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Magnetoresistance oscillations due to internal Landau band structure of a two-dimensiona
electron system in a periodic magnetic field
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We report alternative types of magnetoresistance oscillations in high mobility two-dimensional electron
systems subjected to large amplitude one-dimensional periodic magnetic modulations, of period 500 nm to 1
mm. We observe Shubnikov–de Haas oscillations that are strongly modified in amplitude and phase, Hall
resistance oscillations, and aperiodic magnetoresistance oscillations. These effects are shown to arise from the
internal structure of overlapping Landau bands and are well accounted for by perturbation calculations.
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Two-dimensional electron gases~2DEG’s! subject to uni-
form magnetic fields show a vast range of phenomena,
cluding the quantum Hall effects, which arise from the fo
mation of highly degenerate Landau levels. In the prese
of periodic magnetic or electrostatic modulations, this deg
eracy is removed resulting in Landau bands with an osc
tory bandwidth and a rich internal structure.1–3 This is mani-
fested in a number of magnetotransport effects, many
which are now well understood from a semiclassi
perspective.4–6 Some evidence has been found for an inter
Landau band structure,7–9 in particular for miniband forma-
tion in very short period one-dimensional~1D! and two-
dimensional~2D! lateral superlattices.10,11 However, a num-
ber of long standing predictions of complex quantu
oscillations for longer period modulations have remained
confirmed. Here we present results for high mobility 2DEG
subject to large amplitude 1D magnetic modulations, of
riod 500 nm to 1mm. We are able to verify a number o
predictions, and we observe phenomena arising from the
ternal structure of the Landau bands.

The allowed electron energy states of a 2DEG in a u
form perpendicular magnetic fieldBz

0, are Landau levels
separated in energy by\vc , wherevc5eBz

0/m* andm* is
the electron effective mass. The presence of an additio
spatially periodic, magnetic fieldDBz(x) results in an energy
dispersionE(ky), whereky is the electron wave vector in th
y-direction@Fig. 1~a!#. The resulting Landau bands have v
Hove singularities at the band edges and localminimaat the
band centers1–3 @Fig. 1~b!#. The width of each Landau band
GB , is an oscillatory function ofBz

0 as is illustrated in Fig.
1~c!. These oscillations are due to commensurability betw
the cyclotron diameter, 2Rc and the modulation period,a.
For DBz!Bz

0, the bandwidth at the Fermi energy,GB(EF),
is a minimum whenever 2Rc5(l11/4)a for l
51,2,3, . . . , ~the flat bandcondition!.

In a uniform magnetic field, conductivity in a 2DEG
due to scattering and is given by the collisional conductiv
tensor, sc. The dispersionE(ky), induced by a periodic
magnetic modulation in thex direction, leads to an additiona
band conductivitysyy

h . For largevcts , wherets is the scat-
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tering time, the resistance parallel to the modulation dir
tion, Rxx , is proportional tosyy

h . The oscillations inGB(EF)
as a function ofBz

0 therefore result inRxx(Bz
0) commensura-

bility oscillations ~CO’s!, with Rxx minima at the flat band
condition.12–14 The GB oscillations also cause CO’s in th
collisional conductivitysxx

c , leading to oscillations in the
resistance perpendicular to the modulation direction,Ryy ,
which are in antiphase with theRxx oscillations.12 CO’s in
the Hall resistance,Rxy , arising from the modified density o
states have also been predicted,3 but until now have not been
observed.

For large amplitude magnetic or electrostatic modu
tions,GB(EF) may be larger than the Landau level broade
ing due to impurity scattering,G i(EF). The Landau band
structure should then be directly reflected in t
Shubnikov-de Haas oscillations,~SdHO’s!. Figure 1~c! illus-
trates the particularly interesting situation in which, for lar
amplitude modulations,GB becomes comparable with\vc

FIG. 1. ~a! Energy dispersion curves of a 2DEG with period
magnetic modulation;~b! density of states;~c! Landau bandwidth as
a function of external field, for~i! weak and~ii ! strong modulation,
with the band separation\vc shown by the dashed line.
©2001 The American Physical Society03-1
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for particular values ofBz
0 and the individual Landau band

overlap. In this regime, the overlapping van Hove singula
ties at the band edges may lead to a switching of Sd
minima from integer to half-integer Landau filling factors.9,15

This effect has previously only been reported for electrost
modulations and at high magnetic fields, beyond the rang
the CO’s.9 Perturbation calculations are not applicable in t
limit and comparison of experiment and theory is theref
problematic.16,17

Here we present low temperature magnetotransport re
for 2DEG’s subjected to large amplitude magnetic modu
tions ~'25% of Bz

0!, for which well-defined CO’s and
SdHO’s coexist over a wide range inRxx . This allows us to
relate the observed SdHO switching to the Landau ba
width. We show that the SdHO switching is also presen
Ryy , for which there is no band conductivity contributio
and that this leads to aperiodic magnetoresistance oscilla
for this geometry. The results are shown to be well descri
by perturbation calculations, which is surprising given t
large modulation amplitude. Oscillations inRxy are also ob-
served that have additional structure to that predicted.

