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The low temperature magnetoresistance of a high mobi l i ty two-dimensional elec­
tron gas is dominated by Shubnikov-de Haas oscillations, reflecting the discrete nature 
of the electron energy spectrum. W h e n a weak one- or two-dimensional periodic po­
tent ia l is superimposed on the two-dimensional electron gas a novel type of oscillations 
occurs which reflects the commensurabil ity of the relevant lengths in these systems 
- the cyclotron orbit diameter at the Fermi energy and the period a of the periodic 
potential . In addit ion the electron mean free path le also plays a role since the effect is 
observable only in mesoscopic systems where le is significantly longer than the period a 
of the potential . The essential aspects of these novel commensurabil ity oscillations are 
discussed here in detai l , starting from the discussion of same basic magnetotransport 
properties in an unmodulated two-dimensional electron gas ( 2 - D E G ) . 

I N T R O D U C T I O N : M A G N E T O T R A N S P O R T I N A 2 - D E G 

A t the interface of G a A s - A l G a A s heterojunctions the electrons are localized in the 
direction perpendicular to the layers (z-direction) and form a two-dimensional elec­
tron gas where the electrons can move freely in the x-y plane. The confinement in 
z-direction leads to the formation of subbands. We consider the s i tuation where only 
the lowest subband (Eo) is occupied. In such a system the density of states is constant 
(see e.g. A o k i , 1987). In the presence of a magnetic field, however, the electron motion 
is completely quantized wi th energy eigenvalues (with respect to EQ) given by 

En = (n + ^)?iuc, n = 0 , l , . . . , (1) 

w i th the L a n d a u quantum number n and the cyclotron frequency LUc = eB/m* where B 
is the magnetic field, and m* is the effective mass in G a A s equal to 0.067 m 0 . The den­
sity of states (DOS) is a series of ^-functions which are, however, coll ision broadened 
due to scattering processes characterized by a l inewidth I\ W i t h i n the selfconsistent 
B o r n approximation ( S C B A ) (Ando and Uemura , 1974; Gerhardts , 1975) assuming 
only short-range scatterers (with ^-function l ike scattering potentials) the D O S is a 
series of semi-ellipses wi th l inewidth T = yj^huc^ where r is the transport scattering 
t ime (time between two scattering events) and is connected to the electron mobi l i ty 
fi = ^ - r . E a c h of these L a n d a u levels ( L L ) is occupied by NL electrons per unit area 
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Figure 1. Determinat ion of pxx and pxy by measuring the H a l l voltage UH and the 
voltage drop UX along the applied current Ix i n a H a l l bar geometry. B is perpendicular 
to the plane. 

given by NL = ^~ (here spin spl i t t ing is included). The fi l l ing factor is defined as 
ratio between carrier density Ns and NL(V = N S / N L ) and describes the occupancy 
of the L a n d a u levels. For a homogeneous two-dimensional electron gas the wavefunc­
t ion \n:x0) of the electrons can be described as a plane wave in y-direct ion (Landau 
gauge A = (0,Bx)) w i th wavenumber ky (~ etk*y), and an eigenstate of a linear har­
monic osci l lator in the x-direction centered at x0 = —l2ky (x0 = center coordinate, / 
= magnetic length = yJti/eB). The extent of the wavefunction in x-direction is given 
by 2ly/2n + 1 which for high quantum numbers n is the classical cyclotron diameter 
2RC = 2VF/UJC — 2l2kp where hp = y/2irNs, the Fermi wavenumber. 

A typ ica l magnetoresistance experiment is sketched in F i g . 1. A constant current 
Ix is applied and the voltages UX and UH (Ha l l volt age) are measured as a function of 
the magnetic field in z-directon. In a magnetic field the electric field E and the current 
density j are connected by the resistivity and conduct ivity tensor p and a , respectively: 

E = pj and j = <TE. (2) 

which are connected by 

p = (Pxx P*y\ _ \ f ayy ~axy \ ^ 
~ \Pyx Pyy J &xx&yy ~ Vyx&xy \~cryx °'xx ) 

In a homogeneous 2 D E G system the Onsager relation (Landau and Li f sh i tz , 1976) 
wi th axx - Gyy and ayx = -axy holds. If axx = §,pxx = crxx/(aly + o2

xx) implies that 
pxx — 0? simultaneously, which may sound strange but is true as long as crxy ^ 0 holds. 
Class ical ly the conduct iv i ty components are given by the Drude formulas wi th in the 
constant re laxation time approximation (r = constant independent from D O S ) : 

