polarization selection rules these peaks can be identifi
© 1998 The American Physical Society 2673



VOLUME 80, NUMBER 12 P H Y S I C A L R E V I E W L E T T E R S 23 MARCH 1998

y
s-
d.
-

s

ts

n-
-
re
,

e
ch

d
e
f

d
o
a
-

h

l

ted
FIG. 1. (a) Depolarized and (b) polarized Raman spectra
a quantum dot sample with 240 nm dot diameter for differe
wave-vector transferq. The depolarized spectra in (a) were
recorded at a laser energyEL  1600.7 meV, the spectrum
marked withspd at EL  1601.3 meV. The insets sketch (a)
those single-particle transitions which predominantly contribu
to the observed excitations, and (b) the direction of wav
vector transfer.

as SDE’s. As we will see below, the energies of the
collective SDE’s are very close to single-particle leve
spacings in the dots, as sketched in the inset in Fig. 1(
Energy renormalizations due to collective effects a
about 10%. Thus it may be justified to compare thes
excitations in the depolarized spectra with the singl
particle spectrum of a quantum dot, neglecting the sm
collective effects for a moment. In accordance wit
Ref. [5], we can attribute the first peaksSDE1d to single-
particle transitions from the highest occupied to the fir
unoccupied level in the quantum dot, the second pe
sSDE2d to transitions withDN  2, and for the third peak
DN  3, as sketched in the inset.

The polarized spectra in Fig. 1(b) exhibit a very stron
CDE2 peak and, forq $ 1 3 105 cm21, a weaker CDE3.
The large difference in energetic positions between t
CDEi and SDEi is due to many-particle interactions [3]
At small q we observe only one peak, both for the de
polarized and the polarized spectra. Considering ge
eral aspects of Raman scattering one can say that i
symmetric system the Raman allowed excitations ha
even parity because the Raman process is a two-pho
process. This implies that the excitation at 4.5 meV
the depolarized spectra (labeled SDE2) and the one at
10.5 meV in the polarized spectra (labeled CDE2) have
even parity. The symmetries of the excitations are br
ken by applying a wave-vector transfer in the lateral d
rection and Raman forbidden excitations with odd pari
occur. From the depolarized spectra at large wave vec
q  1.32 3 105 cm21 three remarkable facts can be ex
tracted. (i) At the low-energy side of the SDE2 an addi-
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tional peak occurs. By slightly changing the laser energ
and thereby the resonant conditions (spectrum with an a
terisk), this additional peak can be resonantly enhance
(ii) The SDE1, SDE2, and the additional peak have essen
tially the same linewidthsø0.5 meVd, whereas the SDE3
has more than twice the linewidth of the other peak
sø1.1 meVd, and (iii) the energetic position of the ad-
ditional peak is almost exactly twice that of the SDE1

(marked with vertical dashed lines). We will come back
to this interesting point below when we discuss the resul
of the experiments in a magnetic field.

The spectra discussed so far were taken from exte
sive series of measurements for many different laser fre
quencies well above the band gap, where the spectra a
dominated by the collective excitations. We note that
if we tune the laser frequency close to the effective
band gap of the system, i.e., under conditions of extrem
resonance, the spectra are dominated by SPE’s, whi
occur in both polarizations and are very similar to the
excitations observed in Ref. [4]. For illustration, we
compare in the left panel of Fig. 2 these SPE-dominate
spectra with SDE- and CDE-dominated spectra. In th
right panel we discuss the experimental dispersions o
SDE’s (solid symbols) and CDE’s (open symbols) in
an external magnetic field. We find that in a magnetic
field plasmons can also be observed in the depolarize
geometry. The open triangles in Fig. 2 correspond t
CDE’s which are most pronounced in depolarized spectr
and the open squares to CDE’s which are dominant in po
larized scattering geometry. Our SPE’s have a half-widt
of 1.5 meV, about half the linewidth reported in Ref. [4].
We find that the SDE’s are even sharpersø0.5 meVd,
which allows us to do a detailed study of the dynamic

FIG. 2. B dispersions of SDE’s (solid symbols) and CDE’s
(open symbols) in a quantum-dot sample. In the left pane
spectra of SDE’s and CDE’s forB  0 are displayed, which
were taken atEL  1587 meV. The spectrum of SPE’s was
recorded at a laser energyEL  1561 meV under conditions of
extreme resonance. For better comparison we have subtrac
from this spectrum the hot luminescence background.
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excitations in the quantum systems. We note here th
for measurements atB . 0 in the split-coil magnet we
have to use glancing incidence of the laser beam on
the sample from a side window to realize a finite wave
vector transfer in the lateral direction if the magnetic fiel
is oriented parallel to the sample normal. Therefore w
are restricted to a value ofq  0.8 3 105 cm21 for the
wave-vector transfer. Thus we cannot follow all excita
tions, in particular, also the SPE’s, atB  0 to higherB.

