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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 system.@S0163-1829~97!51304-X#
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Interactions between semiconductor nanostructures s
as quantum wires1–4and quantum dots5 are subject to curren
intensive research. Previous work has focused on Coulo
coupling1–3 and tunneling.3,4 In this paper, we report on th
manifestation of coupling by direct charge exchange in
magnetoplasmon spectra of parallel quantum wires. The c
pling results in an additional resonance at high magn
fields that dominates the spectrum as the overall elec
density increases.

Due to the preparation by holographic lithography,6 pre-
vious research concentrated on quantum wire lattices w
evenly spaced channels. The periodicity of the lattice ther
plays an important part in the observable interaction p
nomena. Our samples were structured by electron beam
thography, giving us the opportunity to put two close
spaced channels in one unit cell of the lattice, as show
Fig. 1. The large distance of the wire pairs ensures that
observe only the interaction of two parallel wires, the latt
serving only to enhance the signal-to-noise ratio in the
periment. Figure 1 shows a cross section through a unit
of the lattice that is periodically repeated in thex direction.
The electron system is induced by field-effect beneath
gate electrodes at the interface between the GaAs space
an undoped GaAs/AlAs superlattice that serves as ba
versus the gates. The 1.5-mm-thick spacer separates the io
ized donors in the Si-doped back contact from the elect
system. This increases the mobility of the electron gas7,8

The semitransparent gate electrodes consist of an 8-nm-
NiCr ~1:1! layer. From atomic force microscope images w
determined the width of the gate stripes to be approxima
150 nm, the smaller distance between the stripes 125
and the larger one 900 nm, yielding an overall period
1325 nm.

We probe the high-frequency excitations of the wire s
perlattice with far-infrared ~FIR! spectroscopy using a
Fourier-transform spectrometer. The FIR transmission
periments require active sample areas that are larger tha
writing area of our modified scanning electron microsco
Therefore the active area of 333 mm2 used in our transmis
550163-1829/97/55~4!/1950~4!/$10.00
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sion experiments is divided into 49 writing fields each of t
size 4303430mm2 which are individually exposed with the
e-beam writer. In order to ensure that all gates are sa
connected, a coarse forklike gate consisting of eight 160-n
thick Au fingers is prepared with optical lithography prior
the exposure of the writing fields. The writing fields for th
e-beam lithography are placed between the fingers of
fork with the stripes running perpendicular to the fingers.
the sides of the writing fields that are connected to the fing
of the fork we added 5-mm-wide stripes in order to avoid
imperfect lithography at the junction between the thin wir
and the relatively thick fork. Thus in our experiments w
always observe, besides the wire modes of interest, a cy
tron resonance that stems from the two-dimensional~2D!
electron system under these stripes.

The sample was cooled to 2.2 K and exposed to a cons
magnetic fieldB in the z direction perpendicular to the
sample. At magnetic fields above 4 T weclearly resolve a
FIR mode with resonance position between the cyclot
resonance frequency and the fundamental intrawire mod
the single wires. In previous FIR experiments with sing
quantum wire lattices with various periods6–9 such a mode
has not been observed. Figure 2 shows FIR spectra taken

FIG. 1. Schematic cross-sectional view of a unit cell of the w
lattice, showing the epitaxial layers of the heterostructure and
gate layout. Note that the dimensions in thez direction are not to
scale.
R1950 © 1997 The American Physical Society
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T and different gate voltages. The peak labeled CR is
cyclotron resonance of the 2D electron system mentio
above. We attribute the shift of the cyclotron resonance fr
109 to 106 cm21 to the influence of nonparabolicity effec
increasing the electron effective mass from 0.0685m0 to
0.0705m0.

At 0.75 V, aside from the cyclotron resonance, a we
broad peak labeled~1! at 112.5 cm21 from the wire system is
visible. With increasing gate voltage the oscillator stren
of this resonance first increases and then decreases sli
for voltages above 1.15 V. The position shifts with increa
ing gate voltage initially towards higher energy and, with
the resolution of the spectra, remains constant for volta
above 1.20 V. At 1.00 V a peak at 112 cm21 ~2! appears
whose oscillator strength increases rapidly with the gate v
age. In the examined voltage range, no saturation of the
cillator strength of this resonance is visible. Due to expe
mental constraints, measurements were performed only
gate voltages up to 1.25 V.

