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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 excitations,
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 transitibmsAm), where
changesAn and Am are changes in radial and angular momentum quantum numbers, respectively.
[S0031-9007(98)05571-9]

PACS numbers: 73.20.Dx, 71.45.Gm, 73.20.Mf, 78.55.Cr

Modern sophisticated growth techniques for semiconB. In contrast to the SPE, these excitations are very sharp
ductor structures, such as molecular-beam epitaxy in comand allow a fundamental investigation. Bt= 0, we find
bination with the technique of modulation doping havefor largeg a detailed fine structure in the spectrum of the
made it possible to realize nearly perfect two-dimensionaBDE’s. At B > 0, we observe a characteristic splitting
(2D) electron gases in semiconductor heterostructures af the lowest SDE mode, the SPE The low-frequency
guantum wells. Such structures are ideal starting pointbranch has a negative dispersion and represents a col-
to fabricate systems with further reduced dimensionaliective edge-spin-density mode. The SDias a much
ity, e.g., quantum wires and quasi-zero-dimensional (OD)ower energy than the COEnode, the Kohn’s mode [6],
dots. The latter can be considered as some kind of artend its energy is very close to the single-particle level
ficial atoms. The electronic excitations in these 0D sysspacing between the highest occupied and the first unoc-
tems can be probed advantageously by resonant Ramanpied level in the quantum dot. Interestingly, the second
spectroscopy. In zinc blende-type semiconductors onspin-density mode, the SBEshows no significant energy
can excite collective charge-density excitations (CDEghift with B. The analysis of this behavior, in combina-
plasmons), which energies are renormalized with respec¢ion with our investigations at various wave vectqrsal-
to single-particle energy spacings due to direct and extows us to identify the involved single-particle transitions.
change Coulomb interactions. One can also excite colfhey take place between different electronic shells and re-
lective spin-density excitations (SDE) [1], which are semble an atomic fine structure. Our investigations give a
affected only by exchange interaction and are thereeomplementary view of the recent investigations of quan-
fore redshifted with respect to the corresponding singletum dot atoms by transport and capacitance spectroscopy
particle energies [2,3]. The CDE and SDE can be(e.g., Refs. [7-9]).
distinguished by polarization selection rules. CDE are For our studies we have prepared arrays of deep-etched
observed if the polarizations of the incoming and scatquantum dots by holographic lithography and reactive-
tered light are parallel to each other (polarized geometryjlon etching on one-sided modulation-doped GaAs
and SDE if the polarizations are perpendicular (depolarAly;Ga As single quantum wells with 25 nm well
ized geometry). There is a number of interesting Ramamvidth. The carrier densities and mobility of the quantum
investigations of modulation-doped quantum-dot strucwell samples were in the range ¢f-8) x 10'' cm™2
tures with [4] and without [3,5] external magnetic field. and7 X 10° cm? V- !s™!, respectively. The lateral dot
Lockwoodet al. [4] recently found evidence for the shell diameters were in the range 6f0—-250 nm. Raman ex-
structure in quantum dots by comparing single-particle experiments have been performed in a closed-cycle cryostat
citations (SPE), so called since they occur in both poatT = 12 K, and atT = 2 K in a split-coil magnet.
larization geometries [2], with a self-consistent Hartree Raman spectra of a quantum dot sample with 240 nm
calculation. We present in this Letter measurements odots are shown in Fig. 1. To transfer a wave vector
high-quality GaAs-AlGaAs quantum dots where we pre-¢g in the lateral direction, the sample normal was tilted
serve polarization selection rules and can resolve in onwith respect to the directions of incoming and scattered
and the same quantum-dot sample in addition to the SPEght. Three well pronounced peaks can be observed in
the spectrum of collective CDE and SDE in dependencéhe depolarized geometry at largdFig. 1(a)]. From the
on the transferred lateral wave vectpand magnetic field polarization selection rules these peaks can be identified

0031-900798/80(12)/2673(4)$15.00 © 1998 The American Physical Society 2673



VOLUME 80, NUMBER 12 PHYSICAL REVIEW LETTERS 23 MRcH 1998

LA I T tional peak occurs. By slightly changing the laser energy
@ “l i / [%g 557 and thereby the resonant conditions (spectrum with an as-
Sl 1 [24444/ terisk), this additional peak can be resonantly enhanced.

