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Single-particle excitations and many-patrticle interactions in quantum wires and dots
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We have investigated electronic excitations in GaAg&d; ,As quantum wires, and dots by resonance
Raman spectroscopy. We find for quantum dots and quantum wires three types of excitations; single-particle,
spin-density, and charge-density excitati¢B®E’s, SDE’s, and CDE'’s, respectivelyDur experiments show
that SPE’s are enhanced under conditions of extreme resonance, which indicates that energy-density fluctua-
tions are responsible for the excitation of unscreened SPE’s. The high intensity of the SPE’s allows a detailed
analysis of collective effects in the zero- and one-dimensional electron sy$®ai63-182006)51848-3

In high-quality modulation-doped GaAs-#6a; ,As for quantum dots and wires are even less clear. Very re-
heterostructures nearly perfect two-dimensio(2D) elec-  cently, an interesting paper on quantum dots appedrétie
tron systems with quantized energy levels can be realizeduthors could not resolve SDE, and stress in the conclusion
With sophisticated technology it is possible to produce latthe importance of a distinction between SPE and SDE for a
eral structures and reduce the dimensionality even furthefll understanding of quantum dots. We have prepared quan-
and fabricate one-dimension@dlD) quantum wires and zero- tum dots and wires. We observe, in one and the same
dimensionalOD) quantum dots, the latter with a totally dis- sample, all three types of excitations and can thus directly
crete energy spectruf’n‘j’hese systems have attracted grealpl’obe the finite collective energy renormalizations both for
interest since they allow, in specially tailored structures, &cDE and SDE. We find that for wells, wires, and dots the
detailed investigation of quantum and, in particular, many-strength of the observed excitations depends strongly on the
body effects. Raman spectroscopy is an ideal tool to studincoming laser energy, i.e., excitation close to the band-
these many-body effects since, with polarization-dependeriap resonance drastically increases the strength of the SPE
selection rules, one can map out different many_bodyNith respect to CDE and SDE. We take this as evidence
effects? For a parallel polarization of incoming and Raman- that under conditions of extreme resonance energy-density
scattered photons one measures so called charge-density éctuations® are responsible for the scattering by nearly un-
citations(CDE’s), which reflect the collective excited states screened SPE. We find further that, for wires at large wave
of the electron system and which are renormalized due to theectorq, another single-particle effect, e.g., Landau damping
dynamic charge and spin redistribution. In highly symmetrichas an important influence on the excitations.
systems CDE'’s are the only excitations observed in direct Quantum dot and wire arrays have been prepared by
far-infrared absorptioh.In Raman spectroscopy one can ad-deep-mesa etching;® i.e., etching through the active layer
ditionally measure in crossed polarization collective spin-of a 25-nm-wide, one-sided modulation-doped single quan-
density excitations, which are affected only by the dynamidum well (SQW). The electron density and mobility of the
spin redistribution. It was very surprising with respect to theunstructured sample were about X80 cm™? and
so far accepted thedtythat Pinczuket al? observed on 3.5x10° cm?V ~!s™1, respectively. The period of the array
high-quality two-dimensional systems, in addition to CDE’swasa=500 nm(anda=_800 nm for another set of samples
and SDE'’s, an excitation that exhibited all features of anfor the wires anda=800 nm for the dots. The geometrical
unrenormalized single-particle excitation. This excitation iswidth of the wires wag=170 nm ¢=270 nm andt=240
observed in both polarizations. These results have beenm for the dots. In all samples we still had several 1D sub-
confirmed by a number of authGrswe see it in our 2D  bands or 0D levels occupied. The Raman experiments were
samples, too—however, the scattering mechanism was so faerformed afl =12 K using a closed cycle cryostat. Experi-
not clear. There are also very interesting Raman experimentsents afl =2 K show no significant change in the excitation
on quantum wires and dots° Strenzet al. reported on SPE  spectrum. The energy of the exciting Ti:sapphire laser was in
in quantum wires and observed SPE in ddtsOne- the range of transitions from various confined hole states to
dimensional electron systems which are nearly in the 1Dhe first excited electron state of the unstructured SQW. The
quantum limit have been investigated by Schme#eal®  power densities were below 10 W ¢ri. The spectra were
They found that the relative energy renormalizations of theanalyzed using a triple Raman spectrometer with a liquid
1D intersubband SDE and CDE with respect to the simultanitrogen cooled charge-coupled device camera.
neously observed corresponding SPE are quite similar to In Fig. 1 we show a series of Raman spectra on quantum
those found for 2D systenisHowever, the mechanism and wires with 170 nm geometrical width for different laser en-
conditions for the excitation and strength of collective effectsergiesk, . In Fig. 2 we show measurements on quantum dots
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FIG. 1. Polarized spectra of a quantum wire sample with 170
nm geometrical width for a series of different laser energies. The F|G. 2. Polarized and depolarized spectra of the quantum dot
wave vectorq=0.8x10° cm™* is transferred parallel to the wire  sample for different exciting laser energigs. The subscripts of
direction. The subscriptis of the labels give the changn in the the labels give the chang&n in the zero-dimensional quantum
one-dimensional quantum numberfor the transitions, which con-  hympem for the transitions, which contribute predominantly to the
tribute predominantly to the observed excitations. Some correppserved excitations. The corresponding transitions are sketched in
sponding transitions are sketched in the inset. the inset. The increasing background is due to luminescence, which

