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Magnetoplasmon mode in connected quantum-wire pairs
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We study the magnetoplasma excitations of field-effect-induced quantum-wire lattices with a unit cell that
contains two closely spaced electron channels. The far-infrared-transmission spectra contain an additional
mode that is not present in lattices with a simple unit cell investigated previously. We show with a classical
model as well as by quantum-mechanical calculations that this mode can be explained by an interwire motion
of the electrons that is characteristic for the double-wire syst&80163-18207)51304-X

Interactions between semiconductor nanostructures sudion experiments is divided into 49 writing fields each of the
as quantum wirds*and quantum dotsare subject to current  size 430< 430 um? which are individually exposed with the
intensive research. Previous work has focused on Coulomé-beam writer. In order to ensure that all gates are safely
coupling 2 and tunneling®* In this paper, we report on the connected, a coarse forklike gate consisting of eight 160-nm-
manifestation of coupling by direct charge exchange in thdhick Au fingers is prepared with optical lithography prior to
magnetoplasmon spectra of parallel quantum wires. The codbe exposure of the writing fields. The writing fields for the
pling results in an additional resonance at high magneti€@-beam lithography are placed between the fingers of the
fields that dominates the spectrum as the overall electrofPrk with the stripes running perpendicular to the fingers. At
density increases. the sides of the writing fields that are connected to the fingers

Due to the preparation by holographic lithogragShyre- pf the fork. we added 5bm—vx_/ide ;tripes in order to _avoi_d
vious research concentrated on guantum wire lattices witmperfect lithography at the junction between the thin wires
evenly spaced channels. The periodicity of the lattice therebnd the relatively thick fork. Thus in our experiments we
plays an important part in the observable interaction phe@lways observe, besides the wire modes of interest, a cyclo-
nomena. Our samples were structured by electron beam [ffon resonance that stems from the two-dimensid@al)
thography, giving us the opportunity to put two closely €lectron system under these stripes.
spaced channels in one unit cell of the lattice, as shown in The sample was cooled to 2.2 K and exposed to a constant
Fig. 1. The large distance of the wire pairs ensures that waagnetic fieldB in the z direction perpendicular to the
observe only the interaction of two parallel wires, the latticeSa8mple. At magnetic fields abevt T weclearly resolve a
serving only to enhance the signal-to-noise ratio in the exFIR mode with resonance position between the cyclotron
periment. Figure 1 shows a cross section through a unit cellesonance frequency and the fundamental intrawire mode of
of the lattice that is periodically repeated in thedirection.  the single wires. In previous FIR experiments with single
The electron system is induced by field-effect beneath th@uantum wire lattices with various peridd8 such a mode
gate electrodes at the interface between the GaAs spacer afi@S not been observed. Figure 2 shows FIR spectra taken at 8
an undoped GaAs/AlAs superlattice that serves as barrier
versus the gates. The 16n-thick spacer separates the ion-
ized donors in the Si-doped back contact from the electron % _

system. This increases the mobility of the electron ‘gas. d Gahs cap layer (10 nm)

. . . GaAs/AlAs superlattice (32 nm)
The semitransparent gate electrodes consist of an 8-nm-thick £
NiCr (1:1) layer. From atomic force microscope images we Quanturn Wires
determined the width of the gate stripes to be approximately GaAs spacer (1.5 ym)
150 nm, the smaller distance between the stripes 125 nm, z Si-doped GaAs back contact (30 nm)
and the larger one 900 nm, yielding an overall period of s

aAs substrate

1325 nm.

We probe the high-frequency excitations of the wire su-
perlattice with far-infrared (FIR) spectroscopy using a
Fourier-transform spectrometer. The FIR transmission ex- F|G. 1. Schematic cross-sectional view of a unit cell of the wire
periments require active sample areas that are larger than thgtice, showing the epitaxial layers of the heterostructure and the
writing area of our modified scanning electron microscopegate layout. Note that the dimensions in theirection are not to
Therefore the active area ofx8 mn¥ used in our transmis- scale.
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FIG. 2. FIR transmission spectra of a typical sample for gate ) o ) )
voltages from 0.75 V to 1.25 V in steps of 0.05 V from top to FIG. 3. Relative transmission of the double wire system in the
bottom. The traces are offset for clarity. classical model for gate voltages from 0.75 V to 1.25 V in steps of

0.10 V from top to bottom. The traces are offset for clarity.

T and different gate voltages. The peak labeled CR is th .
cyclotron resonance of the 2D electron system mentione ce between'the gates is also cgvereq by 'metal. The 2D
above. We attribute the shift of the cyclotron resonance fron,glectro_n densityn in the system is written in the fqrm
109 to 106 cm? to the influence of nonparabolicity effects r.‘(tfx)_nO(X)+ 5n(x)gxp(—|wt), where nO(X). is the equi-
increasing the electron effective mass from 0.06§50 librium electron (_jensny in the channels W!thout excitation
0.0705n,, (nq or ny depending orx) and én(x)<<ngy(x) is the density