Nse2r 1 JV.e (mcr)2 

°xx = r ~ 7 ~ T 7 V2~ a n d °xy
 =

 — D " 7 ~ 7 ~ 7 xi' v 4 ) 
m* 1 4- (UJCT)2 B 1 + (LOCT)2 

F r o m this follows that the resistivity is independent of B , pxx = m*/e2Nsr. The m a ­
gnetoresistance in a degenerate 2 D E G , however, displays Shubnikov-de Haas (SdH) 
osci l lations, reflecting the discrete nature of the degenerate L a n d a u energy spectrum. 
Theoret ica l ly one has to go beyond the constant relaxation t ime approximation and 
consider a scattering rate r which depends on the D O S . W i t h i n the S C B A one now 



obtains an osci l lating conductivity axx oc e2D(Ep)2 (Ando and Uemura , 1974) which 
vanishes when the Fermi energy is between two L L ' s . 

In the following it w i l l be shown that a novel type of magnetoresistance oscillations 
arises when a 1-dimensional or 2-dimensional periodic potential is superimposed on a 
2 - D E G . The system under consideration is mesoscopic in the sense, that the period of 
the modulat ion potential is smal l compared to the mean free path of the electrons so 
that bal l ist ic transport over several hills and valleys of the potential can take place. 
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Figure 2. Schematic experimental set up (left hand side) and top view of the L shaped 
sample geometry where the interference pattern is sketched (a). Sketch of the spatial 
modulat ion of the concentration of ionized donors i n the A l G a A s layer and of electrons 
i n the 2 - D E G produced by holographic i l luminat ion using two interfering laser beams 
wi th wavelength A. The interference pattern created is shown schematically (b). 

C R E A T I O N O F A L A T E R A L S U P E R L A T T I C E : 
H O L O G R A P H I C I L L U M I N A T I O N 

In selectively doped G a A s - A l G a A s heterostructures a persistent increase in the two-
dimensional electron density is observed at temperatures below T = 150 K if the device 
is i l luminated wi th infrared or visible l ight. This phenomenon is usually explained on 
the basis of the properties of DX-centers (persistent photoconductivity effect: P P C ) 
which seem to be related to a deep Si donor. The increase in the electron density 
depends on the photon flux absorbed in the semiconductor so that a spatial ly modula­
ted photon flux generates a modulat ion in the carrier density. In our measurements a 
holographic i l luminat ion of the heterostructure at l iquid hel ium temperatures is used 
to produce a periodic potential wi th a period on the order of the wavelength of the 
interfering beams. In Fig .2b the interference of two plane light waves which create a 
periodic modulat ion of the ionized donors and therefore of the carrier density is shown 
schematically. 

The existence of a periodically modulated carrier density in such structures has 



been demonstrated by Tsubak i et a l . (1984) who measured the anisotropy of the resi­
s t iv i ty paral le l and perpendicular to the interference fringes at 90 K . In the presence of 
a magnetic f ield, a new osci l latory phenomenon in such modulated systems is observed 
if one goes to lower temperatures, demonstrating clearly that a periodic modulat ion of 
the 2 - D E G is present. The potential modulat ion obtained by this technique is on the 
order of l m e V where the Fermi energy Ep i n our samples is typ i ca l ly 10 m e V . 

T h e samples used in the experiment were conventional G a A s - A l G a A s heterostruc-
tures grown by molecular beam epitaxy wi th carrier densities between 1.5 • 10 1 1 c m " 2 

and 4.3 • 10 1 1c??2" 2 and low temperature mobilities ranging from 0.23 • 10 6 cm 2 /Vs to 
1 • 10 6 c m 2 j Vs. I l luminat ion of the samples increases both the carrier density and the 
mobi l i ty at low temperatures. The heterojunctions discussed in the following secti­
ons consist of a semi-insulating G a A s substrate, followed by a l / / m - 4 / / m thick un-
doped G a A s buffer layer, an undoped A l G a A s spacer (6nm-33nm), Si-doped A l G a A s 
(33nm-84nm), and an undoped G a A s toplayer ( « 22nm). We have chosen an L-shaped 
geometry (sketched on the right hand side of Fig.2a) to investigate the magnetotrans-
port properties paral le l and perpendicular to the interference fringes. Such a mesa 
structure was produced using standard photol ithographic and etch techniques. O h m i c 
contacts to the 2 - D E G were formed by alloying A u G e / N i layers at 450°C. Some of the 
samples investigated have an evaporated semi-transparent N i C r front gate (thickness 
« 8nm) or a back gate, respectively, in order to vary the carrier density after hologra­
phic i l luminat i on . Such a semi-transparent front gate is also essential for performing 
magnetocapacitance measurements after holographic i l luminat i on . 

