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Intersection and anticrossing of far-infrared modes in elliptical guantum dots
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We have investigated elliptically shaped quantum dots in modulation-dop&bhAl,As-GaAs heterostruc-
tures with far-infrared spectroscopy. We observe series of medesand o _; which increase in frequency
with increasing mode index The frequencies .; andw_; at a giveni represent, at a magnetic fieR=0,
oscillations along the short and long axes of the dot, respectively. With a gate voltage we can vary the
ellipticity of the dot; in particular, we can tune the_, mode through thev,,; mode. This leads to an
interesting mode intersection and,Bit-0, to an anticrossing behavior.
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With sophisticated lithography and etching techniques itmode so, in contrast to circular or quadratic dots, the experi-
is possible to fabricate quantum dots of arbitrary shape, startnental sequence of the observed modes has not alternating
ing from modulation-doped GgAlg3As-GaAs hetero- negative and positiveB dispersions. Here the interesting
structures. The excitation spectrum of such quantum dots caguestion arises of whether or not mode repelling occurs in
be investigated most conveniently with far-infrar€elR) such a situation.
spectroscopy. The simplest situation is a circular shaped dot Arrays of elliptical quantum dots have been prepared
with parabolic confinement V(x,y)=3m* w3(x>+y?),  starting from 2DES in modulation-doped aAlq3As-
wherex andy are the coordinates in the plane of the original GaAs heterostructures with an additional &itoped back-
two-dimensional electron systef@DES. Then, according to  gate 200 nm underneath the 2DES. The electron density and
the generalized Kohn theorehpne observes, at magnetic the mobility were Ng=3.14x10"cm™2 and u=620 000
field B=0, onemode at the frequency, of the externalor c?/V s respectively. A photoresist grid mask was prepared
bare potential. With increasindd the mode splits into two, by a holographic double exposure with an in-between 90°
one with a positive dispersionu(, ;) and one with a negative rotation as in Refs. 5 and 8. The periag- 600 nm, was the
dispersion _,). For circular shaped dots with a nonpara- same in both directions, but the exposure in xhdirection
bolic confinement potential, one observes additional sets ofas longer than in thg direction. Then a dry-etching pro-
high-frequency modeso-;, with i=1,2,3,..., which split cess with nominal 180-nm etching depth was performed. A
again with B>0 into two branches with positive- and Tigate of 10 nm was evaporated onto the structure. After the
negativeB dispersions. These modes can be described in &vaporation we obtain samples as shown in Fig. 1. The geo-
localized plasmon modelsee, for example Refs. 2 and 3, metrical shape of our structure here is actually very similar to
and our discussion belgwAn interesting point is that in the samples prepared in Ref. 9. The samples in Ref. 9 had wider
latter case modes . ; intersect with modes»_;(j>i) in a  geometrical wires and a higher electron density, and form
magnetic field. As shown theoretically and experimentally, equantum wires with a modulated density. Here we find that
non-circular-shaped dot is required to lift the degeneracy of
the intersecting modes, leading to an anticrossing behavior, 600,,,”
whichs strength is strongly governed by electron-electron- S

£
interaction effectd: In our paper we are interested in ellip- |
tically shaped dots. If the external potential is parabolic /f182 nm
along the short(x) axis and the long(y) axis, V(X,y) ’S%IT‘
= 3m* (wZx?+ wly?), one expects, according to the gener-
alized Kohn theorem, two modes, ; and w_, in a mag-
netic fieldB, which have, in contrast to circular dots, differ- = 2.5pm

ent frequencies atB=0%’ The corresponding FIR

excitations are center-of-mass oscillations along the short :
and long axes, respectively. We have prepared quantum dots

of elliptical shape with nonparabolic potentials which can be

tuned with a gate voltagé . We observe a rich mode spec-  F|G. 1. AFM image of sample A after dry etching and evapo-

