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Lateral quantization of the electronic motion in A1~6ai-, As/GaAs heterogunctions with a mi-
crostructured gate electrode is investilated arith static malnetotransport and infrared spectrosco-
py. In these structures a negative gate bias causes a transition from tw+Aimensional to quasi-
one&imensional electronic behavior. Spacings of oneMimensional subbands as meO as one-
dimensional electron densities are derived from quantum oscillations of the magnetoresistance and
compared with interssbband resonance energies and electron densities extracted from infrared
spectra.

In narrow inversion channels on semiconductors with
widths in the 100-nm range, lateral quanti~ntion of the
electronic motion into one~ensional (1D) subbands has
recently been established in several experiments. ' In
single narrow inversion channels at the Al Gai-, As/
GaAs interface of heterojunctions Berggren and co-
workers2'3 as well as van Houten et ttl. ~ observed
magnetic-Seld-induced depopulation of 1D subbands via
quantum osciliations of the magnetoresistance. Spectro-
scopic studies of intersubband resonance transitions be-
tween adjacent 1D subbands have recently been reported
for laterally periodic multichannel devices on GaAs and
InSb (Ref. 5) as well as on Si (Ref. 6). Here we study
quantum oscillations of the static magnetoresistance and,
simultaneously, 1D intersubband resonances at infrared
frequencies on AI,Gai-, As/GaAs heterolunctions in
which a periodically modulated gate electrode is used to
create many parallel narrow inversion channels. Using
multichannel devices we average out conductance Suctua-
tions that often dominate quantum transport in short,
singlewhannel devices. 4 7 Approximating the self-
consistent lateral confining potentials s by a parabolic po-
tential we extract from the quantum oscillations the num-
ber of occupied 1D subbands, the separation 1t 0 of adja-
cent subbands, and the oneMimensional carrier density
Ni D in the inversion channels. These are compared to res-
onance position and oscillator strength of the simultane-
ously observed infrared excitations. Such a comparison
allows us to quantitatively determine the eS'ect of many-
body interactions on the intersubband resonance and to
critically test the accuracy with which one&imensional
densities can be extracted from diS'erent experiments.

As in previous work, s' the samples are modulation-
doped Al Gai-, As/GaAs heterojunctions covered with a
holographically defined insulator grating and a front gate
evaporated on top. The active sample area is defined by a
mesa and has diffused sourceMrain contacts at both ends
such that a dc sourceMrain current can be passed parallel
to the grating lines. Appliication of a negative gate bias Vs
results in formation of narrow inversion channels below a

certain threshold voltage Vs at which the channel areas
between the insulator stripes are fully depleted. Since the
gate is 2.5 mm wide about 7000 such channels are mea-
sured in parallel.

At liquid-helium temperatures we measure the two-
terminal sourceMrain resistance R at constant current of
typically 1 pA in a magnetic field 8 applied perpendicu-
larly to the sample surface. To enhance quantum oscilla-
tions of the channel resistance we modulate the gate volt-
age at low frequency and measure dR/dVs with lock-in
detection. This modulation technique also minimizes
magnetic-SeldMependent signals from the ungated con-
tact regions.

In the following we discuss results obtained on a
representative sample where the distance between the
electron system confined at the Al, Gai-„As/GaAs inter-
face and the gate varies periodically between 51 nm and
about 170 nm with period a 400 nm. From the
Shubnikov-de Haas (SdH) oscillations of the magne-
toresistance at Vs«0 V we derive a homogeneous 2D
election density N, 6&10" cm . From capacitance-
voltage traces as well as from the infrared spectra we
determine the threshold voltage Vq -0.5 V below which
we have isolated inversion channels. Quantum oscillations
in dR/dVs vs 8 traces at gate voltages Vs above and
below this threshold are displayed in Fig. 1. At low mag-
netic Selds (8&0.5 T) we observe a gate-voltage-
dependent structure that may be attributed to geometry
and interference efi'ccts (see, e.g., Ref. 10). Here, howev-
er, the features of interest are the quantum oscillations
that become visible at magnetic fields above 0.5 T.