T h e experiment was carried out using either a 5 m W HeNe laser (A = 633 nm) or 
a 3 m W Argon-Ion Laser (A = 488 nm) both l inearly polarized. The experimental 
real izat ion of the holographic i l luminat ion is shown schematically in F ig .2a . T h e laser 
system was mounted on top of the sample holder which was immersed in l iqu id he l ium 
(4.2 K ) w i t h i n a 10-Tesla magnet system. The laser beam which was expanded to a 
diameter of 40 m m entered the sample holder through a quartz window and a shutter. 
The shutter ensures well defined i l luminat ion times of the sample down to 25 ms. Short 
exposure times are important to prevent jumping of the fringes; therefore exposure t i ­
mes between 25 ms and 100 ms were typical ly chosen. The mirrors which split the laser 
beam into two coherent waves, are located close to the device and are arranged in such 
a way that an interference pattern w i th a period a is generated at the surface of the 
device. A n aperture mounted above covers the sample from direct i l luminat i on . The 
period a of the fringes created in this way depends on the wavelength A of the laser and 
the incident angle 0 (see Fig .2 ) : a — \/2sinQ. W i t h the wavelengths used in this ex­
periment we have realized periods between 282 and 382 n m for the interference pattern. 

T h e advantage of this k i n d of "microstructure engineering" is its s impl ic i ty and the 
achieved high mobi l i ty of the microstructured sample due to the absence of defects 
introduced by the usual pattern transfer techniques (see e.g. Mauterndorf , 1988). 

M A G N E T O R E S I S T A N C E O S C I L L A T I O N S : E X P E R I M E N T S 

After holographic i l luminat i on of the sample which was carried out between 1.5 and 
4.2 K , we have measured the resistivities and H a l l resistances paral le l and perpendi­
cular to the grat ing using the L-shaped sample geometry (see F ig .2 ) . We have chosen 
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Figure 3. Magnetoresistivity p parallel (pyy) and perpendicular (pxx) to the interference 
fringes. The inset displays the 1 /B dependence of the addit ional oscillations where the 
points correspond to m i n i m a i n pxx. 

the x-axis to point in the direction perpendicular to the grating so that pxx describes 
the transport perpendicular and pyy parallel to the grating. 

The magnetic field was perpendicular to the plane of the 2 - D E G . The resistivi­
ties and H a l l resistances are measured applying a constant current (1/ /A - 10//A) and 
measuring the voltage drop between potential probes along and perpendicular to the 
direction of current flow, respectively. A typical result obtained for a fringe period 
of a — 294nm is shown in F ig .3 . A t magnetic fields above 0.5 T both pxx and pyy 

show the well known SdH-osci l lations wi th a periodicity A(l/B) inversely proportio­
na l to the 2 - D E G carrier density Ns. Below 0.5 T pronounced addit ional oscillations 
dominate pxx while weaker oscillations wi th a phase shift of 180° relative to the pxx 

data are visible i n the pyy measurements. The oscillations in pxx are accompanied by a 
remarkable positive magnetoresistance at very low magnetic fields not present in pyy. 
The H a l l resistances, however, show no addit ional structure at magnetic fields below 
0.5 T . Deviations from the clear linear behaviour of pxy and pyx occur only at magnetic 
fields above 0.5 T , and are connected to the S d H oscillations start ing to be resolved. 
The sl ightly different slopes of pxy and pyx are due to a small difference in the carrier 
density of about 4% in the two branches of the sample. 

A str ik ing feature of this novel oscillations is their weak temperature dependence 
compared to S d H oscillations as is shown in Fig .4 . A t 13 K the addit ional oscillations in 
pxx are s t i l l observable whereas the S d H oscillations are completely washed out. The 
strong temperature dependence of the S d H oscillations is due to the fact that their 
amplitudes depend on the L a n d a u level separation %ioc as compared to the thermal 
energy fc#T. Therefore the addit ional oscillations do not originate from the Landau 
level separation Uuc as one would expect for electrons in higher subbands, e.g.. 
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Figure 4. pxx vs. B i n the temperature range between 1.5 and 22K. The commensura­
b i l i ty oscillations are less temperature dependent compared to the SdH-osci l lations. 
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Figure 5. n = ^ ~ r ( A ^ ) - 1 versus Ns. F u l l symbols correspond to a laser wavelength 
A=488nm, open symbols to A=633nm and different symbols represent different samples. 
The solid lines are calculated using the condition that the cyclotron orbit diameter 2RC 

is equal to an integer mult ip le of the interference period a, as is sketched i n the inset. 



