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Landau-Band Conductivity in a Two-Dimensional Electron System Modulated by an Artificial
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We investigate the magnetoresistance of a quasi-two-dimensional electron system subject to a one-
dimensional superlattice potential created by the field effect in gated AlGaAs/GaAs heterojunctions. At
low temperatures this potential gives rise to a new type of magnetoresistance oscillation with a period
governed by the ratio of the classical cyclotron diameter 2R, to the superlattice period a. The oscilla-
tions are quantitatively explained in period, phase, and magnitude by the formation of Landau bands in
the two-dimensional electron system under the influence of the periodic potential.

PACS numbers: 73.40.Kp, 71.25.Hc

Until recently experimental investigations of the effect
of a lateral superlattice potential on the electronic trans-
port properties of a two-dimensional electron system (2D
ES) have been limited to ‘“natural” superlattices in metal
oxide-semiconductor structures on high-index surfaces of
Si'2 or InSb.?> Modulation-doped AlGaAs/GaAs het-
erojunctions with a 2D ES of high mobility now make it
possible to study lateral superlattice phenomena using
artificially created potentials with periods in the submi-
crometer range. As a first manifestation of such one-
dimensional (1D) superlattice effects Weiss et al.* re-
cently observed a new type of oscillation of the low-
temperature magneotresistance at magnetic fields B <1
T applied perpendicularly to the 2D ES of an AlGaAs/
GaAs heterojunction with a weak periodic electron den-
sity modulation. They created the modulation via the
persistent photoeffect by exposing the sample to a light
grating of submicrometer period a. Similar to Shubni-
kov-de Haas (SdH) oscillations these new resistance os-
cillations are periodic in 1/B. Weiss et al. found that
apart from a phase factor ¢, maxima in the magne-
toresistance arise whenever the classical cyclotron diam-
eter 2R, at the Fermi energy is a multiple of the period a
such that

2R.=(m+¢)a, m=1,2,.... 1)

In their report, however, they did not identify the mecha-
nism causing the oscillations.

Here we present experimental studies of these novel
magnetoresistance oscillations on AlGaAs/GaAs hetero-
junctions with a periodically microstructured gate elec-
trode, in which the field effect is used to create a 1D
periodic potential. We demonstrate that the magne-
toresistance oscillations reflect the formation of Landau
bands in the 2D ES under the influence of the superlat-
tice potential. Calculating the magnetic band structure
in the presence of the periodic potential,>® we show that

the bandwidth of the Landau bands at the Fermi energy
oscillates periodically with period 2R./a and gives rise to
an oscillatory band conductivity. We calculate the mag-
netoresistance caused by this mechanism and find good
agreement with the observed oscillations in period,
phase, and magnitude.

The samples are prepared on conventional AlGaAs/
GaAs heterojunctions grown by molecular-beam epitaxy.
The heterojunctions consist of a 1.6-um-thick GaAs
buffer on top of a semi-insulating GaAs substrate, a 20-
nm nominally undoped Al,Ga, —,As (x=0.33) spacer, a
50-nm-thick Si-doped Al,Ga;-,As layer, and a 9-nm
undoped GaAs caplayer. On the heterojunction we holo-
graphically define a grating of period @ =500 nm consist-
ing of photoresist stripes about 200 nm wide and 130 nm
high and evaporate a thin NiCr layer as gate electrode.’
A schematic cross section of the sample is shown in Fig.
1(a). Two Hall bar-shaped samples oriented parallel
and perpendicular to the grating, respectively, are
defined by wet etching and have gated areas 200 um
wide and 750 ym long. Source-drain contacts and po-
tential probes are evaporated In/Ag layers alloyed at
420°C. At 4.2 K and gate voltage ¥, =0 V the inver-
sion layer has a 2D electron density N2=3.2x10"
cm ~? and mobility u =er,/m* as determined from the
dc conductivity op of ¢ =350000 cm?2/(V sec), corre-
sponding to an elastic mean free path of /g =vrr, =3.3
pm.

