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The magnetoresistance of a two-dimensional electron gas (2DEG) subjected to a weak two-dimensional (2D) lateral superlattice 

potential is expected to reflect the peculiar self-similar energy spectrum of Bloch electrons in a magnetic field. i.e.. the splitting of 

Landau levels (LL’s) into sublevels. One experimentally established effect of a periodic potential is that the discrete LL’s are 

transformed into Landau bands and cause magnetoresistance oscillations due to an extra band-conductivity contribution. 

Theoretically. this band-conductivity contribution is expected to be suppressed if the splitting of the Landau bands is resolved. We 

study the suppression of the band-conductivity as a function of the electron mobility at millikclvin temperatures. Microfabricated 

gates, defined on top of high mobility GaAs/AIGaAs heterojunctions. are used to electrostatically impose a ZD-periodic potential 

with 150 nm period upon the ZDEG. By applying a positive bias the electron mobility is increased and we find the h~lnd-conductiv- 

ity effectively suppressed if the mobility is well above I x It)” cm’/Vs. 

In the presence of a weak one-dimensional 
(1D) lateral superlattice potential the magnetore- 
sistance of a 2DEG displays two types of oscilla- 
tions reflecting the commensurability between cy- 
clotron radius R, and period a [ 11. Measuring the 
magnetoresistance parallel ( yy-component) and 
perpendicular (xx-component) to the lD-modula- 
tion, both types are clearly distinguishable. Min- 
ima in p,, are always observed when 

2R, = (A - l/4)0 A = 0, 1. 2,. .., (1) 

while, for that condition, maxima are observed in 
P,,~. Both types originate from transforming the 
highly degenerate Landau levels into Landau 
bands with a dispersion dependent on the center 
coordinate x0. This bandwidth U,,( x0) oscillates 
with respect to the quantum number n and the 
magnetic field R (see e.g., ref. [2]). Within first 
order perturbation theory, cq. (1) describes the 
magnetic field values where the bands become 
flat (U,, = 0). The oscillatory behaviour of p,,, 
simply reflects the modification of the density of 

states (DOS). and maxima in p,, occur when the 
bands are flat, corresponding to a maximum in 
the DOS [3]. According to Gerhardts [%I, this 
effect is due to an oscillatir~g scattering tutu. the 
same mechanism which leads to Shubnikov-dc 
Haas (SdH) oscillations in an unmodulated 2DEG 

[4]. This mechanism is isotropic, i.c.. does not 
depend on the direction of current flow. The II,, 
component, however, is dominated by the oscilla- 

tory behaviour of an additional hand-condtlctir,it!, 
mechanism [2,5]. For a modulation in s-direction. 
the n-,,-dispersion of the Landau bands opens up 
an extra conductivity channel: a non-vanishing 
group velocity I’, a d E,,/dx-,, causes enhanced 
conductivity in y-direction but not in s-direction 
Cl., = 0). Note that for W, 1> 1. (7, , a p, , and (r, / 

ao,,. Since dE,,/d.x,, = 0 for flat bands, /J, , 

displays minima when cq. (I 1 holds. The band 
conductivity mechanism can also be dcrivcd in 
terms of a semi-classical picture not taking into 
account LL quantization [6]. The electric fields 
connected to a periodic modulation in .I--dircc- 
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tion cause an E X B drift in y-direction. The 
square of the drift velocity, averaged over all 
possible center coordinates, is finite and does 
vanish only when eq. (1) is valid. Within a Boltz- 
mann transport picture the oscillatory behaviour 
of pxx (but not of pY,) can be described semi- 
classically. Extending this picture to the case of a 
weak 2D-periodic potential gives the same an- 
swer: an additional cosine potential in y-direction 
only results in an additional drift-velocity contri- 
bution in x-direction but both velocities become 
zero when 2R, = (h - 1/4)a. From this picture 
we expect band-conductivity oscillations also in 
the 2D-modulated case. The situation is more 
complex if the problem is treated quantum-mech- 
anically. As in the semi-classical case a modula- 
tion V,(cos(Kx) + cos(Ky)) with the same K = 
2rr/a in both lateral directions is considered. 
Two commensurability effects are effective. In 
the first place, the Landau bandwidth oscillates 
in the same mathematical manner as in lD-mod- 
mated 2DEG’s. For high Landau quantum num- 
bers II, the bandwidth U, is essentially propor- 
tional to V,r - “2(nX)-“4cos(2@? - 7r/4) [2,5]. 
Here V, is the modulation amplitude, assumed 
small compared to hoc, and X= K212/2 with 
I = (zl/eR) ‘I2 the magnetic length. Secondly, the 
additional modulation in y-direction couples 
Landau states with center coordinates differing 
by integer multiples of i2K and each Landau 
band splits into p subbands if 