In order to elucidate the origin of the different modes w
first present a simple classical model. It is valid for the ca
of high magnetic fields as in the experiments. The elect
system is considered to be confined in the (x,y) plane. We
assume that with increasing gate voltage the channels ar
longer completely separated, but connected by a regio
lower electron density. The electron system is described
two parallel stripes of constant two-dimensional electr
densityn1 that are connected by another stripe with low
electron densityn2. We describe the total electric field in th
x direction including the linearly polarized homogeneous
ternal field and the internal field by

Etot~ t,x!5
ed

e re0

]n~ t,x!

]x
1Eextexp~2 ivt !, ~1!

where e is the elementary charge,d is the separation be
tween gate and electron system,e r is the dielectric constan
of the semiconductor,e0 is the vacuum permittivity, and
Eext is the amplitude of the external electric field. Here w
assumed that the lateral size of the double wire system
large compared to the separationd between the gate an
electron system and, for the sake of simplicity, that the s

FIG. 2. FIR transmission spectra of a typical sample for g
voltages from 0.75 V to 1.25 V in steps of 0.05 V from top
bottom. The traces are offset for clarity.
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face between the gates is also covered by metal. The
electron densityn in the system is written in the form
n(t,x)5n0(x)1dn(x)exp(2ivt), wheren0(x) is the equi-
librium electron density in the channels without excitatio
(n1 or n2 depending onx) anddn(x)!n0(x) is the density
fluctuation due to the plasmon. In order to calculate the 2
current density in thex direction j (t,x)5s(v,x)Etot(t,x)
we use the Drude conductivity obtained from Newton
equations

s~v,x!5
e2

m*
n0~x!

iv

v22vc
2 ~2!

and get the following differential equation:

]2 j ~x!

]x2
1
m* e re0
e2d

v22vc
2

n0~x!
j ~x!5 iv

e re0
d

Eext. ~3!

Here m* is the effective mass of the electrons an
vc5eB/m* is the cyclotron frequency. ForEext50 Eq. ~3!
is analogous to Schro¨dinger’s equation, giving us a complete
set of orthogonal, normalizable eigenfunctionsj n(x) from
which we construct the solutionj (x) of Eq. ~3! for the case
EextÞ0. We then calculate the relative transmission detec
in the FIR experiment:

Tsam~v!

Tref~v!
5U 11Ae r1Z0s̄gate

11Ae r1Z0@s̄gate1s̄eff~v!#
U2. ~4!

HereZ05(e0c)
21 ands̄gate is an average sheet conductivity

that takes into account the gate as well as the back el
trodes. The average effective 2D conductivity of the doub
wire system is

s̄eff~v!5
1

L E j ~x!

Eext
dx, ~5!

where L is the period of the gate lattice. Figure 3 show
transmission spectra calculated with Eq.~4!. We used the
parametersm*50.07m0, e r512.5, and s̄gate50.005V21.
From calculations of the bare lateral confining potential w
estimate the channels to be approximately 150 nm wide a
the distance of the channel centers to be approximately 2

e
FIG. 3. Relative transmission of the double wire system in t

classical model for gate voltages from 0.75 V to 1.25 V in steps
0.10 V from top to bottom. The traces are offset for clarity.
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nm. As an approximation, we assume that the electron d
sitiesn1 andn2 increase with the gate voltageUg according
to the formulani(Ug)5N(Ug2U th

( i )). From the total oscilla-
tor strength of the measured spectra we obtain a value
n1'1011 cm22 atUg50.95 V. The threshold voltages for the
channels and the middle region were estimated from
spectra to beU th

(1)50.70 V andU th
(2)50.95 V, respectively.

From these valuesN is calculated to beN5431011

cm22 V21.
The calculated spectra nicely reproduce the appeara

and the increase of the resonance~2! with increasing gate
voltage. The values for the oscillator strength are compara
to the measured ones. The marked shift of the mode~1! to
higher energies with increasing gate voltage is caused by
rectangular shape of the static electron density distributi
In the experiment, the confinement potential is not rectang
lar and the width of the double wires increases with the g
voltage. This results in a smaller shift~see below!.

Figure 4 shows the calculated current densitiesj n(x) for
the two lowest modes at three different gate voltages. P
~2! associated withj (2)(x) ~dashed lines! is the interwire
resonance of the coupled wire system@ j (2)(x) has no node#,
whereas peak~1! associated withj (1)(x) ~solid lines! is the
intrawire resonance of the individual channels@ j (1)(x) has
two nodes near the boundaries between the channels and
middle region#. With increasing electron densityn2, mode
~1! assumes the character of the first dipole-active harmo
of the wide wire formed by the entire system. Since th
oscillator strength of the different modes scales wi
@* j n(x)dx#

2, the redistribution of the oscillator strength be
tween the modes~1! and ~2! is evident from Fig. 4.