S?E‘ SoE AN2 L (ii) The SDE, SDE, and the additional peak have essen-

tially the same linewidti=0.5 meV), whereas the SDE
q(10%cm™) has more than twice the linewidth of the other peaks
(=1.1 meV), and (iii) the energetic position of the ad-
ditional peak is almost exactly twice that of the SDE
1.03 (marked with vertical dashed lines). We will come back
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A of the experiments in a magnetic field.
40 A 0.68 i 0.42 The spectra discussed so far were taken from exten-
N{‘"’W 0.42 '\ sive series of measurements for many different laser fre-
M Wopgena 0.23 el 01-23 guencies well above the band gap, where the spectra are
o 2 4 6 8 10 o0 5 10 15 20 2 dominated by the collective excitations. We note that,

Raman shift (meV) if we tune the laser frequency close to the effective

FIG. 1. (a) Depolarized and (b) polarized Raman spectra Ofand gap of the system, i.e., under conditions of extreme
a quantum dot sample with 240 nm dot diameter for differen esonance, the spectra are dominated by SPE’s, which

wave-vector transfey. The depolarized spectra in (a) were OCCUr in both polarizations and are very similar to the
recorded at a laser energy, = 1600.7 meV, the spectrum excitations observed in Ref. [4]. For illustration, we
marked with(x) at £, = 1601.3 meV. The insets sketch (a) compare in the left panel of Fig. 2 these SPE-dominated
those single-particle transitions which predominantly contributespectra with SDE- and CDE-dominated spectra. In the
f/%cttr;? t?;)s;revrled excitations, and (b) the direction of VVave'right panel we discuss the experimental dispersions of
SDE’s (solid symbols) and CDE’s (open symbols) in
an external magnetic field. We find that in a magnetic
as SDE's. As we will see below, the energies of thesdield plasmons can also be observed in the depolarized
collective SDE’s are very close to single-particle levelgeometry. The open triangles in Fig. 2 correspond to
spacings in the dots, as sketched in the inset in Fig. 1(alLDE’s which are most pronounced in depolarized spectra
Energy renormalizations due to collective effects areand the open squares to CDE’s which are dominant in po-
about10%. Thus it may be justified to compare theselarized scattering geometry. Our SPE’s have a half-width
excitations in the depolarized spectra with the single-of 1.5 meV, about half the linewidth reported in Ref. [4].
particle spectrum of a quantum dot, neglecting the smalWe find that the SDE’s are even shargef0.5 meV),
collective effects for a moment. In accordance withwhich allows us to do a detailed study of the dynamic
Ref. [5], we can attribute the first pea8DE;) to single-
particle transitions from the highest occupied to the first
unoccupied level in the quantum dot, the second peak

(SDE,) to transitions withAN = 2, and for the third peak B=0T - 240 nm quantum q,sis o 118
AN = 3, as sketched in the inset. q=1.3x10°cm’ ’
The polarized spectra in Fig. 1(b) exhibit a very strong [
CDE; peak and, foy = 1 X 10° cm™!, a weaker CDE CDE
The large difference in energetic positions between the

CDE; and SDE is due to many-particle interactions [3]. SFE
At small ¢ we observe only one peak, both for the de-
polarized and the polarized spectra. Considering gen- 0.0
eral aspects of Raman scattering one can say that in a | .0 £\
symmetric system the Raman allowed excitations have |@=2)
even parity because the Raman process is a two-photon |©.1)
process. This implies that the excitation at 4.5 meV in  |**"
the depolarized spectra (labeled SpEnd the one at

10.5 meV in the polarized spectra (labeled GPBave

even parity. The symmetries of the excitations are broFIG. 2. B dispersions of SDE's (solid symbols) and CDE'’s
ken by applying a wave-vector transfer in the lateral di-(open symbols) in a quantum-dot sample. In the left panel

: ; o ; i sSpectra of SDE’s and CDE’s faB = 0 are displayed, which
rection and Raman forbidden excitations with odd parlty\'fvere taken atf, ~ 1587 meV. The spectrum of SPE's was

occur. From t?e d(EE)olarized spectra at large wave VeClQLcorded at a laser ener@y = 1561 meV under conditions of
g = 1.32 X 10° cm™* three remarkable facts can be eX- extreme resonance. For better comparison we have subtracted
tracted. (i) At the low-energy side of the SPBN addi- from this spectrum the hot luminescence background.