T h e novel oscillations in pxx and pyy are perfectly periodic in 1 / B as is demonstra­
ted in the inset of F ig .3 . The periodicity is obtained from the m i n i m a of pxx which can 
be characterized by the commensurabil ity condit ion 

2/*c = ( A - j ) a , A = 1,2,3, . . . , (5) 

between the cyclotron diameter at the Fermi level , 2RC and the period a of the 'mo­
dulat ion . For magnetic field values satisfying Eq.(5) m i n i m a are observed in pxx. The 
periodicity A(l/B) can easily be deduced from Eq.(5) using the formulas given in the 
introduct ion: 

where A(l/B) is the difference between adjacent m i n i m a (or maxima) of pxx or pyy on 
a 1 / B scale. 

T h e val idi ty of Eq.(5) has been confirmed by performing these experiments on dif­
ferent samples, by changing the carrier density wi th an applied gate voltage, and by 
using two laser wavelengths in order to vary the period a. This is demonstrated in Fig .5 
where the periodicity A(l/B) (displayed as carrier density n = -^- (A-^) - 1 ) is plotted 
as a function of the carrier density Ns and the period a. The solid lines correspond to 
Eq. (6) . 

T h i s simple picture is in excellent agreement wi th the experimental data displayed 
in F ig .5 . To resolve an osci l lation an elastic mean free path le at least as long as the 
perimeter of the cyclotron orbit is required. Th i s agrees wi th our finding that the num­
ber of osci l lation periods resolved depends on the mobi l i ty of the sample: the higher 
the mobi l i ty the more oscillations are observable since the electrons can traverse more 
periods of the potential ball istically. S imi lar experimental results have been observed 
recently by W i n k l e r et a l . (1989) using conventionally microstructured samples. The 
key for the explanation of this novel oscil latory behaviour of pxx and pyy in such peri­
odical ly modulated 2 - D E G ' s is a modif ication of the L a n d a u level spectrum discussed 
in the next section. 

L A N D A U L E V E L S I N A P E R I O D I C P O T E N T I A L : T H E O R Y 

The energy spectrum of electrons subjected to both a magnetic field and a periodic 
one-dimensional potential has been calculated by several authors ( A i z i n and Volkov, 
1984; K e l l y , 1985; Chap l ik , 1985) using first order perturbation theory. Start ing point 
is a Hami l t on ian of the form 

2m* 
d2 h d e . 

dx2 ^ i dy c 
+ V0cos{Kx) (7) 

containing a periodic potential in x-direction V(x) = Vocos(Kx) w i th period a = 2ir/K. 
The energy spectrum can be taken in first order perturbation theory in V and is given 



Figure 6. Simpli f ied picture explaining the oscil lating Landau level w i d t h . 

by: 

En(x0) « (n + ^)fiu; c + (nx0 \ V(x) \ nx0). (8) 

T h e right hand side matr ix element can be regarded as effective potential act ing on an 
electron averaged over the spatial extent of the wavefunction | nx-o) given by 2\\/2n + 1 
which is equal to the classical cyclotron diameter 2RC for high quantum numbers n. 
T w o extremal situations can be considered as is sketched in F ig .6 . Assuming , for sake 
of s impl ic i ty , a stepfunction like wavefunction, the matr ix element (nx0 \ V(x) \ nx0) 
at the Fermi energy vanishes when the cyclotron diameter equals an integer of the 
period a ( F i g . 7a) leading to a flat Landau band, independent of the center coordinate 
x0. O n the other hand, a m a x i m u m contribution of the matr ix element is expected for 
a cyclotron diameter equal to an odd integer of half the period a leading to L a n d a u 
bands w i t h strong curvature w i th respect to x0 (Fig.6b) . More precisely, the matr ix 
element (nx0 \ V(x) \ nx0) can be calculated analyt i ca l ly g iv ing 

En{x0) « (n + ^ ) ^ c + UncosKx0 (9) 

w i t h Un = V0exp(-\X)Ln(X) where X = \K2l2 and Ln(X) stands for the n- th 
Laguerre po lynomina l . Ln(X) is an osci l lat ing function of both its index n and its ar­
gument X where the flat band s ituation ( L L independent of x0) is given by Ln(X) = 0. 
Th i s flat band condit ion Ln(X) = 0 can be expressed in terms of the cyclotron radius 
Rc and is given by Eq.(5) (Gerhardts et a l . , 1989). A typ i ca l energy spectrum - calcu­
lated in first order perturbation theory - for B = 0.8T, V0 = 1.5meV and a = lOOnra 
is plotted i n F ig .7 . T h e corresponding D O S is sketched on the right hand side in F ig .7 . 
Note the double peak structure of the D O S at the band edges which one typica l ly 
expects for a 1-D bandstructure due to the van Hove singularities. Near the Fermi 
energy Ep and for the parameter values of F ig .7 the first order approx imat ion is excel­
lent for B > 0.1T but it breaks down for B —> 0 and has to be calculated numerical ly 
(Gerhardts , 1989). 