0 um

trum with severalsets of modeso; andw_j, i=1,2,3,....  rating of the Ti gate. In the narrow regimes of the lithographically
A unique situation in our elliptically shaped dots is that we defined wires, the electrons are completely depleted. Elliptical dots
can increase the mode splitting B0, Aw;=w i~ w_;, are formed. The lithographic width of the wire, at maximum, is

so strongly that the frequenay_, decreases below the,;  w,=500nm.
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FIG. 2. Spectra of sample A &;=0.8V corresponding ti . . .
=320 fromB=0T to B=1.8 T incremented by 0.2 T. Spectra are |G- 3. Dispersion of sample B &{;=0.075V corresponding
shifted vertically forB>0 for clarity. The resonance positions are to eight eﬁctrons per dot. iu” lines are fits using ED. with w,
marked by arrows. The regime where an anticrossing of the modes 21-5¢mM -~ and w,=18cm = The dashed line is the cyclotron
occurs is marked by thick arrows. Fits to the dispergiiy. 4) let resonance of the 2DES which is suppressed in dots. Here and in the
us identify the modes a®., andw. 5. following figures modes are marked by f@#mpty symbols, if the

- - excitation is polarized along the shdtbng) axis of the quantum
due to the smaller width and the gate, the electron system ot atB=0.
depleted in the narrow regime, so that actually isolated ellip- ) ) L
tical dots are formed. The electron dendity and the shape trast to circular or quadratic shaped dd@se split into two
of the potential could be changed through a voltagebe- ~ fésonances & =0. These two resonances correspond to os-
tween the gate and the Sidoped backgate. Here in particu- cillations along the long and short axes of the ellipse, which
lar we discuss two different samples A and B with differentc@n be; extracted directly from the corresponding p_ola_lrlzathn
electron numbers af;=0. FIR transmission experiments in Pehavior. The low-frequency branch decreases in intensity
a perpendicular magnetic field have been performed in a siVith increasingd and can, due to the decreasing sensibility
perconducting magnet, which was connected to a Fouriepf our experimental setup at low frequencies, no longer .be
transform spectrometer. The spectral resolution was set tgSolved at largeB. The high-frequency branch increases in
0.5 cmi L and the temperature was 1.8 K. In the following we intensity with increasingB, similar to what is known for
plot the relative transmissio(Va)/T(V+r), where Vo, is circular dots. It approaches the cyclotrqn resonance f_re-
the threshold voltage where the electron system is comduéncyec. The cyclotron resonance itself is not observed in

pletely depleted. the experiment as expected for isolated dots.
As an example for experimental spectra, in Fig. 2 we 1hiS experimental dispersion can be perfectly described
show measurements for sample A ¥g=0.8V (V= by transitions between single-particle energies of the external

—0.2V). At B=0 there are two sets of closely separatedete”t'al?'Y
resonances. These resonances separate increasingly in a mag- o o . e —
netic field and eventually undergo several anticrossings. A= =3[ @z + o)+ i+ Vo +208(w; + o)) + (0 — 0))?],
high magnetic fields E=9T) nearly all the oscillator (1)
strength is concentrated in one cyclotronlike mode. This al-

— *
lows us to extract from the integrated intensity the average&Vhere*"’.C_eB/m IS the cyclotr_on resonance frequency,
Y . > andm* is the effective mass. This indicates that for sample
electron densityNg and then, from the known unit cedl®,

- B at V¢=0.075V the external potential is nearly parabolic
the number of electrons per diit=Nga”.** For sample Aat  poth in x andy directions. Then, according to the general
V=0.8V the values areNg=8.92<10cm 2 and N Kohn theorent, the dipole excitation of the many-body elec-
=320. We have also performed experiments with linearlytron system is a rigid center-of-mass oscillation which occurs
polarized radiation. At smaB this allows us to evaluate the exactly at the transition frequency of the single-particle spec-
direction of the excited charge oscillations. In the following trum of the external potential, independently of how many
we discuss the dispersion derived from such experimentatlectrons are in the dots. This two-mode behavior was ob-
spectra. Modes which have a linear polarization along theerved in several diploma and Ph.D. thega=e, e.g., Refs.
short (long) axis at smallB are marked by fullopen sym- 11 and 12, but to our knowledge has not been published in
bols. a journal.