Application of a voltage at the periodic gate structure
causes a 1D periodic potential leading to an electron
density modulation. At large negative gate bias (here
Ve = —0.45 V) the electron system becomes a grating of
parallel 1D inversion channels.””® Here we consider the
regime of small V,, i.e., small potential modulation. Us-
ing four-point probing we measure the diagonal com-
ponents of the resistivity tensor, namely pyx and p,,, in a
magnetic field perpendicular to the 2D ES at liquid-
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FIG. 1. (a) Schematic cross section of a heterojunction with

a periodic gate structure. (b) Measured pxx vs magnetic field
B for three different gate voltages V.

helium temperatures. Figure 1(b) shows the magne-
toresistance component p,, along the superlattice versus
B for different V,. At B> 0.5 T we observe SdH oscilla-
tions that are a measure of the electron density N;. At
V¢=0 V the magnetocapacitance exhibits two oscillation
periods A(1/B) reflecting the different densities Ny, and
N, below the two regions of the gate period, respective-
ly, whereas the SdH oscillations of p, yield an average
NS = (Nsl +N32)/2.

In Fig. 1(b) at B <0.5 T we observe additional oscil-
lations in py, which are the central issue here. These os-
cillations are much smaller in p,,, in agreement with
Weiss et al.* As best seen at V; =150 mV, the py, oscil-
lations contain two distinct periods. These periods are
immediately visible if one plots an arbitrary running in-
dex i versus the position of the extrema of the magne-
toresistance on a 1/B scale as in Fig. 2. For a quantita-
tive evaluation we calculate the cyclotron diameter at the
Fermi energy, using the average /V; as determined above:

2R, =2Q2xzN,)"*(h/eB) . )

One oscillation period is found to correspond to maxima
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FIG. 2. Fan diagram of the position of the magnetoresis-
tance extrema vs 1/B for the low-field oscillations at different
gate voltages V,. Here i is an arbitrary running index and odd
(even) for resistance maxima (minima). Filled symbols denote
the oscillations belonging to the fundamental period a =500
nm whereas open symbols are used for the oscillations belong-
ing to a/3. The lines are calculated from Egs. (1) and (2) us-
ing Ny values determined from SdH oscillations and phase fac-
tors ¢ =+0.25 (—0.25) for maxima (minima).

of pxx at 2R, =[m+(0.18 £0.07)]la and minima at
2R.=[m—(0.26 +0.06)]a, where m=1,2,..., and
a =492 %+ 39 nm, in excellent agreement with the grating
period. The second period, which is the prominent one at
Vy=0 V, corresponds to maxima of p,, at 2R.=I[m
+(0.26£0.05)1» and minima at 2R.=[m—(0.21
+0.05)1b with b=168 24 nm=a/3. We defer dis-
cussion of this third-harmonic period to later and now
explain the origin of the fundamental period 2R./a
which dominates p,, at negative ¥, and is also clearly
visible at ¥, =+150 mV.

In the magnetic field regime of interest here we have
0.7, >1 (we.7,=1 at B=0.03 T) where w.=eB/m™* is
the cyclotron frequency. Since the field is sufficiently
small we neglect quantization of the Hall resistance py,
and have with | py, | =B/eN; and |py, | > prx=p,):

Pxx ste 2

Oy = =p
Yy — XX
PxxPyy ~ PxyPyx B?

(3)

The magnetoresistance py, perpendicular to the grating
thus reflects the parallel conductivity o,,.

In the Landau gauge with A =(0,xB,0) we calculate
the magnetic band structure of a 2D ES subject to a
weak periodic potential V(x) =V cos(2zx/a) by first-
order perturbation theory® and obtain, with Landau in-
dex N, the energy spectrum

En(k,))=(N+ §)ho.+(Nk, | V(x) | Nk,).
The wave vector k, =xo/l? is a measure of the center

coordinate xo of the Landau orbit with magnetic length
1=(h/eB)'?. The periodic potential along x thus causes
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k, dispersion of the originally discrete Landau levels, i.e.,
Landau bands similar to those in layered superlattices.®
Here the relevant Landau indices N are rather high
(N=12 at ¥;=0 V and B=0.5 T) and we replace the
above matrix element by the classical expectation value,

xotR. Vecos(2rx/a)

W= {. dx

07 R [RZ—(x—x))1V2"

Here we use R, =N +1)'?] as a measure of the Lan-
dau index N. The integral is solved by the Bessel func-
tion Jo and yields magnetic bands

2R, 2rxg

EnGxo)=(N+ 1) ho.+VJ, 4)

a

For 27nR./a 2 1 we can approximate Jo by a cosine func-

tion
/2
2nR, a ! 2rR:. &
J ~ R 5
0{ 4 ] [”2 c] cos | — 2 (5)

The Landau band structure and the density of states in
the absence of scatterers is sketched in Fig. 3. The zeros
of Jo give Landau indices N where the Landau bands are
flat. With Eq. (5) we find to a good precision the values
of 2R, where the Landau level bandwidth A at the Fermi
energy is extremal. The bandwidth A vanishes at 2R,
=(m —0.25)a and is maximal for 2R, =(m +0.25)a.