Ba2/@, = a2/2rr12 =p/q, (2) 

i.e., if the flux Q, = Ba* per unit cell is a rational 
multiple of the flux quantum Q0 = h/e [7,8]. It is 
this Landau level subband splitting that can causes 
the destruction of the band-conductivity contribu- 
tion if the intrinsic collision broadening, due to 
random scattering events, is small enough [9]. If 
the subbands become resolved with respect to 
impurity broadening (thermal smearing does not 
matter), the velocity matrix elements (“group ve- 
locity”) between the subbands do not contribute 
and the band-conductivity contribution is sup- 
pressed. If, on the other hand, collision broaden- 
ing prevents the resolution of the LL-subbands 
the band-conductivity contribution is effective 
again [9,11]. The suppression of the band-conduc- 
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Fig. 1. Sketch of the micropattern fabrication using e-beam 

lithography (a). An electron micrograph of the micropat- 

terned gate is shown in the inset of(b). The data are taken for 

L’s = - 200 mV applied to the gate with a 150 nm stitch. When 

the temperature is lowered from 1.5 to 0.4 K, amplitude-mod- 

ulated SdH-oscillations emerge from the band-conductivity 

oscillations and demonstrate their quantum-mechanical ori- 

gin. The traces are shifted vertically. Arrows indicate flat 

bands; magnetoresistance minima at flatband positions are 

characteristic for band-conductivity oscillations. The mobility 

y = 950000 cm’/Vs is not high enough to suppress the domi- 
nating band-conductivity. Here N, = 1.6 x 10” cm-‘. 

tivity in high-mobility samples has been demon- 
strated recently by using the in situ-holographic 
illumination technique [10,9]. In this contribution 
we investigate experimentally the evolution from 
a dominating band-conductivity to an oscillating 
scattering rate controlled conductivity mechanism 
by changing the electron mobility. 

Magnetoresistance is measured in a 2D-peri- 
odic potential with lattice constant a = 150 nm. 
For this periodicity Ba2, the flux through the unit 
cell, is increased by one flux quantum, h/e, if the 
magnetic field is increased by _ 0.18 T. Electron 
beam lithography has been used to define the 
lateral superlattice on high mobility GaAs/ 
AlGaAs heterojunctions as is sketched in fig. la. 
In a first step a periodic array of dots is written 
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by the focused electron beam. After developing, 
an array of holes remains in the PMMA. The 
whole patterned area is covered with an evapo- 
rated Au-layer, used as a top gate. An electron 
micrograph of the micropatterned gate is shown 
in the inset of fig. lb. An applied positive or 

negative bias results in a periodic modulation of 
the 2DEG underneath. Even without biasing a 
modulation is present: the metal-semiconductor 
contact at the bottom of each hole changes the 
band bending due to differences in the work 
functions and results in a built-in periodic poten- 
tial. A slight reduction of the carrier density in 
samples with Schottky gates is usually observed. 
Data from two samples are shown here. Both 
devices have a carrier density Ns - 2 X 10” cm-’ 
and a mobility p around 1.5 X 10h cm2/Vs in the 
ungated areas. Both have a 2.4 pm GaAs buffer 
layer and a 20 nm GaAs cap layer; sample A (B) 
has a 34 nm (28 nm) thick AlGaAs spacer, and a 
34 nm (40 nm> Si-doped (- 5 X 10” cm-‘) Al- 
GaAs layer. The total distance between surface 
and 2DEG for both samples therefore was 88 nm. 

For an applied negative gate bias of - 200 mV, 
P,~ is displayed for three different temperatures 
in fig. lb. At 1.6 K, band-conductivity oscillations 
are observed at low fields where SdH-oscillations 
are still not resolved due to thermal broadening 
of the LL’s (kT 2 hw,). The arrows mark the 
flatband condition (eq. (1)): the cyclotron radius 
at the Fermi energy E,, R, = h{2ry, /eB, has 

been calculated from N,, deduced from the 
SdH-oscillations at higher fields. At magnetic 

fields below 0.3 T the 1.5 K-data meet the semi- 
classical expectation [ll]: Landau quantization is 
not resolved and minima in P,~, = p),, are ob- 
served when eq. (1) holds. If the temperature is 
lowered, however, SdH-oscillations emerge at 
lower B values and it becomes obvious that the 
periodic potential modulates the amplitude of the 
SdH-oscillations. Minima in the envelope of the 
oscillations at flatband condition indicate the 
dominating band-conductivity contribution. 