In Fig. 3 we show the experimental dispersion of sample In Fig. 4 we show measurements of sample A at different
B at Vg=0.075V (V;,=—0.1V) corresponding ttN=8 V. Here we observe not only the two fundamental Kohn
electrons per dot. We observe two branches which, in conmodes, but sets of modes which undergo different types of
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5 with wf = fiwZi andwl;=fiwji. Within this approximation

€ 60 we assume thdt is the same in th& direction as well as the

2 y direction. Indeed, except for the anticrossing, the experi-
% 40 mental dispersions in Fig. 4 are quite well described by this
z

expression. This suggests that the higher-frequency miodes
=2,3,... correspond to higher confined plasmon modes.
Note that some modes, in particular the, mode, have a
very low oscillator strength at smdil, and can only be ob-
served above the regime of the Bernstein modes which are

= 100 explained below. We believe that this arises from the sym-
E 80 metry of these even number modes.

5 From Figs. 4a)—4(c), we observe that there are actually
€ 60 two different types of anticrossings in the dispersions. One
2 type occurs close toa., and resembles the interaction of
% 40fy plasmons in a 2DES with the Bernstein modes. Similar in-
S

teractions were also observed in nonparabolic circular dots,
and discussed extensively in Ref. 14. We will not elaborate
on this here. Another type of anticrossing occurs if a higher-
orderw _; mode intersects with am . ; mode (>]). Model
calculations for few-electron systefrisave shown that such

= 100 an anticrossing does not occur for circularly shaped dots,
E 80 even if the potential is not parabolic; rather, it was shown

5 that a noncircular, shape of the dot, for example a quadratic
£ 60 shape, is required to break the symmetry. It was discussed in
2 Ref. 9 that, besides the symmetry and geometry, the
% 408 electron-electron interaction determines the strength of the
ES

interaction and the resulting splitting in the anticrossing re-
gime. We believe that the same parameters, the geometrical
shape and the electron-electron interaction, are responsible

01234567829  the € on
magnetic field (T) for the anticrossing aB>0 that we observe for our ellipti-
cally shaped dots. A very interesting behavior occurs if we
FIG. 4. Experimental dispersions of sample A @ Vg go to low gate voltages, .9/c=0.2V in Fig. 40), bepause
_ a - ) ; then the two lowest modes both show a negaBveisper-
=0.8V, (b) Vg=0.3V, and(c) Vg=0.2V, with corresponding . Such a situation i X ible for circul drati
electron numbers per dot df= 320, 140, and 90, respectively. The Slon' Oli)c' a SII ua 'Or? IS n_o possl de hor CI'I'TC“. f?r orfql;]a (;a Ic
arrows mark the anticrossing of the modes. c_)ts. VIously we have increase the ellipticity of the dots
with decreasing gate voltage so strongly that the frequency

. . _ L . . of the w_, mode becomes smaller than the ; mode.
anticrossings in a magnetic field. This directly indicates that 11 assignment of these modes can be confirmed by lin-

the external potential is no longer parabolic. To describe thig, polarization experiments. Linearly polarized measure-

behav2|or we expand the edge-magnetoplasmon model Qfients are not easy to perform in our cryogenic environment,
Fetter” In a finite-sized 2DES of radiuR, for B=0 one  hich requires wave-guide optics. Although we could not
obtains the energies of the magnetoplasmdn as expect perfect polarizations in both directions we can clearly
distinguish each mode. Figure 5 shows spectraVat
=0.2V forB=0-0.6 T in the directions parallel to the long
axis (y-polarized directiopand parallel to the short axix-
polarized directiohof the elliptical dots. If we compare the
signal strengths of the two modes with the lowest energies in
€* is the effective dielectric constant, affigl is a constant both directions, the result is that in tlyepolarized direction
which depends slightly on the shape of the potential and itthe modes are significantly stronger than in thdirection.
value isf;=1(0.81) in the model &f** In these models the Therefore, these modes have the same linear polarization. In
modes are 2D plasmon modes which are “confined,” with acontrast, they, ; mode has a larger oscillator strength in the
different number of nodes, in the finite-sized dots. For arx-polarized direction.

