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Novel Magnetoresistance Oscillations in a Periodically Modulated Tvvo-Dimensional Electron Gas
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(Received 12 December 1988)

A novel type of magnetoresistance oscillation is observed in high-mobility A16aAs/GaAs heterojunc-
tions with a holographically induced lateral periodic modulation in one direction. Theoretically, the
eAect is shown to result from an oscillatory dependence of the bandwidth of the modulation-broadened
Landau levels of the two-dimensional electron system on the band index, which leads in high-mobility
samples to a strongly anisotropic oscillating contribution to the conductivity tensor. The oscillations,
periodic in 8 ', reflect the commensurability of the cyclotron diameter at the Fermi energy and the
modulation period.

PACS numbers: 73.50.Jt, 73.20.Dx, 73.40.—c

The two-dimensional motion of electrons subjected to
both a periodic potential and a perpendicular homogene-
ous magnetic field B leads to interesting commensurabil-
ity problems, ' owing to the presence of two length scales,
the period a of the potential and the magnetic length
l = (ch/eB) 'I . Drastic effects on measurable quantities,
e.g. , the magnetotransport properties of a quasi-two-
dimensional electron system (2D ES), are expected if a
and l are roughly of the same order of magnitude. Since
transport is mainly due to electrons at the Fermi energy
FF, the Fermi wavelength 2tr/kF, which is related to the
mean density Ns kF/2tr of the 2D ES, becomes impor-
tant as a third length scale, which complicates the situa-
tion. Even without any potential modulation the well-
known Shubnikov-de Haas (SdH) oscillations, which
are periodic in 8 ' with period hsdH(c/8) =ejhkF, re-
sult from the fact that for even-integer values of the
filling factor of Landau levels, v=-l kF (we assume the
spin degeneracy is not resolved), elastic scattering lead-
ing to finite conductivity components ox& G'yy is not possi-
ble.

In the present Letter we consider the situation of a
periodic modulation of the 2D ES in only one direction.
We demonstrate both experimentally and theoretically
that in high-mobility samples pronounced commensura-
bility effects exist, which manifest themselves as a novel

type of magnetic quantum oscillation, also periodic in
8 ', but with a period A(c/8) =ea/2hkF, which is
determined by the three lengths a, l, and kF ', and is
much larger the AsdH(c/8) for the present experiments.

The experiments were performed on conventional
high-mobility A16aAs/GaAs heterojunctions. Details of
sample preparation and experimental setup will be pub-
lished elsewhere. Here we concentrate on the descrip-
tion and theoretical explanation of the basic physics. The
samples were illuminated at liquid-helium temperatures
with a well-defined fringe pattern of two interfering laser
beams. Exploiting the persistent photoconductivity ef-
fect, a periodic modulation of the positive background V(x) = Vocos(Kx), K =2tr/a . (2)

charge in the doped A16aAs layer was produced with a
periodic a that is well known from the laser wavelength
and the geometry of the setup. The advantage of this
kind of "microstructure engineering" is its simplicity and
the achieved high mobility of the microstructured sample
due to the absence of the defects introduced by the usual
pattern transfer techniques. After a short holographic
illumination (30-ms duration, 1.8-mW HeNe laser with
X =633 nm) our sample had a carrier density Ns =3.16
&&10'' cm (Ns =2.35X10'' cm before illumina-
tion) and a mobility p =1.3 && 10 cm-'/(V s) (corre-
sponding to an elastic free path l, =12 pm). For the
simultaneous measurement of the resistance parallel (pi)
and perpendicular (p&) to the interference fringes, an
L-shaped sample was used as sketched in the inset of Fig.
1.

The experimental results can be summarized as fol-
lows. In addition to the usual SdH oscillations, pro-
nounced novel oscillations appear in p& at magnetic
fields lower than 1 T and at low temperatures. No addi-
tional structure appears in the Hali resistance, and only
weak oscillations with a phase shift of 180' relative to
those of p~ are visible in p~~, as is shown in Fig. 1(a).
The extrema of p& occur at 8 values

(X+y), ~=1,2. . . ,

with p= —0.25+ 0.06 for the minima and p =+0.17
+'0.06 for the maxima. The validity of Eq. (1) has been
confirmed by performing these experiments on diAerent
samples, by changing the carrier density with an applied
gate voltage, and by using another laser wavelength in
order to vary the period a. As the temperature is in-
creased from 2.2 to 5 K, the SdH oscillations are strong-
ly damped whereas the novel oscillations are apparently
unaAected.