T h e most important point here to understand is that a one-dimensional periodic 
potent ial lifts the degeneracy of the L a n d a u levels and leads to L a n d a u bands of finite 



w i d t h . The bandwidth ( « 2Un) depends on the band index n in an osci l latory manner. 
The experimental verification of such a modified energy spectrum is the subject of the 
next section. 

M O D I F I E D L A N D A U L E V E L S P E C T R U M : E X P E R I M E N T A L P R O O F 

In a two-dimensional electron gas the thermodynamic density of states Dj{B) at 
the Fermi energy given by 

where f(x) — [exp(x/kT) + l ] - 1 is the Fermi function and the chemical potential // 
is determined for a given electron density from Ns = J dED(E)f(E — //). DT(B) is 
directly connected to magnetocapacitance C(B) which is measured between gate and 
2 - D E G of the G a A s - A l G a A s heterojunction (Smith et a l . , 1985; Mosser et a l . , 1986): 

1 1 1 a . ) C(B) C (0 ) e2DT(0) C2DT{B) 

Here DT(0) = m*/7rh2, the thermodynamic D O S at B = 0. 

In a 2 - D E G , C(B) oscillates as a function of the magnetic field and the height of 
the magnetocapacitance m a x i m a directly reflects the m a x i m u m value of the thermody­
namic D O S at the Fermi energy which gives information about the L a n d a u level width 
T. Th is has been used previously in homogeneous systems to investigate systematically 
the L L width T as a function of the electron mobi l i ty in such samples (Weiss and von 
K l i t z i n g , 1987). 

T h e active region of the sample used for the magnetocapacitance experiment was 
defined by etching a Hal l -bar geometry and evaporating an 8 n m thick semi-transparent 
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Figure 7. Calculated energy spectrum (first order perturbation theory) for B = 0 . 8 T , 
V0 = 1.5meV and a=100nm. The corresponding D O S is sketched. F la t parts of En(x0) 
lead to singularities i n the D O S . The dashed lines correspond to the flat band situation 
determined by Eq.(5) . 



Figure 8. Measured magnetocapacitance (a) of a modulated sample compared to the 
capacitance of an essentially unmodulated sample (b). The arrow corresponds to the 
magnetic field value fulf i l l ing Eq .5 for A = 1. The inset sketches the measurement. 

fi = 0.05 • 106cm2/Vs 

nings T = £y/2B/irn at B=0 .35T and V 0 =0.35meV. 

Figure 10. Calculated magnetocap'acitance versus magnetic field for Ns = 3.2-10 1 1 cm~2 

and a = 365nm. A B-independent l inewidth is chosen to be V = 0.3raeV. The upper 
curve is for V0 = 0.7meV, and the lower one for the weak modulat ion V0 = O.lmeV. 



N i C r f i lm as gate electrode. Prepared in such a way the sample shows a low tempe­
rature mobi l i ty of 240,000 cm2/Vs and a carrier density of 1.5 • 1 0 1 1 c m " 2 as has been 
determined by S d H oscillations and low field H a l l measurements. After holographic 
i l luminat i on (duration 90 ms) using a 5 m W HeNe laser which creates a periodic modu­
lat ion w i th period a = 365 n m the carrier density was 3.2 • 10 1 1 cm~2 w i th a mobi l i ty of 
450,000cm 2 /Vs. The capacitance between the semi-transparent gate and the 2 - D E G 
is measured wi th an ac-technique as sketched in Fig .8 (Smith et a l . , 1985; Mosser et. 
a l . , 1986). In a homogeneous 2 - D E G it has been shown experimentally that the L L 
l inewidth T has a magnetic field dependence of the form T oc Ba wi th 0 < a < 0.5 
(Weiss and von K l i t z i n g , 1987; Gornik et a l . , 1985; Eisenstein et a l . , 1985), whereas 
theoretically T oc \J~B is expected for short range scatterers and T independent of B for 
long range scatterers (Ando and Uemura , 1974; Gerhardts , 1975). Since the L a n d a u 
level degeneracy is proportional to B , the peak values of the D O S in the ind iv idual 
L L ' s and, as a consequence, the peak values of the capacitance are expected to incre­
ase monotonical ly wi th a structureless envelope wi th increasing magnetic field. O n the 
other hand the envelope of the magnetocapacitance m i n i m a decreases monotonical ly 
wi th B due to the increasing L L separation fr,Loc. In Fig .8 the magnetocapacitance data 
after an i n i t i a l holographic i l luminat ion (a) is compared wi th the capacitance measured 
after an addit ional i l luminat ion which essentially smears out the periodic modulat ion 
(b). The carrier density in (b) has been adjusted to the same value as before the ad­
di t ional i l luminat ion using a negative gate voltage. In contrast to F ig .8b , where the 
magnetocapacitance behaves as usually observed in a 2 - D E G , the capacitance oscil­
lations in F ig .8a display a pronounced modulat ion of both the m i n i m a and m a x i m a 
which is easily explained from the energy spectrum plotted in F ig .7 . A t about 0.69 T 
(marked by an arrow) the cyclotron diameter at the Fermi energy equals three quarter 
of the period a and corresponds to the last flat band situation (A = 1). Therefore, the 
magnetocapacitance values near 0.69 T are approximately equal in F ig .8a and Fig .8b . 
If now the magnetic field is increased, broader Landau bands are swept through the 
Fermi level, and cause the nonmonotonic behaviour visible in F ig .8a . A t higher ma­
gnetic fields the modulat ion broadening saturates and the usual L L degeneracy again 
raises the D O S in a L L wi th increasing held. It should be mentioned that in the ma­
gnetocapacitance the same modulat ion effect is observed for different angles between 
the one-dimensional modulat ion and the long axis of the H a l l bar as is expected for a 
thermodynamic quantity in contrast, of course, to the magnetoresistivity. Note that 
below 0.69 T no oscillations comparable to those one observes in magnetotransport 
experiments are resolved. This behaviour wi l l be considered in the next section. 