The samples studied are Hall bars fabricated from h
mobility GaAs/AlxGa12xAs heterojunctions, with the 2DEG
located 35 nm below the surface. The modulations are p
duced by periodic arrays of Co stripes, fabricated on
surface of the devices by electron beam lithography
sputtering. We present results for two samples. Sample
has stripes oriented perpendicular to the current direction
across the Hall bar, of height 120 nm~in the z-direction!,
width 200 nm~parallel to the current direction!, and period
500 nm. Sample S2 has stripes oriented parallel to the
rent ~i.e., along the Hall bar! of height 60 nm, width 400 nm
~perpendicular to the current direction!, and period 1000 nm
At T54.2 K, sample S1~S2! has an electron densityns of
3.9 (3.6)31015 m22, and a mobility m of 70 ~60! m2

V21 s21, corresponding to a mean free path of;7 ~6! mm.
The arrays cover the entire active area of the Hall ba
which are 50mm wide with voltage probes separated by 1
mm. The Hall bars are orientated along the nonpiezoelec
GaAs @100# direction to minimize electrostatic modulatio
due to the different thermal contraction of Co and GaAs18

Resistance measurements were performed using an
lock-in technique with an excitation current of 30 nA. F
both samples,Rxx (Ryy) is defined to be the longitudina
resistance for transport perpendicular~parallel! to the mag-
netic stripes.

For zero applied field, the magnetization,M , of the ferro-
magnetic stripes will lie along their length due to the stro
shape anisotropy and there will be no magnetic modula
at the 2DEG. Application of an external magnetic fieldBext
perpendicular to the 2DEG plane rotatesM into the
z-direction and produces a periodic magnetic modulation
amplitudeDBz at the 2DEG.DBz increases approximatel
linearly with Bext up to a value ofDBz

max at an external field
Bext

sat.19 Assuming that the stripes have the saturation mag
tization of bulk Co, we obtainDBz

max5170 and 90 mT for
samples S1 and S2, respectively.
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The measuredRxx(Bext) of sample S1 at 4.2 K and at 8
mK are shown in Fig. 2~a! and~b!. Large amplitude CO’s are
observed with the last CO minimum atBext50.4 T. The
positive magnetoresistance observed below;25 mT is due
to channeling of electrons along open ‘‘snake orbits’’ th
are perpendicular to the current direction.4 The experimental
results are compared to the results of a semiclassical num
cal calculation ofRxx(Bext),

20 which assumes thatDBz in-
creases linearly withBext up to Bext

sat ~consistent with the
Stoner-Wohlfarth model!. The calculation then has two ad
justable parameters,Bext

sat and V0 , the amplitude of the re-
sidual electrostatic modulation. ForV050.8 meV and
Bext

sat51.4 T ~a reasonable value for this geometry!,19 good
agreement between the experimental and calculated resu
obtained for the low field positive magnetoresistance, the
positions, and the amplitude of the last CO. At lower field
the measured CO amplitudes are smaller than calculated
to the influence of small angle scattering.21

At 80 mK CO’s and SdHO’s coexist over a wide range
Bext and the envelope of the SdHO’s is strongly modulat
The modifications to the SdH oscillations are particula
clear inDRxx5Rxx(80 mK) –Rxx(4.2 K), shown in Fig. 2~c!
since the CO’s are only weakly temperature dependent o
this range,22 while the SdHO’s are almost absent at 4.2
below 0.5 T. The observed SdHO amplitudes are larges
the CO minima, shown by the dashed lines as found in R

FIG. 2. ~a! and ~b! magnetoresistance perpendicular to t
stripes,Rxx , at 4.2 K and 80 mK respectively. The former is offs
by 100V. The semiclassical calculation ofRxx is shown by the thin
line in ~a!. ~c! DRxx5Rxx(80 mK)2Rxx(4.2 K). ~d! DT

2(EF) calcu-
lated for sample S1 at 80 mK.~e! Rxy after subtraction of a linear
background. Flat band conditions are marked by vertical das
lines.
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23 and 24. Moving away from the minima, the SdHO’s a
suppressed before re-emerging at the CO peaks.