In the fan diagram in Fig. 2 we plot a suitably chosen
running index (n+p) (n 1,2, 3, . . .) of the maxima of
the quantum oscillations in dR/dVs vs their position in
1/8. At sufiiciently high magnetic fields we obtain a near-
ly linear behavior in 1/8 as is expected for Landau levels
in a two&imensional (2D) electron system. " In Fig. 2 we
have adjusted the phase p so that the data extrapolate to
n «0 for 1/8 0. Since we observe no spin-splitting we
assume a twofold spin degeneracy. The deviation of the
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FIG. 1. Gate voltage derivative of the sourceMrain resistance
dR/dVs vs magnetic Seld 8 for an Al Gai- As/GaAs hetero-
junction with a laterally periodic gate structure of period
a 400 nm.

observed quantum oscillations from linear 2D behavior at
lower magnetic fields refiects the quantization of the elec-
tronic motion by the lateral confining potentiaL ~ At
8 0 the lateral confinement creates a finite number of
occupied 1D subbands. With increasing 8 their energeti-
cal spacing as well as their density of states increases and

they become successively depopulated. Quantum oscilla-
tions arise whenever the Fermi energy drops below the

bottom of the rtth 1D subband. At very high magnetic
fields where the Landau energy pro, is much larger than
the subband spacing fi 0 the quantum oscillations in the
confined system become indistinguishable from SdH oscil-
lations in a 2D electron system. In lack of self-consistent
calculations ' for our structures we approximate the
effect of lateral confinement by a harmonic oscillator po-
tential V(x) —,

'
m 02x2, where x denotes the direction

in the sample plane perpendicular to the grating. In a
magnetic field perpendicular to the sample plane the 1D
subband spacing becomes 5 ss h, (0 +ni, ) '/ with
ni, e8/m .3'2 The 1D subband density of states is easi-
ly de rived as

&/2

2D(E)-
irh 2

" g (E-E.)-'", (1)
0, E&E,

where E„pro(n+ —,
' ). We now adjust the 1D electron

density N~D and the 8 0 subband spacing ho to best fit
the observed quantum oscillations. The calculated 1/8
values where the Fermi energy crosses the bottom of the
nth subband are also entered in Fig. 2. The results for
50 and N1D vs Vs will be discussed together with the re-
sults determined from the infrared spectra.

To study the infrared excitations we measure the
transmission of infrared radiation through the gate region
with a Fourier transform spectrometer at different mag-
netic fields and for light polarization parallel and perpen-
dicular to the grating stripes. As discussed in Refs. 5 and
6 we observe at 8 0 2D-like plasmons of frequcency m~
at gate voltages Vs ~ Vg and 1D intersubband resonances
of frequency 0 at Vs & Vq. Their resonance energy is
plotted in Fig. 3 versus gate voltage. As observed previ-
ously the resonances change their character at about
Vs Vg -500 mV. In Fig. 3 we have also entered the
1D subband spacing 5 0 derived from the quantum oscil-
lations of the magnetoresistance. The difference between
the intersubband resonance energy 5 Qe and the subband
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FIG. 2. Quantum index n of the maxima in dR/dVs from

Fig. 1 vs reciprocal magnetic Seid (Siied symbols). The open

symbols represent St values of a parabohc connnement raodel.
Since we measure the derivative dR/dVs the Seid values of the
experimental maxima are expected to be phase shifted with

respect to the calculated ones.
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FIG. 3. Resonance energies of the infrared excitations (Slied
circles) at magnetic field 8 0 vs gate voltage Vg. Also entered
is the spacing of adjacent 1D snbbands (open squares) as deter-
mined from the quantum osciBations of the magnetoresistance.
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spacing AQ will be discussed below. Here we wish to
point out that we observe deviations from linear behavior
in the 1/8 fan chart in Fig. 2 already at Vs~ Vg and thus
derive a finite fl Q at, e.g., Vs —350 mV, whereas linear
behavior is scen at all Vs ~ —200 mV. Apparently la-
teral quantization becomes visible in magnetotransport al-
ready at voltages Vs ~ Vg where the lateral density modu-
lation does not yet result in isolated electron channels.