The discussion of the magnetocapacitance up to now uses qualitative arguments 
rather than quantitative ones. In order to check the magnetocapacitance data theore­
t ical ly , microscopic calculations of the D O S based on a generalisation of the well known 
selfconsistent B o r n approximation have been performed by Zhang (Weiss et a l . , 1989). 
In these calculations the energy spectrum of the homogeneous 2 - D E G (e.g. Ando et 
a l . , 1982) - which leads to the semi-ell iptic, n-independent shape of the density of 
states wi th a l inewidth T = y^h<jOc^ - is replaced by the energy spectrum obtained 
from Eq.(7) in first order perturbation theory where for each modulat ion broadened 
L a n d a u band an average selfenergy is calculated. The resulting density of states is 
plotted in Fig .9 for different mobilities which characterize the collision induced line-
width broadening. In this approximation the double peak structure of the L L ' s due 
to the van Hove singularities is resolved if the collision broadening T is sufficiently 
smal l compared to the modulat ion broadening Un. The oscil latory n-dependence of 
the modulat ion broadened L L ' s leads to an osci l lation of the peak values of the D O S 



w i t h m a x i m a for the narrowest levels. Once the D O S is calculated the data can be 
easily converted into magnetocapacitance data using Eq . ( lO) and E q . ( l l ) . Ca l cu la t ing 
the magnetocapacitance for a modulat ion ampl i tude VQ = 0.7meV ( F i g . 10) reproduces 
the experimentally observed modulat ion of the envelope of the capacitance m a x i m a 
(Fig.8a) . A weaker ampl i tude of the periodic potential V0 — O . l raeV leads to the 
behaviour of the envelope usually observed in homogeneous 2 - D E G ' s . The results of 
F i g . 10 are obtained for a B-independent value V = 0.3raeV, which yields a much better 
agreement w i th the experimental capacitance results than a l inewidth calculated from 
the mobi l i ty p according to the relation T oc (B/p)1/2 val id for short range scatte-
rers. T h i s phenomenon is well known for unmodulated samples of comparable mobi l i ty 
(Weiss and von K l i t z i n g , 1987) and indicates the importance of long range scatterers 
(Ando and U e m u r a , 1974). 

T h e van Hove singularities, not resolved experimentally in F ig .8a , are visible in the 
calculated data where a spl i t t ing of the L a n d a u level is observed in the upper curve 
(V0 = OJmeV) at about 2 T . 

T h e modified energy spectrum which has been proven experimentally in this section 
is the key for the explanation of the periodic potential induced oscillations given in the 
next section. 