. L . is particularly pronounced for the extreme resonance condition at
for different polarizations. Several lines are observed. WeELIi 1558.9 ?’ngv

identify lines which are only observed in parallel polariza-
tion of incident and scattered lighpolarized spectpaas
CDE, those observed only in crossed polarizatidepolar- ~ responsible for the observed SPE's.
ized spectrpas SDE. Lines observed in both polarizations The SPE’s reflect directly the relative position of energy
are labeled, in accordance with Refs. 4 and 9, as SPE. THevels in the quantum dot. The lab&h indicates, as shown
index An indicates the involved change in lateral quantumin the inset of Fig. 2, the change in the energy level index of
number(see below. the involved transitions. The transition energies of the col-
The first observation that we would like to point out is lective CDE’s and SDE’s are of course determined, in a
that the SPE’s are strongly enhanced if we tune the excitingnodel of Hartree and random-phase approximatieRA),
laser lineE close to the band-gap resonance. We find thaby contributions from all transitions from levels below the
this enhancement of the SPE occurs for all systems, quantupermi energy to levels above the Fermi energy. We have
wells, wires, and dots. We have carefully analyzed this beperformed calculationgsee below and find that different
havior by recording extensive series of spectra for differengycitations are predominantly determined by a certsin
closely spaced, , as shown in Fig. 1. A quite similar oc- This An we use to label the excitations. The excitation

curance of SPE under conditions of extreme resonancgpe, js not resolved in Fig. 2. This transition has odd parity
which means thak, is very close to the bandgap energy, 54 is thus, in first approximation, forbidden.

; ; 16
was observed im-doped bulk GaAs by Pinczust al.™® The In Fig. (8 we summarize the dependence of the ob-

authors could e_xplam this behawor by epr|C|t_|ncIu3|on of served excitations in the dots. It shows that the energetic
the hole bands in the calculation of the scattering cross se¢-_ .. N
tion. This kind of scattering mechanism, which stems fromposmons of the observed 0D excitations do not depend on

energy band dispersion effects, was first introduced by phe tra_nsferr_ed wave vectay. This is a c_Iear_ signature of
Wolff as scattering by energy-density fluctuatidfid’ Also  2ero-dimensional behavior. The arrows in Figa)3ndicate

in p-doped GaAs-AlGa,,As quantum well structures it has the energy renormalizations of the collective exqtgtlons with
been found that energy-density fluctuations are the dominartN=2 With respect to the SPE For these excitations the
scattering mechanism in the inelastic light scattering by inJatio (EspeEspg/(EcpeEspg is about 0.12. Interestingly,
tersubband hole excitations at th&, gap® In all our this ratio seems to increase with increasig. While the
samples, we find that CDE and SDE could also be observe@inergetic positions of the observed 0D excitations do not
at laser energies far above the effective band gap due to @epend ong, the intensities do. Within the measured
excitonic three-step scattering mechanism which was prorange, the intensities of the observed excitations increase
posed by Danaet al!® (e.g., CDE in Fig. 1). In contrast, with increasingg.

SPE’s only occur if the laser energy is tuned close to the In quantum wires which were nearly in the 1D quantum
effective band gap and their intensities drastically decreaskmit SDE, SPE, and CDE have been investigated by
away from the band gap resonance energy as demonstrat&g¢hmelleret al® The interesting point in our investigations

in Fig. 1 for the wires. For two different laser energies this isis that we have systems with several occupied subbands. For
shown in Fig. 2 for a dot sample with 240 nm dot diameter.such systems it has been assumed that the exchange contri-
This clearly demonstrates that conditions of extreme resobutions to the energy renormalizations of collective excita-
nance are necessary for the observation of single-particle exions could probably be cancell@¥?! Our investigations
citations. We therefore draw the conclusion that energyshow that the exchange interaction in quantum wires with
density fluctuations as considered by Whifind Klein’ are  several occupied subbands has a small but finite value with
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FIG. 3. () Wave-vector dispersions of the experimental excita- ’ M 0 A / 0
tions in a dot sample. The arrows indicate the energy renormaliza- .
tions of theAn=2 collective excitations with respect to the corre- 0 5 10 15 20 25 5 10 15 20 25
sponding SPE (b) Wave-vector dispersions of the observed Raman shift (meV)