The band-conductivity contribution now can 
be destroyed if a positive gate voltage is applied. 
One effect of the positive bias is that the carrier 
density and the mobility is increased. In the sim- 
plest approximations, the mobility I_L is directly 

0 0.2 04 0.6 0.8 1 0 
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Fig. 2. Suppression of the band-conductivity contribution 

(maxima between flat bands) when the mobility is raised from 

1 x 10” cm’/Vs (a) to 1.5 X IOh cm’/Vs (c). Maxima in the 

amplitude of the SdH-oscillations remain at flat bands. marked 

hy arrows. The data are taken at - SO mK using standard 

lock-in techniques ( f - 13 Hr. I,,,,, = 10 nA. 4-point meas- 

urements). 

connected to a collision broadened linewidth 

r[meV] = 1.37 x $B[T]/g[m’/Vs] [4]. An in- 

creased p therefore reduces the intrinsic 
linewidth I‘ (caused by random scattering events) 
and the internal LL-structure (subband splitting) 

becomes better resolved. We expect an applied 
bias also to influence the built in periodic potcn- 
tial. The gaps between LL-subbands are propor- 
tional to the bandwidth U, and V,, directly deter- 
mines the gap size. Vo, however, is not a very 
well-known parameter which is also due to the 
fact that the “built-in” periodic potential (at zero 
gate voltage) is not known. Applying a positive 
bias may reduce the periodic potential since the 
electron density underneath the Schottky-barriers 
is slightly reduced. 

The sequence of data displayed in fig. 2 is 
taken at a temperature of - 50 mK. For gate 
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voltages V, = - 100 mV and V, = 0 mV the 
band-conductivity dominates: minima in the enve- 
lope of the SdH-oscillations for flat bands are 
clearly displayed. For V, = +300 mV the phase 
of the oscillations has changed and the highest 
maxima of the SdH-oscillations coincide with flat 
bands. This indicates the suppression of the 
band-conductivity (also found in holographically 
illuminated high mobility samples [10,93> and the 
maxima now simply reflect the highest DOS max- 
ima. The switching from one to the other mecha- 
nism occurs around + 100 mV. Note that the 
minima of the SdH-oscillations which are a meas- 
ure of the DOS between LL’s are especially deep 
around the marked flat band conditions in all 

traces. This demonstrates that flat bands are still 
correctly described by eq. (1) even for an applied 
bias of +300 mV. We interprete the suppression 
of the band-conductivity as consequence of the 
LL splitting in a weak 2D-periodic potential: the 
increase of the mobility and the change of the 
built in potential creates a condition in which the 
subband splitting becomes resolved and therefore 
effective. The switching from band-conductivity 
to the oscillating scattering rate contribution can 
be verified theoretically. Calculations taking into 
account both, the peculiar energy spectrum and 
collision broadening effects within the self-con- 
sistent Born approximation have been carried out 
and are presented in this issue [12]. The magni- 
tude of the band-conductivity depends on V, and 
r in a complicated manner and may dominate 
the scattering rate contribution or not. It is shown 
that, as in experiment, both situations are possi- 
ble. 

The suppression of the band-conductivity con- 
tribution as a function of increasing magnetic 
field is displayed in fig. 3. All data have been 
taken at 4.2 K. For I(, = + 150 and +200 mV 
clear band-conductivity oscillations emerge 
around 0.15 T but are suppressed if the magnetic 
field is increased above 0.25 T. In the view of the 
picture given above this means that the subband 
splitting of LL’s with high quantum numbers (n 
= 27 for V, = + 100 mV) is not sufficiently re- 
solved with respect to collision broadening. This 
is consistent with the (nX)-‘/4 decay of the mod- 
ulation bandwidth. For V, = +300 mV where the 
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Fig. 3. pXX versus E for k’s = + 150, +200, and +300 mV 

(from top to bottom). The mobility increases from 1.7~ lo6 

cm2/Vs to 2 x lo6 cm2/Vs. Switching from “band-conductiv- 

ity controlled” (minima at flat bands) oscillations to “scatter- 

ing rate controlled” (maxima at flat bands) oscillations occurs 

at _ 0.25 T for both upper traces. For Vs = +300 mV, band- 

conductivity is completely suppressed. SdH-oscillations emerge 

around 0.6 T. 

mobility is increased to a value of - 2 x lo6 
cm2/Vs band-conductivity oscillations are effec- 
tively suppressed. 

Only an indirect manifestation of the internal 
LL-structure could be given so far. Around 0.54 
T (Q/Q0 = 3) in fig. 2c a LL should split into 
three subbands. Although the temperature is low 
enough (kT - 5 PeV) to “scan” the Landau bands 
(whose width might be of the order of 100 PeV) 
no structure is resolved within those Landau lev- 
els. However, small inhomogeneities in the car- 
rier density, e.g., can cause “averaging” over one 
LL. Only - 7% of the carriers are within a LL at 
0.54 T in fig. 2. Fluctuations on the order of 1% 
can therefore easily prevent the direct observa- 
tion of the internal LL-structure in macroscopic 
samples while the suppression of the band-con- 
ductivity indicates their existence on a meso- 
scopic length scale. By going towards smaller 
periods, and shifting therefore Q/Q0 = 1 to 
higher magnetic fields the internal structure of 
the LL’s should become directly observable. 

We thank R.R. Gerhardts, D. Pfannkuche, 
and U. Wulf for many fruitful discussions and S. 
Koch for supporting the mK-measurements. 
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