M A G N E T O R E S I S T A N C E O S C I L L A T I O N S : T H E O R Y 

T h e theory presented here follows closely the calculations of Gerhardts et a l . (1989). 
The oscil lations in pxx (cryy) can be understood wi th in a simple damping theory which 
means that electron scattering is described by a constant relaxation t ime r . The ky 

dispersion of the L a n d a u energy spectrum leads to an addit ional contr ibut ion to the 
conduct iv i ty ayy which is w i th in the framework of K u b o ' s formula (e.g. K u b o et al.., 
1965) given by 

Aa™ = S £ i r ? { ~ ^ i E { E n ( x o ) ) 1 { n x o 1 v " 1 n x o ) |2) ( 1 2 ) 

where 7 = ft/r, / is the Fermi function, | nx0) are the eigenstates of Eq.(7) and vy is 
the velocity operator in y direction. These eigenstates carry current in the y direction 

/ I I \ I dEn ldEn 

(nx0 vy nx0) = — - — = - — — (13) 
m*ujc dx0 ft dky 

but not in x-direct ion, 
(nx0 I vx I nx0) = 0, (14) 

which is the reason for the anisotropic behaviour of axx (corresponding to pyy) and 
ayy (corresponding to pxx). In Eq.(13) the modified energy spectrum comes into play. 
The m a t r i x element (XQU \ vy \ XQU) vanishes always then when flat L a n d a u bands 
(see e.g. Fig .7) are located at the Fermi energy, and Aayy = 0. Consequently also 
Apxx ~ the extra contr ibut ion to the resistivity pxx - vanishes since Apxx « A<j y y /<7^ 
if UCT > 1. O n the other hand dEn/dx0 displays a m a x i m u m value when the Fermi 
energy is located w i t h i n the L a n d a u band w i t h the strongest dispersion and therefore 
Aayy (Apxx) is a t m a x i m u m . A calculat ion based on the evaluation of Eq.12 which is 
compared to experimental magnetoresistivity data is shown in F i g . 11. 

Assuming a modulat ion potential of 0.3 m e V i n the calculations reproduces nicely 
the oscil lations of pxx (solid lines in Fig .11) . Note that the weak temperature de-
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Figure 11. Magnetoresistivities for current perpendicular (pxx, solid lines) and parallel 
(pyy, dash-dotted lines) to the interference fringes, for a sample w i t h Ns = 3.16 • 
1 0 n c r a ~ 2 , ft = 1.3 • 10 6 cm 2 /Vs, and a = 382nm — (a) measured at temperature 
T = 2.2K; (b) calculated for T = 2.2A' and for 4.2A" (pxx dashed l ine, pyy shows no 
temperature dependence), using V0 = 0.3meV (Gerhardts et a l . , 1989). 
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Figure 12. Calculated magnetoresistivity and H a l l resistance for T = 4 . 2 K , a=294nm, 
Ns = 3.14-10 1 1 cm 2 , ^/T : =0.0128meV and Vo—0.25meV. The oscillations i n pyy are due 
to a D O S dependent scattering rate so that pyy oc e2D(Ep)2 (Gerhardts and Zhang, 
1989). 

pendence of the commensurabil ity oscillations in pxx (dashed line in F i g . 11) is given 
correctly by the calculat ion in agreement wi th the experimental findings in F ig .4 . The 
temperature dependence of these oscillations is much weaker than that of S d H osci l la­
tions, since the relevant energy is the distance between flat bands, which is much larger 
.than the mean distance between adjacent bands. W i n k l e r et a l . (1989) have explained 
the oscillations in pxx - measured in samples with microstructured gates - along very 
s imi lar theoretical lines. Using the quasi-classical large-n l i m i t , which means 

e-l2XLn{X) % ic-i{nX)~* cos (2yGJc - J ) , (15) 

and assuming that hujc < kT (high temperature l imi t ) one can deduce their result from 
Eq.(12) 

e 2 V f t
2 4 , , „ Rc 7i\ ,„ 

A*»» ~ TTT^—r- c o s i2*— ~ t ) - ( 1 6 ) 

Eq.(16) can be rewritten to give Apxx making use of the fact that Apxx « o~yy/o~] xy 

1 Vq 2 4 B2
 2 Rc TT 

ZTTII jriLOc akp N2 a 4 

E q u a t i o n (17) may be used to estimate from the amplitudes Ap™x
x of the commen­

surabi l i ty oscillations the ampl i tude of the superimposed periodic potent ia l . F r o m the 
m a x i m u m of pxx at 0.41T (Fig.11a) one estimates Vo = 0.28raeV in good agreement 
wi th the calculat ion in F i g . l i b . 