elliptically shaped dot we expect, by replacing in Eq. (2) In the following we would like to discuss several aspects
by w, andw, in the respective direction, of the dispersions, and in particular its gate voltage depen-

Ne? i
w2

=f————— —=f wli,
*i lzm* 606*7T R3 0

i=123,... (2
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short axis of the elliptical dot. Thg- (x-) polarized modes are L
marked by thick(thin) arrows. Tt
o
dence in more detail. For this in Fig(és have plotted the {c) /-//:/.
experimental resonance positions.; at B=0, in Fig. Gb) 0.80F ¢/t /-/ o 0'400 2
the splittingA;=w,;—w_;, and in Fig. 6c) the extracted 2 . / 2
potential parametef /f, and electron numbe. In Fig. 6a) 0.75¢ /./' ] o {300 g
we see that in the regimé€;=1.2—0.4V the fundamental = AL * / o
modesw , ; and w_; stay nearly constant. This is consistent 0.70+ 0\ P {200 8
with the expectation from Kohns’ theorem that, if the shape o 7t S
of the external potential stays the same while varyhg, 065 4 o {1007
the frequency does not dependignHigher index modes are . ° humber of electrons
not restricted by Kohns’ theorem. They indeed show a slight osob—— e g
decrease of th&=0 resonance frequency. This is also re- ' 02 04 06 08 10 12
flected in the ratiof;/f,. What is surprising is that these gate voltage (V)

ratios are smaller than 1. For a strict hard wall potential, the

Fetter model, one would expect 1. In experiments in etched FIG. 6. Peak positions aB=0 (a), energy gapsi;= o,
quantum dots usually;/f, is even larger than Isee, for —-;atB=0 (b), extracted potential parametr/f; and electron
example, Ref. 5 We have no definite explanation for this. numberN (right axis (c) vs the gate voltag¥ for sample A.

We believe that our complex geometry with the gate also on

the sidewalls of the etched structures creates such an unusweé can visualize the situation that , decreases below. ;
potential. If we decrease the gate voltage below 0.4 V, irby shifting the anticrossing from finitB to B=0. In such a
Fig. 6(a) we observe a very sudden drop of the; modes, model we would indeed expect that not only the external
in such a way that they decrease below the respeaiive  potential, but also mode repelling, would determine the dis-
modes which stay nearly constant, and lead to the unusuglersion and the gap. However, whereas Bo*0 an w;
situation mentioned above that two modes with negaBve mode can interact with am_; mode, forB=0 we expect
dispersion lay below the ,; mode. that thew_j(w ;) modes can only interact with _;(w ;)

At the same time, the corresponding gaps in Fih)6 modes, since é8=0 “+" and “ —"” modes oscillate either
increase drastically. It is not clear to us whether this behavioalong the long or the short axis and are thus decoupled. Note
arises purely from a sudden change of the external potentiathat for the special situation_,(B=0)=w,(B=0), not
in particular in the long axis direction of the elliptically only the dynamic excitations, but also the underlying energy
shaped dot. That the external potential does not follow thespectrum, exhibit a degeneracy, a degeneracy produced arti-
gate voltage in an absolutely smooth way can also be inficially by tuning the system. These discussions show that in
ferred from the fact that the electron numbéin Fig. 6(c)  tunable elliptical dots rich scenarios of mode coupling, repel-
exhibits a small bump in its dependence gg in this re- ling, and anticrossings can occur. However, full self-
gime. For the anticrossings Bt>0, we have seen above that consistent calculations are highly desirable to make definite
the dispersion is significantly influenced by mode repellingstatements.
enhanced by electron-electron interactfdn.a certain sense In summary, we have prepared elliptically shaped quan-
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tum dots with a tunable ellipticity. These dots show a rich We gratefully acknowledge financial support by the
mode spectrum and a variety of anticrossings and mode in‘Deutsche Forschungsgemeinschaft” through SFB 508
tersections that goes far beyond that of circular or quadrati€Quantum Materials” and the Graduiertenkolleg “Nanos-

dots studied so far. trukturierte Festkger.”
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