For the theoretical discussion, we describe the modula-
tion by a harmonic potential

1989 The American Physical Society 1173



VOLUME 62, NUMBER 10 PHYSICAL REVIEW LETTERS 6 MARcH 1989

R H

III III II
iRL H

12

3

25
D

20

15
10

30

25

10

2 W

15
I I I I I I1

0 0.2 0. 1 0. 6 0.8
B (Tesia)

0

0

—R— ~ a

I I I I I I i i I I I I i I I I I I I I I I I

FIG. 1. Magnetoresistivities for current perpendicular (p~,
solid lines) and parallel (pit, dash-dotted lines) to the interfer-
ence fringes, as indicated in the inset, for a sample with
iVs=3. 16X 10" cm 2, p =1.3X10 cm'/(V s), and a =382
nm: (a) measured at temperature T=2.2 K, (b) calculated for
T =2.2 K and for 4.2 K (p~, dashed line; pp shows no tempera-
ture dependence), using Vp =0.3 meV.

K xo

FIG. 2. Calculated energy bands e„(xp) for 8 =0.5 T,
V0=1.5 meV, a =100 nm, and material parameters of GaAs:
solid lines, numerical diagonalization; thick dash-dotted lines,
first-order approximation; thin dotted lines, energies of zero
bandwidth.

This is convenient, although not essential, for the analyt-
ical calculation and presumably realistic. Furthermore,
we assume a weak modulation, Vp/EF —0.1, since in the
experiments no anisotropy is observed for zero magnetic
field, and a period a much larger than the Fermi wave-
length, akF-10, also in view of the experimental situa-
tion.

For B=0, V(x) introduces a Bloch-band structure in

the x direction, the well known Mathieu problem. The
Fermi energy is in a band with large index (n —10),
where the band gaps and the deviation from free-
electron behavior are extremely small. Because of the
free-electron spectrum in the y direction, all the occupied
bands overlap at the Fermi level, and we cannot use the
Peierls substitution to describe magnetic field effects.
The magnetic field strongly couples states of different,
energetically overlapping bands, leading to strong mag-
netic breakdown effects, which may be the reason for the
strong positive magnetoresistance observed in p,„(B
& 0.03 T).

We include V(x) and the vector potential A = (0,
xB,O) in the 2D Hamiltonian, exploit the translation in-
variance in the y direction, and write the energy eigen-
functions in the form yl, „(x,y) eeexp(ikey)p„( ; xx),p

where p„(x;xp) is the eigenfunction of the 1D Hamil-
tonian

d m
, + ro,'(x —xp)'+ V(x),

2M Jx 2

with the eigenvalue e„(xp), and xp= —l k~ is a center
coordinate. For the homogeneous Landau system, V(x)
=0, the eigenfunctions p„)(x—xp) are the well known
oscillator functions and the eigenvalues e„=I't rv, (n
+ —,

' ) are independent of xp. Since the matrix elements
of V(x) between functions p„can be calculated analyt-
ically, the p„ form a convenient basis for the numerical
diagonalization of H. A typical energy spectrum is
presented by the solid lines of Fig. 2; note the symmetry
e„(xp+a) =e„(xp) =e„(—xp). The potential V(x) lifts
the degeneracy of the Landau levels, and yields eigen-
states

~
x pn) which carry current in the y direction,

de„ 1 de,
(xpn

~ vy ~
xpn) =— (4)

dxp 6 de
whereas (xpn

~ v„~ xpn) =0, since the p„(x;xp) are local-
ized in the x direction. This is the origin of the aniso-
tropic transport coe%cients observed. The width of the
Landau bands oscillates (cf. Fig. 2), which is most easily
understood within first-order perturbation theory with
respect to Vp. This yields for the energy spectrum
(dashed-dotted lines of Fig. 2)

+ Vpcos(Exp)e i L„(X), (5)

where X= 2 K l, and exhibits qualitatively the same
features as the exact energy spectrum. For fixed mag-

1174



VOLUME 62, NUMBER 10 PHYSICAL REVIEW LETTERS 6 MARcH 1989

netic field (fixed A'), the Laguerre polynominal L„(A)
oscillates as a function of its index n. The flat-band
condition, L„(A') =0, is obtained from the asymptotic
formula for the Xth zero 2'q" = [2 rr(k —

4 )] /
(n+ —,

' ). In terms of the cyclotron radius R„
=l(2n+1) 'l, this can be expressed as

2R„„=a(k ——, ), X = 1,2, . . . (6)

The flat-band energies hro„, are indicated for k =1, . . . ,
4 as dotted lines in Fig. 2. The origin of the oscillations
is that the wave functions, having a spatial extent of ap-
proximately 2R„, sense effectively the average value of
the periodic potential over an interval of length 2R„.
This gives rise to oscillations of the bandwidth, which
also lead to oscillations of the density of states.