The infrared spectra also provide information about the
average areal densities N, . For the region Vg ~ V~~0 &
we can use the plasmon frequency tnF N, e (sr/u)/
(scam ) to obtain N, . The effective dielectric constant

14.4 we determine at Vs 0 V by using the electron
density extracted from SdH experiments and the mea-
sured plasmon frequency. Another measure for N, is pro-
vided by the oscillator strength of the observed reso-
nances. At sufficiently high magnetic fields (8=11T) we
use the classical cyclotron resonance formula's to fit cy-
clotron resonances at Vs & Vq as well as cyclotron-shifted
1D intersubband resonances at Vs & Vq. For parallel po-
larization we obtain values for N, that are in good agree-
ment with the values derived from the plasmon frequency
mF at Vs& Vg. At Vs& Vq they agree well with the
values extracted from the quantum oscillations of the dc
magnetoresistance using N, Nin/a. For perpendicular
polarization we find that the oscillator strength is
significantly enhanced in comparison to the parallel polar-
ization data even if we adjust for the anisotropy of the
gate conductance. 's This enhancement is particularly
strong at Vs ~ Vg where it typically reaches a factor of
1.6. Such enhancement of the oscillator strength in the
presence of a grating coupler has previously been observed
in cyclotron resonance experiments on 2D systems and
is not yet understood quantitatively. Because of this
enhancement we cannot extract reliable values for N,
from the resonance strength in perpendicular polarization,
even at 8 0.s's

The shift of the intersubband resonance AQ to ener-
gies significantly above the subband spacing fl Q we attri-
bute to many-body effects as in 2D systems. "'s We as-
sume that depolarization effects are dominant and thus
have fl Q h(Q +m)) '~ with depolarization frequency
mq. In lack of a better model we use the classical expres-
sion mj 2e Nin/(&cpm $V2) for a quantitative estimate
with the same 2' that is derived from the plasmon reso-
nance at Vs 0 V. 's As a value for the channel width W
we may choose the ~tential width at the Fermi energy
W [8EF/(m Q )l'~, where the Fermi energy and the
subband spacing are determined from the magnetoresis-
tance oscillations. Here we note that this definition is
somewhat arbitrary. When several subbands are occupied
we also might derive an efFective channel width

TABLE I. Parameters obtained from the quantum oscilla-
tions of the magnetoresistance at representative gate voltages
Vg. These are, respectively, the Fermi energy Ep, the subband
sparing A, O, the 10 electron density N|~ the channel width 8'
and the estimated depolarization energy h, mq.

Vg

(mV)

-500
—550
-660

14.5
14.1
11,7

1.5
1.6
2.0

~~o
(10~ cm ')

6.7
6.1

3.7

240
220
160

A NrI

(meV)

5.7
5.9
6.3
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W Nin/N2n with N2D m EF/(sr' ). We then get
values IV, that are a factor of about 0.7 lower than W.

In Table I we summarize data determined from the
quantum oscillations of the magnetoresistance and the
thus predicted depolarization energies. Within the accu-
racy of our simple model the depolarization shift may ac-
count for the observed difference between the subband
spacing AQ and the intersubband resonance fl Q . Note,
however, that both the subband spacings and the estimat-
ed depolarization energies are less affected by the gate
voltage than the observed intersubband transition energies
h Q'.

A direct comparison between subband spacings deter-
mined from quantum oscillations of the magnetoresis-
tance and 1D intersubband resonance transitions studied
on the same samples helps us to achieve a more quantita-
tive understanding of 1D subband quantization in
Al„Gai —,As/GaAs heterojunctions. In the structures
studied here ID subband spacings are more directly deter-
mined from magnetoresistance oscillations and 1D inter-
subband resonances are strongly shifted from subband
spacings by many-body effects. Surprisingly, we find that
the simple models that we use to describe confinement as
well as many-body effects can rather quantitatively de-
scribe our experimental observations. Nevertheless, self-
consistent models for confinement and quantum-
mechanical calculations of many-body effects on 1D inter-
subband resonances including both depolarization and ex-
citonic effects"' are highly desirable. Related experi-
ments on laterally microstructured metal-oxide-
semiconductor devices on InSb (Refs. 5 and 17) show that
in other sample configurations depolarization effects on
the 1D intersubband resonance can be more effectively
screened and thus be significantly smaller than observed
here.
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