excitations in a quantum wire sample. SDE are marked with open

circles, SPE with filled circles, and CDE with filled squares. The k|G, 4. Depolarizeda) and polarizedb) Raman spectra of a
shaded area marks the calculated single-particle continua. quantum wire sample for different wave vectgrat a laser energy
E, =1600.3 meV. The wave vectay is transferred parallel to the
wires (see inset The notation §,p) in () means that the polariza-
respect to the direct Coulomb interaction. For the case ofion direction of the incident light was perpendiculaj @nd that of
wires the situation is generally more involved, because herfe scattéred light was parallep) to the wire direction. Corre-
the electrons can move freely along the wire direction. InSPondingly, in(b) both polarizations were parallel to the wire di-
Fig. 4 we show for a series of differegtvectors depolarized [Sr%t;gg'sgemigne at 15 meV in the polarized spectra is due to hot
and polarized Raman spectra of electronic excitations in the '
same quantum wire sample as displayed in Fig. 1. These
spectra were recorded at laser energies well above the baade hence not Landau dampleste also Fig. @)]. A closer
gap, so that SPE do not occur in these spectra. ldei® look onto the behavior of the experimentally observed
transferred parallel to the wire directiqeee inset In this  SPE,, (filled circles shows that the single-particle subband
scattering configuration the Raman allowed excitations wittstructure is more complicated than the parabolic assumption
even parity are most prominent in the spedsee also Fig. suggests. The experimental energiesjat0 do not exactly
1). In Fig. 4@ the intraband SDEXn=0) can be observed. fit with the energies in the parabolic model. Furthermore
Ilts energy tends to zero with vanishirg The polarized the measured dispersion shows an upcurvature. By self-
spectra[Fig. 4(b)] show the corresponding 1D intraband consistent subband calculations, we find indeed that the
plasmon @n=0).The behavior of the collectiv&n=2  effective potential is not parabolic. We note here that our
intersubband excitations in dependence on the wave vectQgcylations yield 9 occupied one-dimensional subbands for
q1s stlelneg different for the SDE's :pd CDES;f The the quantum wire sample. A comparison of the respective
e o B i et ociaion eneres vilds @ el Eoerd
. N .2 for the observed excitations in the quantum wire
CDE, is aimost free of Landau dampirgrig. 4(b)]. Here Fample, so similar as in the case of dots. Thus, also 1D

N means the one—dlm_en5|onal subband q”a”.‘””.‘ ”“”.”be“ sttems with several occupied 1D subbands show finite ex-
Fig. 3(b) the g dispersions of all observed excitations in the o
ﬁgange contributions.

guantum wire sample are shown. The shaded areas mark tl .
In conclusion we have observed all types of elementary

calculated continua of SPE. The continua have been cal- . o .
culated under the simplified assumption of a parabolic effecElectronic excitations—SPE, SDE, and CDE—in one and the
tive lateral potential, neglecting terms wit?, where we same quantum ddivire) sample. We find that scattering by

have taken into account that each continuum consists of §PE IS sttronglltysnhanchgdhugder contd|tt|onstr?ftcltcr)]se bar:?—gap
range of m narrow continua for the transitions with 20t B S &b R0 e Tor the observa.
An=m, respectively. The quantization energ$.5 me\j y 9y y P

and one-dimensional electron density (150° em ) have L % GRRIEIEE CTC T8 e R T S R
been determined by microwave magnetic-depopulation MeE ero- and one-dimer):sional elec}[lropn systems. Our investiga-
surements which were performed under nearly the same i—ions ield a typical ratioEspeE E)/(Ey E .F)~O 1 for 9
lumination conditions as the Raman experiments. Figig 3 the ogserved >g::(citations 'Sl'liﬁs ShDoIds Cch)rE ?Jgnturﬁ wire as
shows that the intersubband SPEwith An=1,2,3 (open : . 4 .
. . . , . well as for quantum dot samples with several occupied levels
circles enter the corresponding single-particle continua at
. ; or subbands.

very small wave vectorg. This explains the strong effect of

Landau damping that is observed in Figa}4for SDE,. In This work was supported by the Deutsche Forschungs-
contrast, the corresponding CREdo not enter these single- gemeinschaft via the Graduiertenkolleg “Nanostrukturierte

particle continua in the experimental accessipleange and Festkaper” and Project No. He1938/6.
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