The k, dispersion of the Landau bands Eq. (4) causes
a nonvanishing band conductivity o}, even when w.7,
> 1, i.e., in the regime where the usual magnetoconduc-
tivity o'=o¢/(1+w27?) is made possible only by
scatterers. In the relaxation-time approximation and as-
suming spin degeneracy we may write

dk 9
b ¥ ,2 y 2 — 9
o %e Tbj;‘y T Ug(ky)[ oOF ]E=EN(ky).

where 7, is an appropriate relaxation time, v, =(dE/
dk,)/h is the group velocity, and f is the Fermi distribu-
tion function. In inversion layers on GaAs the single-
particle relaxation time 7, that determines the width of a
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FIG. 3. Sketch of the dispersion of the Landau bands
En(x0) (left) and the corresponding density of states D(E)
(right) for maximal bandwidth at the Fermi energy EFr.

Landau level is much shorter®!! than the scattering
time 7,, and also, for BS0.5 T, hw, is of order kT.
Therefore we use the high-temperature approximation to
obtain

ety dk
o}[,’y =h—w(-f7yvg2(ky) .

Using Eqgs. (4) and (5)
tain the band conductivity

to calculate v, we finally ob-

V2 e, am*? cos?[2zR./(a— § )]
Ba m* reh’ (2zN,) '

This band conductivity directly reflects the periodic
modulation of the bandwidth A of the Landau bands at
the Fermi energy and gives an oscillatory resistivity term
pb. that shows the essential features of the observed
magnetoresistance oscillations.

To calculate of, for our experiment we first have to
estimate the amplitude V of the first Fourier component
of the effective superlattice potential. We obtain V via
V=AN,/D(Er) from the measured density modulation
AN, =| N;1 — N, | /2 extracted from the magnetocapaci-
tance using the B=0 density of states D(Er) of the 2D
ES. We find V=(4.75 meV/V)V,, in good agreement
with a calculation of the effective superlattice potential
using Thomas-Fermi screening.'> We neglect nonlinear
screening'? that may be important at high magnetic
fields. The scattering time 7, in Eq. (6) is a measure of

b
Oyy =

(6)
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FIG. 4. Comparison of measured magnetoresistance pxx
(left scale) and calculated band contribution p2, (right scale)
at Vg=-150 mV.
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the relaxation of the center coordinate xo over distances
of order a and is expected to increase with decreasing
R,, i.e., increasing B. As a simplest approximation at
R.~a/2 we may use 1, = 1,. With those values of V
and 1, we use Egs. (3) and (6) to calculate the band
contribution p2,. In Fig. 4 we compare with the experi-
mental trace of p.x at Vo= —150 mV where N;=2.3
x10"" cm ™2, 1,=10 ps, and R.=a/2 at B=0.3 T.
Considering the simplicity of our model we find the
agreement with the experimentally observed amplitude
of the p,, oscillations astonishingly good. We also note
that our model explains why the oscillations are predom-
inantly observed in py, and are much weaker in py,.

It now is obvious that the oscillations dominant at
Ve=0 V reflect the third Fourier component of the
effective potential oscillating with period a/3. At
present we have no quantitative explanation for these os-
cillations. Since they are present at ¥, =0 V they seem
to be connected either with charge in the photoresist or a
Schottky barrier. Assumption of a square-wave-modu-
lated effective surface potential'? with period a yields a
much smaller ratio of o, (a/3)/c},(a) than is experi-
mentally observed.

In conclusion, we have related the new magnetoresis-
tance oscillations to oscillations of the width of Landau
bands created by an artificial 1D superlattice potential.
This causes a band conductivity that oscillates with
period 2R./a and may be taken as a direct measure of
the effective superlattice potential.
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