At 0.75 V, aside from the cyclotron resonance, a Wealjluctuatlon dqe tp the pIa;mqn. ".] order to calculate the 2D
broad peak Iébele(i) at 112.5 cm* from the wire sys,tem js current density in thex direction j(t,x) = o(w,X) Eit,X) ,
visible. With increasing gate voltage the oscillator strengthWe use the Drude conductivity obtained from Newton's

of this resonance first increases and then decreases inghﬁ uations

for voltages above 1.15 V. The position shifts with increas- e? iw

ing gate voltage initially towards higher energy and, within o(w,X)=—No(X) —— (2
the resolution of the spectra, remains constant for voltages m W T

above 1.20 V. At 1.0 V a peak at 112 cf (2) appears and get the following differential equation:
whose oscillator strength increases rapidly with the gate volt-

age. In the examined voltage range, no saturation of the os- Pj(X) m*e e wz—wg_ . €€

cillator strength of this resonance is visible. Due to experi- X2 d  ng(x) i0=io—Eee. ()
mental constraints, measurements were performed only for ) )

gate voltages up to 1.25 V. Here m* is the effective mass of the electrons and

In order to elucidate the origin of the different modes we@.=€B/m* is the cyclotron frequency. Fdf.,=0 Eg.(3)
first present a simple classical model. It is valid for the casdS analogous to Schdinger’s equation, giving us a complete
of high magnetic fields as in the experiments. The electror$€t of orthogonal, normalizable eigenfunctiongx) from
system is considered to be confined in they] plane. We  Which we construct the solutioj(x) of Eq. (3) for the case
assume that with increasing gate Vo|tage the channels are @Xﬁﬁo. We then. calculate the relative transmission detected
longer completely separated, but connected by a region df the FIR experiment:
lower electron density. The electron system is described by _
two parallel stripes of constant two-dimensional electron Tsanl®) _ 1+ \/f—r +Zo0 gate
densityn, tha.t are connectgd by another stripe _with. lower Tedw) |1+ Ve, + ZO[O-_gate+0-_eﬁ(w)]’ '
electron density,. We describe the total electric field in the . _ o
x direction including the linearly polarized homogeneous ex-H€réZo=(¢€oC) "~ andogaeis an average sheet conductivity

‘ 2

(4)

ternal field and the internal field by that takes into account the gate as well as the back elec-
trodes. The average effective 2D conductivity of the double
ed an(t,x) wire system is
Eio(t,Xx) = €€ OX +Eex@Xp —iwt), 1 o 1 i(%)
Falo)= T [ Eax, ®
ext

where e is the elementary charge, is the separation be-
tween gate and electron systeep,is the dielectric constant whereL is the period of the gate lattice. Figure 3 shows
of the semiconductore, is the vacuum permittivity, and transmission spectra calculated with E¢). We used the
Eex is the amplitude of the external electric field. Here weparametersm* =0.07m,, €, =12.5, ando gy 0.0092 1.
assumed that the lateral size of the double wire system iBrom calculations of the bare lateral confining potential we
large compared to the separatidnbetween the gate and estimate the channels to be approximately 150 nm wide and
electron system and, for the sake of simplicity, that the surthe distance of the channel centers to be approximately 220
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. - FIG. 5. Absorbed power in the Hartree approximation for 8
FIG. 4. Current densities of the modé&l (solid lineg and(2) different electron der?sitiesn1D=O.125 0.62§p 1125 1.625

(dashed lingscalculated in the classical model. Gate voltages: 0.752.125’ 2.5, 3.0, and 3610 cm L. The curves are increasingly
V, 1.05 V, and 1.25 V from bottom to top. The traces are offset for g . Lo . _

. . . . offset with increasing densitg=8 T, m* =0.07m,, T=4 K, and
clarity. The vertical lines denote the borders between the regions

with electron densities; (left and righ} andn, (middle). &=12.53.
2 2
L X X
nm. As an approximation, we assume that the electron den- Vot X) = %ﬁw()(_) [1_ o exp{ - <_) ] (6)
sitiesn, andn, increase with the gate voltagé, according lo Blo

to the formulan;(U4) = N(U4—U{)). From the total oscilla-
tor strength of the measured spectra we obtain a value
n;~10" cm 2atU,=0.95 V. The threshold voltages for the
channels and the middle region were estimated from th
spectra to baJ{Y'=0.70 V andU{?’=0.95 V, respectively.

ith the parametersa=2, B=12, fimy=4 meV, and
qlf/o= Vi/(m* wg). The external electric field is again linearly
olarized transverse to the quantum wire. The power absorp-
ion is calculated from Joule’s law for the self-consistent
, o i electric fieldEg=Egyt Ejng, WhereEj,q is induced by the
Fro_r721 t_hlese valueN is calculated to beN=4x10* density displacement caused By,. At zero magnetic field,
cm VoL 17 subbands are occupied for a one-dimensional electron