We do not want to elaborate in detail on the observe
magnetoplasmon modes (open symbols in Fig. 2) beca
this point is well known from far infrared (FIR) experi-
ments [6,10,11]. We rather want to concentrate on t
SDE’s (solid symbols) in Fig. 2. The SDE1 splits into
two branches at finite magnetic field. Interestingly th
SDE2 shows neither a significant splitting nor an energ
shift with magnetic field. The signals corresponding t
the SDE3 are very weak and broad so that we cann
definitely say if there is a splitting or not. We find for
all observed spin-density excitations that their intensitie
drop drastically with increasing magnetic field and a
fields above 2 T they can no longer be resolved.

In the following we want to discuss and interpret our ob
servations in a simple qualitative model. It is well know
from FIR experiments and theoretical considerations o
modulation-doped deep-etched structures that the exter
lateral potential is to a good approximation parabolic [10
Therefore we can in a first approach assume that also
effective (screened) potential of our quantum dot is par
bolic. The energies for an electron in a two-dimension
parabolic potential with external magnetic field ar
given by

En,m  s2n 1 jmj 1 1dh̄

s
V

2
0 1

µ
vc

2

∂2

1 mh̄
vc

2
.

(1)

Heren is the so called radial andm the azimuthal or an-
gular momentum quantum number;V0 is the quantization
energy. In Fig. 3(a) the spectrum (solid squares) corr
sponding to Eq. (1) is displayed forB  0, i.e., vc  0.
The lines connect points which belong to the samen. The
radial quantum numbern  0, 1, 2, . . . rises from the bot-
tom to the top. With, e.g., the labels “s” or “ p,” we have
indicated the character of the quasiatomic shells as quass
or quasi-p orbitals, respectively. We call itquasibecause
the symmetries of these quantum dot orbitals are differe
from that of real 3D atoms. From geometrical consider
tions we can estimate the number of electrons per dot in o
structure to be about 200. For simplicity, in Fig. 3 we hav
considered 42 electrons per dot but this makes no quali
tive difference in our interpretation. Considering Eq. (1
one can easily see that here the lateral quantum numberN ,
in the inset in Fig. 1, is defined byN  2n 1 jmj 1 1. In
the caseDN  1 we can make transitions from the high
est occupied level [horizontal dashed line in Fig. 3(a)] t
the next higher level. This means, e.g., transitions wi
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sDn  0, Dm  61d or sDn  1D, m  61d as marked
by the solid arrows in Fig. 3(a). Correspondingly, this als
implies that the transitions take place between orbitals wit
different symmetry or parity. Figure 3(b) displays the cor
responding result for a finite magnetic fieldB  0.5 T.
As indicated by the solid arrows we can see that som
transition energies decrease while others increase with i
creasingB. Concerning our experimental observation this
gives the correct result: The two dotted lines, startin
at 2 meV atB  0 in Fig. 2, mark the transition ener-
gies calculated with Eq. (1) forsDn  0, Dm  61d and
sDn  1, Dm  61d which are energetically degenerate
[see also Fig. 3(d)]. In this parabolic model the splitting
between the two branches is exactlyvc. We note here
that this situation is the analog to the splitting of the Kohn’s
mode in a magnetic field. The crucial difference is that th
Kohn’s mode represents the quantization energy of the e
ternal potential, whereas here the SDE1 represents approxi-
mately the single-particle energy spacing of the screene
lateral potential. This analogy leads us to the interpre
tation that the excitation of the lower branch is an edg
spin-density mode where the electrons perform skipping
orbit motions at the edge of the dot. The slight devia
tion of the experimental points in the upper branch from