To investigate the commensurability effects on the
conductivity tensor, we evaluate the Kubo-type formula

f(E.) f(E.)—
l'LxLy a, a' (Ea —Ea') (Ea Ea'+ fi co+i 0+ )

x(a
I v„ I

rr'&(u'
I v, I

tr& (7)

where f(E) is the Fermi function, within a simple damp-
ing approximation replacing the frequency cu by i / r,
where r ' =)/6 is a scattering rate. This yields no SdH
oscillations, but demonstrates the origin of the novel os-
cillations. With the eigenstates I xon& of H, the velocity
matrix elements are diagonal with respect to xo, and the
off-diagonal matrix elements with respect to n yield
Drude-type formulas, which for the unmodulated Lan-
dau system yield exactly the Drude results
cr„=cryy =rro/[I+(co, r) ], with ao =e N~r/m and

ay+ m, ra~~. Their evaluation for the modulated sys-
tem gives results similar to those for the unmodulated
system. The nonvanishing matrix elements (4) lead,
however, to an additional contribution to oyy, cf. Eq. (7),

2e26 &a dxo 1 df
J g— (e.(xo) )

2zl o a, y dE

Xon Vy Xon

which becomes important for high-mobility systems [y
« I e„(xp) —e„~~(xo) I

= A, ro, ]. Then, this contribu-
tion of current-carrying states at the Fermi level, which
has no counterpart in a„„,accounts for the anisotropy of
the transport coefficients and leads to oscillations with
minima if Bat bands occur at the Fermi energy. For the
small magnetic field values of interest, we may estimate
the band index at the Fermi level as nF + —,

' =EF/
6~, = 21 kF so that the cyclotron radius R„,=l kF re-
sults. Inserting this into Eq. (6), we derive for the mini-
ma of rryy exactly Eq. (1) with p= —4. Since cry„

shows no noticeable oscillations and since ay„)) a ay,„
one has p„,= rryy/rex pyy rTxx/rryx and the minima of2 2

ayy coincide with those of p~~. The maxima of p~„do
not occur with phases p=+ —,

' in Eq. (1), since the ex-

ponential prefactor, cf. Eq. (5), shifts the maxima to
smaller values of c/8.

Figure 1(b) shows the result of a numerical evaluation
of Eq. (7). The system parameters are adapted to the
experiment of Fig. 1(a), with y =0.013 meV, corre-
sponding to the mobility at 8=0. The amplitude of
V(x), which is not known from experiment, is chosen as
V0=0.3 meV. This is about one-quarter of the most op-
timistic estimate assuming that all holographically in-
duced electrons in the 2D ES come from a totally modu-
lated ionization pattern' and that for the small 8 values
of interest screening in the 2D ES is given by the
Thomas-Fermi dielectric function for 8=0. ' " The re-
sult for p„„depends sensitively on Vo, which enters Aayy
quadratically. Obviously, the novel oscillations of p&
=p, are nicely reproduced by the calculation, which for

p~~ =pyy yields essentially the Drude result (independent
of 8). The value of the background magnetoresistance
seen in Fig. 1(a) is sample dependent and probably due
to an inhomogeneous carrier density. The Hall resis-
tance p„y was also calculated and shows the linear 8
dependence of the Drude result, without any noticeable
oscillations, consistent with experiment. The tempera-
ture dependence of the novel oscillations is much weaker
than that of the SdH oscillations, since the relevant ener-

gy is the distance between Aat bands, which is much
larger than the mean distance between adjacent bands.

A microscopic calculation, e.g. , in the self-consistent
Born approximation, will show that the scattering rate,
owing to the interaction of the electrons with randomly
distributed impurities, exhibits the same kind of oscilla-
tions as the density of states, and will yield the SdH os-
cillations and the novel commensurability oscillations on
the same footing. The detailed discussion of such a
theory, which requires a nontrivial generalization of the
existing theory for homogeneous systems, ' will be left
for a future publication. Preliminary results indicate
that commensurability oscillations also occur in the
scattering rate, which may be the reason for the weak
phase-shifted oscillations seen in the measured pt at low
fields, 8 ~ 0.3 T.
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da, and C. Zhang for useful discussions, and to K. Ploog
and G. Weimann for providing us with high-quality sam-
ples. The work was supported in part by the Bundesmin-
isterium fiir Forschung und Technologie, West Germany
(under Grant No. NT-2718-C).
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