The calculated spectra nicely reproduce the appearanGfansity of 1x 10’ cm 1. For B=8 T, one to three Landau

and the increase of the resonar(@ with increasing gate |evels are occupied, depending on the density. The power
voltage. The values for the oscillator strgngth are comparablgbsorption in the Hartree approximation is seen in Fig. 5.
to the measured ones. The marked shift of the mddido  The spectra are similar to those calculated with the classical
higher energies with increasing gate voltage is caused by th@odel, and are in very good agreement with the experimen-
rectangular shape of the static electron density distributiona| gata. The oscillator strength distribution between the two
In the experiment, the confinement potential is not rectanguresonances is reproduced and the shift of mdgshows the
lar and the width of the double wires increases with the gatgame pehavior as in the experiment. This contrasts with the

volta}ge. This results in a smaller shiftee belov)/._ _ classical model and is due to the “soft” confinement used in
Figure 4 shows the calculated current densifigx) for

the two lowest modes at three different gate voltages. Peak ,
(2) associated withj(,)(x) (dashed lingsis the interwire
resonance of the coupled wire systgjy,(x) has no nodg
whereas peakl) associated with ;)(x) (solid lineg is the
intrawire resonance of the individual channgjg;y(x) has
two nodes near the boundaries between the channels and th
middle region. With increasing electron density,, mode
(1) assumes the character of the first dipole-active harmonic
of the wide wire formed by the entire system. Since the
oscillator strength of the different modes scales with
[[j,(x)dx]?, the redistribution of the oscillator strength be-
tween the modes&l) and (2) is evident from Fig. 4.

For a more quantitative ana|ysisy we have calculated the A ST FUTH FRETL ANAT FRRTE FNURL ANATE RUTWE FEATE A

. . . 250 -200 -150 -100 -50 4] 50 100 150 200 250

absorption of the double wire system self-consistently, treat- X (nm)
ing the electron-electron interaction in the time-dependent
Hartree approximatiofr'® We again neglect the spin degree  FiG. 6. 2D electron densities in the Hartree approximation for
of freedom and consider the electron system to have no eXy,;=1.125< 10’ cm™ L. Bottom curve and left axis: ground-state
tension in the direction perpendicular to the 2D plane. Frondensity. Top curves and right axis: induced densities for the reso-
calculations of the bare confining potential for one wire pairnances(1) (solid line) and (2) (dashed lingin Fig. 5. The other
we infer the following formula as an approximation: parameters are as in Fig. 5.
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the calculation that causes a smooth shape of the grourdgknsity increases, the induced density of this double-wire
state density that is displayed in Fig. 6, bottom curve. mode more and more assumes the character of the funda-
Peak(2) shows a slight shift to higher energy with in- mental mode of a single wire.
creasing density in both the classical and the quantum- We have also performed classical and quantum-
mechanical calculations, whereas in Fig. 2, pé@kappar- mechanical calculations of the FIR absorption of evenly
ently does not shift with the gate voltage. This difference issPaced wires at the transition from isolated wires to a weakly
caused by the fact that we neglect the change of the confifdodulated 2D system. For an excitation by a spatially homo-
ing potential with increasing gate voltage and do not perforn€Neous electric flgld in the direction, a mode correspond-
a completely self-consistent device simulation that would bd"d t0 resonance?) in our system does not occur because of
necessary to obtain precise quantitative predictions for thd'€ Periodicity of the \I%[tlce. This agrees with the experi-
resonance positions. On other samples prepared on a hetefB€Nts mentioned above.

structure with a thicker barrier, we observe a slight shift OfWirZﬂa?tl{ICrTe]g]s\:iltﬁe,a. \::ngh?gg lfr:ﬁpcaerltladTﬁngISF:ut?;irgiig?ct)ﬁm
feature(2) towards higher energies. P :

The induced density for pealt) seen in Fig. &top solid spectra of the samples show an additional mode not present

line) has nodes in the middle of each wire, corresponding tdgxq;;?gélémixv'rti:;tgcg? V:tzlgss'irggllemuggéeg;mseﬂn (;(le ;JS
the maxima ofj 3)(x) in Fig. 4. Hence, the absorption peak ugntum-mechanical many-body calculations to be causgd
(1) corresponds to the lowest dipole-active oscillation modeg h transfer acros)s/ theybarrier between the wires
of the isolated wires. The peak label&) is not present for Yh(': arge I

the isolated wiregFig. 5, bottom curvg but gains oscillator within a unit cell.

strength with increasing density when the two electron chan- We would like to acknowledge financial support from the
nels start to overlap. The induced density corresponding téollowing institutions: Deutsche Forschungsgemeinschatt, A.
this peak(Fig. 6, top dashed linehas a node between the v. Humboldt-Stiftung, Graduiertenkolleg “Physik nanostruk-
wires but no node inside a single wifeompare the maxi- turierter Festkorper,” Icelandic Natural Science Foundation,
mum of j,)(x) in Fig. 4]. The peak thus occurs at a lower University of Iceland Fund, and the QUANTECS working
energy than the single-wire mod#). As the total electron group of the international collaboration ESPRIT.
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