FIG. 3. Calculated energies for a quantum dot with paraboli
effective potential without (a) and with (b) external magnetic
field. (c) Calculated energies in a dot with cylindrical symme
try and hard walls. (d) Single-particle transition energies for
parabolic quantum dot with external magnetic field. The solid
lines mark the experimentally observed transitions; the dash
lines give the forbidden next higher transitions. For the two
dashed lines starting atVyV0  1 the corresponding transi-
tions ares21, 63d and s2, 63d, for the dashed lines starting at
VyV0  2, s0, 62d, ands2, 62d. In a hard-wall potential, the
s0, 62d and s2, 62d are shifted to lower energies and are caus
ing a fine structure. V0 characterizes the parabolic potential,
v0  sh̄y2mpd spyad2, with a being the dot diameter, charac-
terizes the hard-wall potential.
2675
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the calculated line can be attributed to a nonparabolic
in the real effective potential or to an effect of the so fa
neglected collective nature of the excitations. The co
lective nature of the SDE’s can furthermore be deduc
from the observed vanishing of the excitations at rel
tively small magnetic fields. This can be understood
an effect of Landau damping: At finite magnetic field
all degeneracies are lifted and several single-particle tra
sitions with different energies are possible. The singl
particle lines cross the energies of the SDE so that they
Landau damped. For illustration, the forbidden next high
transitions are displayed in Fig. 3(d) (dashed lines).

For the SDE2, in principle, also several transitions
are possible which can easily be seen in Fig. 3(a). B
from our experimental observations we deduce that on
one type of excitation may significantly contribute to
the experimentally observed SDE2 peak: transitions with
sDn  1, Dm  0d. In other words, transitions between
orbitals with the same symmetry, e.g., from quasi-s to
quasi-s orbitals or from quasi-p to quasi-p orbitals, and so
on, which is again characteristic of the two-photon Rama
process. Some transitions are marked by dashed arrow
Fig. 3(a). All other possible transitions havejDmj $ 2.
In a magnetic field, this results in splittings$2vc [see
dashed lines in Fig. 3(d)] which are experimentally no
observed. Only thesDn  1, Dm  0d transition has a
moderate increase with magnetic field and no splitting
displayed in Fig. 3(d). The fact that we do not observ
an increase in energy may be explained, as in the case
the SDE1, to arise either from nonparabolicity or from the
collective nature of the SDE2.

At large q, we observe atB  0 an additional fine
structure at 4 meV [Fig. 1(a)]. We cannot follow this
peak in the magnetic field experiments because of t
limited accessibleq vectors in the split-coil magnet. At
B . 0, we could resolve only the strong SDE2 peak. We
now claim that the additional peak just stems from th
transitions withDm  62. In the parabolic model the
transitions with sDn  0, Dm  62d (additional peak)
and sDn  1, Dm  0d sSDE2d are energetically degen-
erate atB  0. The real dot potential would certainly
deviate from a parabolic shape because we have
proximately 200 electrons in the dot and screening shou
be important. So the other extreme limit would be
hard-wall potential. The real potential should be som
where in between these two limits. In Fig. 3(c) we hav
calculated the energy spectrum for a hard-wall pote
tial with cylindrical symmetry. From this diagram we
can extract two essential results: (i) Transitions wit
sDn  0, Dm  62d (solid arrows) have lower energies
than transitions withsDn  1, Dm  0d (dotted arrows).
This explains the energetic position of the additional pea
in Fig. 1. (ii) Transitions withsDn  0, Dm  62d (ad-
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ditional peak) have a very good approximation twice th
energy of transitions withsDn  0, Dm  61d sSDE1d
even in the case of the hard-wall potential. This is indee
observed in the experiments and marked by the two ver
cal lines in Fig. 1. For clarity, we have labeled the peak
in the experimental spectra in the left panel of Fig. 2 wit
the corresponding transitions.

In conclusion, from our investigations it follows that
in quantum dots dominantly transitions with change
in quantum numbersDn, jDmj # 1 contribute to the
collective low-energy SDE’s, whereas transitions with
Dn, jDmj # 2 are observed only at relatively large wave
vector transferq and form a fine structure. We have
observed all types of elementary electronic excitation
in one and the same quantum dot sample. This ope
the possibility for detailed theoretical studies of the dy
namic response, including the very interesting exchang
correlation effects.
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