For a more quantitative analysis, we have calculated
absorption of the double wire system self-consistently, tre
ing the electron-electron interaction in the time-depende
Hartree approximation.9,10We again neglect the spin degre
of freedom and consider the electron system to have no
tension in the direction perpendicular to the 2D plane. Fro
calculations of the bare confining potential for one wire pa
we infer the following formula as an approximation:

FIG. 4. Current densities of the modes~1! ~solid lines! and ~2!
~dashed lines! calculated in the classical model. Gate voltages: 0.
V, 1.05 V, and 1.25 V from bottom to top. The traces are offset f
clarity. The vertical lines denote the borders between the regio
with electron densitiesn1 ~left and right! andn2 ~middle!.
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Vconf~x!5 1
2 \v0S xl 0D

2H 12a expF2S x

b l 0
D 2G J ~6!

with the parametersa52, b512, \v054 meV, and
l 05A\/(m*v0). The external electric field is again linearl
polarized transverse to the quantum wire. The power abs
tion is calculated from Joule’s law for the self-consiste
electric fieldEsc5Eext1Eind , whereEind is induced by the
density displacement caused byEsc. At zero magnetic field,
17 subbands are occupied for a one-dimensional elec
density of 13107 cm21. For B58 T, one to three Landau
levels are occupied, depending on the density. The po
absorption in the Hartree approximation is seen in Fig.
The spectra are similar to those calculated with the class
model, and are in very good agreement with the experim
tal data. The oscillator strength distribution between the t
resonances is reproduced and the shift of mode~1! shows the
same behavior as in the experiment. This contrasts with
classical model and is due to the ‘‘soft’’ confinement used

5
r
s

FIG. 5. Absorbed power in the Hartree approximation for
different electron densities,n1D50.125, 0.625, 1.125, 1.625
2.125, 2.5, 3.0, and 3.53107 cm21. The curves are increasingl
offset with increasing density.B58 T,m*50.07m0, T54 K, and
e r512.53.

FIG. 6. 2D electron densities in the Hartree approximation
n1D51.1253107 cm21. Bottom curve and left axis: ground-stat
density. Top curves and right axis: induced densities for the re
nances~1! ~solid line! and ~2! ~dashed line! in Fig. 5. The other
parameters are as in Fig. 5.
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55 R1953MAGNETOPLASMON MODE IN CONNECTED QUANTUM- . . .
the calculation that causes a smooth shape of the gro
state density that is displayed in Fig. 6, bottom curve.

Peak ~2! shows a slight shift to higher energy with in
creasing density in both the classical and the quantu
mechanical calculations, whereas in Fig. 2, peak~2! appar-
ently does not shift with the gate voltage. This difference
caused by the fact that we neglect the change of the con
ing potential with increasing gate voltage and do not perfo
a completely self-consistent device simulation that would
necessary to obtain precise quantitative predictions for
resonance positions. On other samples prepared on a he
structure with a thicker barrier, we observe a slight shift
feature~2! towards higher energies.

The induced density for peak~1! seen in Fig. 6~top solid
line! has nodes in the middle of each wire, corresponding
the maxima ofj (1)(x) in Fig. 4. Hence, the absorption pea
~1! corresponds to the lowest dipole-active oscillation mo
of the isolated wires. The peak labeled~2! is not present for
the isolated wires~Fig. 5, bottom curve!, but gains oscillator
strength with increasing density when the two electron ch
nels start to overlap. The induced density corresponding
this peak~Fig. 6, top dashed line! has a node between th
wires but no node inside a single wire@compare the maxi-
mum of j (2)(x) in Fig. 4#. The peak thus occurs at a lowe
energy than the single-wire mode~1!. As the total electron
s
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density increases, the induced density of this double-w
mode more and more assumes the character of the fu
mental mode of a single wire.

We have also performed classical and quantu
mechanical calculations of the FIR absorption of eve
spaced wires at the transition from isolated wires to a wea
modulated 2D system. For an excitation by a spatially hom
geneous electric field in thex direction, a mode correspond
ing to resonance~2! in our system does not occur because
the periodicity of the lattice. This agrees with the expe
ments mentioned above.6,8

To summarize, we have prepared and studied quan
wire lattices with a complex unit cell. The FIR transmissi
spectra of the samples show an additional mode not pre
in quantum wire lattices with a simple unit cell. This mode
explained in terms of a classical model as well as
quantum-mechanical many-body calculations to be cau
by charge transfer across the barrier between the w
within a unit cell.
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