W h i l e the low field oscillations of pxx are nicely reproduced by the calculat ion, the 
calculated / 9 y y - d a t a (dashed-dotted line in F i g . l i b ) display s imply the magnetic field 
independent Drude result in contrast to the experiment which shows m a x i m a when 
the L a n d a u bands are flat (DOS m a x i m u m at Ejr). This is not too surprising since 
one cannot describe the usual S d H oscillations of a homogeneous 2 - D E G wi th in the 



Figure 13. Thermal average of (a) D O S 
D ( E ) , and (b) D(E)2, versus chemical po­
tential for different temperatures. The 
curves are normalized and shifted so that 
(a) the average value is 1, (b) the m a x i ­
m u m value is 1. B=0.2T, V0=0.2bmeV 
(Zhang and Gerhardts , 1989). 
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/i(meV) 

constant relaxation time approximation; you end up with the simple Drude result. The 
same result has been obtained by Beenakker (1989) using a semi classical model (guiding 
center drift resonance). Beenakker noticed that the mean square Hal l -dr i f t velocity has 
an osci l lating behaviour according Eq.(5) which, expressed as one-dimensional diffusion 
constant, leads v i a Einstein 's law to the novel oscillations of pxx while pyy shows no 
magnetic field dependence. In order to understand the experimentally observed pyy 

oscillations one has to go beyond this approximation - in analogy to the description 
of the S d H oscillations - and consider a density-of-state-dependent scattering rate. 
In the calculations one has to go through the formalism of the selfconsistent Born 
approximation (Ando and Uemura , 1974; Gerhardts , 1975) using the solutions of Eq.7 . 
A detailed description of this theory has been given by Zhang and Gerhardts (1989). 
In analogy to the theory of S d H oscillations they find that 

axx oc D2
T(p) = JdEdf{E

d~ ^D(E)2 (18) 

where D2
r(p) is the thermal average of the square of the D O S , not to be confused with 

the square of the thermodynamic D O S Dr(p) defined in Eq . ( lO) . Therefore, the weak 
antiphase oscillations in pyy are in phase wi th the density of states oscillations and 
m a x i m a in pyy are always observed when the D O S at the Fermi-energy is at max i ­
m u m , in contrast to pxx which displays m i n i m a when the Landau bands are flat since 
dEn/dx0 = 0. Calculated curves of pxx and pyy are shown in F i g . 12 demonstrating this 
behaviour in agreement wi th the experiment (Fig.3 and 11a). Eq.(18) also explains 
why the quantizat ion of the Landau levels is essential for the explanation of the os­
ci l lations at least of pyy while the quantization is not resolved in magnetocapacitance 
measurements at low magnetic fields. The reason for this is visualized in F i g . 13 where 
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Figure 14. Magnetoresistance i n a grating (j _L grating) and grid . The creation of the 
holographically defined pattern is shown schematically. 

the thermodynamic density of states Dj(p) (Eq.10) which determines the magneto­
capacitance signal is compared to D\(p)^ the quantity which is responsible for the 
behaviour of pyy (Eq.18). U p to I K the Landau level quantizat ion is resolved in Dr(p) 
as wel l as in D2r(p). A t higher temperatures a l l the structure in Dj (which determines 
the magnetocapacitance) is washed out, D2

r(p), however, which determines pyy shows 
st i l l pronounced oscillations with m a x i m a at flat band energies given by 2RC = (A — |)a. 

M A G N E T O R E S I S T A N C E I N A T W O - D I M E N S I O N A L P E R I O D I C P O T E N T I A L 

In this last section some prel iminary results of low field magnetotransport experi­
ments in a two-dimensional periodic potential are presented. In such a potential gr id 
the commensurabi l i ty problem becomes more severe as compared to the 2-D case and 
results in a complicated energy spectrum (Hofstadter, 1976), and the shape of the D O S 
is not clear. The two-dimensional periodic potential (Vo <C Ep) w i th a = 365nra is 
created by successively i l luminat ing holographical ly a high mobi l i ty heterostructure 
(p — 1.2 • 10 6 cm 2 /Vs) . Holographic i l luminat ion of type (a) in Fig.14 produces addi ­
t i ona l oscil lations in the magnetoresistance as mentioned above (pxx, dash-dotted line 
in F i g . 14). A n addi t ional holographic i l luminat ion where the sample has been rotated 
by 90° results then in a gr id potential sketched in Fig.14c. T h e magnetoresistance ob­
tained under such conditions (solid line in F i g . 14) displays a weak osci l lat ing behaviour 
also corresponding to the commensurabil ity condition Eq. (5) , with m a x i m a where pxx 

-measured for s i tuat ion (a ) - shows m i n i m a . If one starts w i th an i l luminat i on of type 
(b) followed by (a) one ends up with the same result. The result obtained for the 
magnetoresistance in a two-dimensional periodic potential is therefore very close to 
the result one gets when the current flows parallel to the potential grat ing , discussed 
as addi t ional oscil lations in pyy above (see e.g. F ig .3 and F i g . 11). Therefore one may 
speculate that the D O S in a weak grid potential is s imi lar to those in a grating and that 
the osci l lat ing magnetoresistance (apart from SdH-osci l lations) in a two-dimensional 
potent ial also reflects the osci l lat ing scattering rate due to corresponding oscillations 
in the D O S according Eq .13 . 
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