DRxx is plotted against the Landau level filling factorn
5hns/2eBext in Fig. 3~a!. Near the CO minima, SdHO
minima occur at integer values ofn, i.e. the resistance is
minimum when the Fermi level lies between Landau leve
as is always observed in uniform magnetic fields. Howev
the SdHO minima around the CO peaks occur at half inte
values ofn, i.e. the resistance is aminimumwhenEF is at the
centerof a Landau band. The suppression of the SdHO a
plitudes marks the transition between the two modes of
havior. This effect is not related to spin splitting, which
too small to be resolved at these low magnetic fields.
higher fields, beyond the last CO minimum, the SdH
minima switch to half integern at Bext'0.5 T before return-
ing to integern just before the onset of the quantum Ha
regime at Bext'2 T, similar to the behavior reported i
Ref. 9.

The SdHOs can be described by the quantity

DT
2~Ef !5E S d f~E!

dE D @D~E!#2dE,

whereD(E) is the density of states andf (E) is the Fermi-
Dirac distribution function. We have calculatedDT

2(EF) for
sample S1 at 80 mK, within first order perturbation theo
following the procedure outlined in Ref. 3. We again u
Bext

sat51.4 T andV050.8 meV to describe the modulation am
plitude. The additional parameter required is the elect
scattering time. The value of 1.9310212s used was obtaine

FIG. 3. ~a! CalculatedDT
2(EF) ~i!, and experimental SdHOs~ii !,

versus Landau filling factorn. ~b! and ~c! calculatedD(E) around
EF , at a CO minimum (n520) and at a CO peak (n527). The
contributions from the individual Landau bands are shown al
nately with solid and dashed lines, and the band centers are ma
by vertical arrows.
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from an analysis of the SdHO amplitudes25 for a Hall bar
from the same wafer but without a periodic modulation. T
calculatedDT

2(EF) is compared to the experimentally ob
servedDRxx in Figs. 2 and 3. TheBext values at which the
switching occurs are in good agreement. In addition, the
duction of the oscillation amplitudes near the CO peaks~e.g.
aroundn530! is reproduced. This shows that the collision
contribution to the SdHO’s dominates over the band con
bution, which is predicted to give SdHO enhancement at
CO peaks.1–3

The physical origin of the SdHO switching to half integ
n is illustrated in Figs. 3~b! and ~c!. Figure 3~b! shows the
calculatedD(E) close toEF at a CO minimum. Here,GB is
small and the totalD(E) has large amplitude peaks at th
Landau band centers. Therefore,Rxx is a minimum for inte-
ger values ofn at the CO minima. Figure 3~c! showsD(E)
close toEF at a CO peak. Here,GB is larger than the band
separation\vc , and the totalD(E) has minima at the band
centers, due to a superposition of adjacent band ed
Therefore, at the CO peaks,Rxx is a minimum whenn is a
half integer, as observed experimentally. The positions of
minima in the totalD(E) with respect to the band cente
and the resultant SdHO switching, are a direct conseque
of the van Hove singularities, which lead to a greatly incre
ing D(E) away from the band centers.

Figure 4 showsRyy(Bext) at 4.2 K and at 80 mK for
sample S2. At 4.2 K, a series of oscillations is present, wh
are not periodic in 1/Bext and which have no simple relation
ship to the predicted positions of minimum bandwidth~the
last minimum is marked by a vertical dashed line in Fig.!.
At 300 mK, the magnetoresistance is dominated by SdHO
which are again strongly modified. BetweenBext50.1 and
0.4 T, the SdHO envelope has several nodes at which
SdHO minima switch between integer and half integern.

r-
ed

FIG. 4. ~a! and ~b! magnetoresistance parallel to stripes,Ryy ,
for sample S2 at 4.2 K and 300 mK respectively;~c! and~d! calcu-
latedDT

2(EF) at 4.2 K and 300 mK for sample S2. The vertical lin
marks the last flat band condition. The arrows labeled 1 and 2 m
the points whereGB(EF)5\vc and 2\vc , respectively.
3-3
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Above 0.4 T, more complicated multipeak structures are
served. There is a clear correspondence between the S
envelope at 300 mK and the aperiodic oscillations at 4.2

For largevcts , Ryy is proportional tosxx , and the addi-
tional band conductivity contributionsyy

b due to theE(ky)
dispersion is negligible. The observed structure inRyy is
from the collisional conductivity and so should reflect t
structure inDT

2(EF).1–3 For weak modulations this gives ris
to CO’s in Ryy that are in antiphase with those inRxx .12

The calculatedDT
2(EF) for S2 is shown versusBext in Fig. 4.

The values ofBext
sat andV0 are the same as used for S1. T

80 mK result is in good agreement with the experimen
SdHO’s. The maximum in the SdHO amplitude at 0.22
corresponds to a minimum inGB , but the other features a
arise from overlapping Landau bands. The nodes in
SdHO envelope and the associated phase switches that
on either side of 0.22 T correspond toGB5\vc @1 in Fig.
4~d!#. The next set of nodes then corresponds toGB52\vc
@2 in Fig. 4~d!#. At this point, three adjacent bands overl
and the SdHO minima switch back to integern, as has been
observed inRxx for largeBext in Ref. 9. The new oscillations
observed at 4.2 K are also reproduced in the calcula
DT

2(EF) at this temperature. The oscillations arise due
thermal averaging of the modulated density of states, w
magnetoresistance minima occurring whenever the Lan
bandwidth is an integer multiple of\vc .