SDE
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excitations in the quantum systems. We note here thdtAn = 0,Am = *1) or (An = 1A,m = *1) as marked
for measurements & > 0 in the split-coil magnet we by the solid arrows in Fig. 3(a). Correspondingly, this also
have to use glancing incidence of the laser beam ontomplies that the transitions take place between orbitals with
the sample from a side window to realize a finite wave-different symmetry or parity. Figure 3(b) displays the cor-
vector transfer in the lateral direction if the magnetic fieldresponding result for a finite magnetic fieRl= 0.5 T.
is oriented parallel to the sample normal. Therefore weAs indicated by the solid arrows we can see that some
are restricted to a value a@f = 0.8 X 10° cm™! for the transition energies decrease while others increase with in-
wave-vector transfer. Thus we cannot follow all excita-creasingB. Concerning our experimental observation this
tions, in particular, also the SPE’s, Bt= 0 to higherB. gives the correct result: The two dotted lines, starting
We do not want to elaborate in detail on the observedt 2 meV atB = 0 in Fig. 2, mark the transition ener-
magnetoplasmon modes (open symbols in Fig. 2) becaugges calculated with Eq. (1) fddn = 0,Am = *1) and
this point is well known from far infrared (FIR) experi- (An = 1, Am = *1) which are energetically degenerate
ments [6,10,11]. We rather want to concentrate on th¢see also Fig. 3(d)]. In this parabolic model the splitting
SDE'’s (solid symbols) in Fig. 2. The SDEsplits into  between the two branches is exactly. We note here
two branches at finite magnetic field. Interestingly thethat this situation is the analog to the splitting of the Kohn’s
SDE, shows neither a significant splitting nor an energymode in a magnetic field. The crucial difference is that the
shift with magnetic field. The signals corresponding toKohn’s mode represents the quantization energy of the ex-
the SDE are very weak and broad so that we cannoternal potential, whereas here the SD&presents approxi-
definitely say if there is a splitting or not. We find for mately the single-particle energy spacing of the screened
all observed spin-density excitations that their intensitiedateral potential. This analogy leads us to the interpre-
drop drastically with increasing magnetic field and attation that the excitation of the lower branch is an edge
fields above 2 T they can no longer be resolved. spin-density mode where the electrons perform skipping-
In the following we want to discuss and interpret our ob-orbit motions at the edge of the dot. The slight devia-
servations in a simple qualitative model. It is well known tion of the experimental points in the upper branch from
from FIR experiments and theoretical considerations on
modulation-doped deep-etched structures that the external

lateral potential is toa g_ood approximation parabolic [10]. 10 N 777 10 NV
Therefore we can in a first approach assume that also the ~ g| YW A A A A sl \\.\r . \_ v _//.
effective (screened) potential of our quantum dot is para- _ \l Y oA S o L NN ,Q-
bolic. The energies for an electron in a two-dimensional S 6% ‘V/d/'/ "1 2 er \'\_//af/
parabolic potential with external magnetic field are ¢ 4} \l\f b /'/f G4} \.\/_/
given by 2 .-42 electr..gj.kps ;d 2 ._42 electr. \\_ /
5 w.\? w, LB=0T ¥ (@ B=05T (b)
Enm=(2n+|m|+1)hﬂo+<—>+mh—. 0ttt L 0l
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Heren is the so called radial ane the azimuthal or an- 20}
gular momentum quantum numbél; is the quantization s°15 I
energy. In Fig. 3(a) the spectrum (solid squares) corre-= 1o