Figure 2~e! shows the measured Hall resistance,Rxy , of
sample S1 after subtraction of the linear term. The envel
Re
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of theRxy oscillations is similar to that of the SdHO’s inRxx

close to the CO minima, but is significantly different close
the CO maxima. Similar modulatedRxy oscillations are also
observed for sample S2. In Refs. 1–3, CO’s are predicte
Rxy , which are in phase with the CO’s inRxx , but reduced
in amplitude by an order of magnitude. We find no eviden
of these oscillations in our data. Instead, the observedRxy

oscillations appear to be related to the predicted oscillati
in the collisional conductivity, with large amplitude modula
tions at the flat band condition. More theoretical work
required to understand this effect.

By careful sample design, we have been able to acc
experimentally the regime in which CO’s and SdHO’s coe
ist, and the induced Landau bandwidths are so large
adjacent Landau bands can overlap. The resultant ma
toresistances have been shown to have a rich oscilla
structure in this regime. We find good agreement betw
the measured magnetoresistance and the results of first o
perturbation calculations of the density of states. This is p
haps surprising given the strength of the magnetic mod
tion. There is clearly a need for transport calculations that
beyond perturbation theory, to appreciate the full implic
tions of these results.
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Francois Peeters and Jirong Shi of the University of Antw
for useful discussions.
i-
the
ve

he

lated

c-
and
1C. Zhang and R. R. Gerhardts, Phys. Rev. B41, 12 850~1990!.
2F. M. Peeters and P. Vasilopoulos, Phys. Rev. B46, 4667~1992!;

47, 1466~1993!.
3T-Z. Li et al., J. Phys.: Condens. Matter8, 313 ~1996!.
4A. Nogaretet al., Phys. Rev. B55, 16 037~1997!.
5R. Menne and R. R. Gerhardts, Phys. Rev. B57, 1707~1998!.
6D. E. Grant, A. R. Long, and J. H. Davies, Phys. Rev. B61,

13 127~2000!.
7D. Weisset al., Surf. Sci.229, 88 ~1990!.
8A. Manolescuet al., Surf. Sci.361Õ362, 513 ~1996!.
9M. Tornow et al., Phys. Rev. B54, 16 397~1996!.

10R. A. Deutschmannet al., Physica E~Amsterdam! 6, 561~2000!.
11C. Albrechtet al., Phys. Rev. Lett.83, 2234~1999!.
12R. R. Gerhardtset al., Phys. Rev. Lett.62, 1173~1989!.
13H. A. Carmonaet al., Phys. Rev. Lett.74, 3009~1995!.
14P. D. Yeet al., Phys. Rev. Lett.74, 3013~1995!.
15A. Manolescu and R. R. Gerhardts, Phys. Rev. B56, 9707~1997!.
16Q. W. Shi and K. Y. Szeto, Phys. Rev. B53, 12 990~1996!.
17U. J. Gossmann, A. Manolescu, and R. R. Gerhardts, Phys.

B 57, 1680~1998!.
18E. Skuraset al., Appl. Phys. Lett.70, 871 ~1997!.
v.

19We have shown@V. Kubrak et al., Appl. Phys. Lett.74, 2507
~1999!# thatDBz increases linearly withBext up toBsat for single
Co stripes on GaAs withBext perpendicular to the stripes. Sim
lar behavior is expected for strip arrays but in this case
dipolar interaction between the stripes is important. We ha
measuredRxx(Bext) for S1 as a function of the angle between t
external field and the sample normal, keepingBext in the x-z
plane. Good agreement between the experimental and calcu
results is obtained usingV050.8 meV for the amplitude of the
residual electrostatic modulation and values ofBext

sat which vary
smoothly from 1.4 T forBext perpendicular to the 2DEG to 0.6 T
for Bext in the plane of the 2DEG.

20The velocity-velocity correlation function for the electron traje
tories in the modulated magnetic fields has been calculated
Rxx evaluated within the relaxation time approximation.

21Y. Paltiel et al., Phys. Rev. B56, 6416~1997!.
22P. H. Betonet al., Phys. Rev. B42, 9689~1990!.
23N. Overendet al., Physica B249-251, 326 ~1998!.
24B. Milton et al., Physica E~Amsterdam! 6, 555 ~2000!.
25P. T. Coleridge, R. Stoner, and R. Fletcher, Phys. Rev. B39, 1120

~1989!.
3-4