sponding to Eq. (1) is displayed f@ = 0, i.e., . = 0. Gt
The lines connect points which belong to the sameThe R
radial quantum number = 0, 1,2, ... rises from the bot- 0 0.0 ) ;
tom to the top. With, e.qg., the labels™or “ p,” we have ' 1

indicated the character of the quasiatomic shells as guasi- B(T)
or quasip orbitals, respectively. We call guasibecause FiG. 3. Calculated energies for a quantum dot with parabolic
the symmetries of these quantum dot orbitals are differergffective potential without (a) and with (b) external magnetic
from that of real 3D atoms. From geometrical considerafield. (c) Calculated energies in a dot with cylindrical symme-
tions we can estimate the number of electrons per dot in odfy @nd hard walls. (d) Single-particle transition energies for a

ST arabolic quantum dot with external magnetic field. The solid
structure to be about 200. For simplicity, in Fig. 3 we havefi)nes mark the experimentally observed transitions; the dashed

considered 42 electrons per dot but this makes no qualitames give the forbidden next higher transitions. For the two
tive difference in our interpretation. Considering Eq. (1),dashed lines starting d2/Q, = 1 the corresponding transi-
one can easily see that here the lateral quantum nuniper tions are(—1, =3) and (2, +3), for the dashed lines starting at
in the insetin Fig. 1, is defined By = 21 + |m| + 1. In 0/Q¢ = 2,(0,*+2), and(2, £2). In a hard-wall potential, the

o . . (0, =2) and (2, =2) are shifted to lower energies and are caus-
the caseAN = 1 we can make transitions from the high- 1”2 fine structure. O, characterizes the parabolic potential,
est occupied level [horizontal dashed line in Fig. 3(a)] tow, = (11/2m*) (/a)?, with a being the dot diameter, charac-

the next higher level. This means, e.g., transitions witherizes the hard-wall potential.
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the calculated line can be attributed to a nonparabolicitglitional peak) have a very good approximation twice the

in the real effective potential or to an effect of the so farenergy of transitions witiAn = 0,Am = =1) (SDE)

neglected collective nature of the excitations. The coleven in the case of the hard-wall potential. This is indeed

lective nature of the SDE’s can furthermore be deducedbserved in the experiments and marked by the two verti-

from the observed vanishing of the excitations at relacal lines in Fig. 1. For clarity, we have labeled the peaks

tively small magnetic fields. This can be understood asn the experimental spectra in the left panel of Fig. 2 with

an effect of Landau damping: At finite magnetic field the corresponding transitions.

all degeneracies are lifted and several single-particle tran- In conclusion, from our investigations it follows that

sitions with different energies are possible. The singlein quantum dots dominantly transitions with changes

particle lines cross the energies of the SDE so that they gén quantum numbersAn, |[Am| = 1 contribute to the

Landau damped. For illustration, the forbidden next highecollective low-energy SDE’s, whereas transitions with

transitions are displayed in Fig. 3(d) (dashed lines). An,|Am| = 2 are observed only at relatively large wave-
For the SDE, in principle, also several transitions vector transferg and form a fine structure. We have

are possible which can easily be seen in Fig. 3(a). Bubbserved all types of elementary electronic excitations

from our experimental observations we deduce that onlyn one and the same quantum dot sample. This opens

one type of excitation may significantly contribute to the possibility for detailed theoretical studies of the dy-

the experimentally observed SPlpeak: transitions with namic response, including the very interesting exchange-

(An = 1,Am = 0). In other words, transitions between correlation effects.

orbitals with the same symmetry, e.g., from quadb We thank Vidar Gudmundsson for valuable dis-

quasis orbitals or from quasp to quasip orbitals, and so cussions. This work was supported by the Deutsche

on, which is again characteristic of the two-photon Ramarkorschungsgemeinschaft via the Graduiertenkolleg

process. Some transitions are marked by dashed arrows‘iRhysik nanostrukturierter Festkérper” and Projects No.

Fig. 3(a). All other possible transitions hajém| = 2. Hel93§6 and He19387.

In a magnetic field, this results in splittings2w. [see

dashed lines in Fig. 3(d)] which are experimentally not

observed. Only théAn = 1, Am = 0) transition has a
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