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Magnetoresistance oscillations due to internal Landau band structure of a two-dimensional
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
um. 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 gas€2DEG’s) subject to uni-  tering time, the resistance parallel to the modulation direc-
form magnetic fields show a vast range of phenomena, intion, R,,, is proportional tcxrgy. The oscillations id"g(Eg)
cluding the quantum Hall effects, which arise from the for-as a function oBg therefore result irRXX(Bg) commensura-
mation of highly degenerate Landau levels. In the presenchility oscillations (CO’s), with R, minima at the flat band
of periodic magnetic or electrostatic modulations, this degeneondition?=1* The I'y oscillations also cause CO's in the
eracy is removed resulting in Landau bands with an oscillacollisional conductivityo,, leading to oscillations in the
tory bandwidth and a rich internal structdré.This is mani-  resistance perpendicular to the modulation directigp, ,
fested in a number of magnetotransport effects, many oivhich are in antiphase with the,, oscillations'?> CO’s in
which are now well understood from a semiclassicalthe Hall resistanceR,,, arising from the modified density of
perspectivé® Some evidence has been found for an internaktates have also been predictdaijt until now have not been
Landau band structure? in particular for miniband forma- observed.
tion in very short period one-dimensionélD) and two- For large amplitude magnetic or electrostatic modula-
dimensional(2D) lateral superlattice¥** However, a num-  tions,I'g(Eg) may be larger than the Landau level broaden-
ber of long standing predictions of complex quantuming due to impurity scatteringl’;(E¢). The Landau band
oscillations for longer period modulations have remained unstructure should then be directly reflected in the
confirmed. Here we present results for high mobility 2DEG’sShubnikov-de Haas oscillation&SdHO'S. Figure Xc) illus-
subject to large amplitude 1D magnetic modulations, of petrates the particularly interesting situation in which, for large
riod 500 nm to 1um. We are able to verify a number of amplitude modulations's becomes comparable withw,
predictions, and we observe phenomena arising from the in-
ternal structure of the Landau bands.

The allowed electron energy states of a 2DEG in a uni-
form perpendicular magnetic fieIB‘Z), are Landau levels
separated in energy byw., wherew,=eBYm* andm* is
the electron effective mass. The presence of an additional,
spatially periodic, magnetic fieldB,(x) results in an energy
dispersiorE(k,), wherek, is the electron wave vector in the
y-direction[Fig. 1(a)]. The resulting Landau bands have van
Hove singularities at the band edges and lenalimaat the
band centers®[Fig. 1(b)]. The width of each Landau band,
I'g, is an oscillatory function OBS as is illustrated in Fig.
1(c). These oscillations are due to commensurability between
the cyclotron diameter, R. and the modulation period.

For AB,< B(Z), the bandwidth at the Fermi enerdyg(Eg),
is a minimum whenever R.=(\+1/4)a for A
=1,2,3..., (theflat bandcondition.

In a uniform magnetic field, conductivity in a 2DEG is
due to scattering and is given by the collisional conductivity  FG. 1. (a) Energy dispersion curves of a 2DEG with periodic

tensor, qc- The d_iSP(?rSionE(ky) , induced by a per_iQdiC magnetic modulation(b) density of stategc) Landau bandwidth as
magnetic modulation in thedirection, leads to an additional a function of external field, fofi) weak and(ii) strong modulation,

band COﬂdUCtiVit}D’Cy. For largew.7s, whererg is the scat-  with the band separatiohw, shown by the dashed line.
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for particular values 082 and the individual Landau bands
overlap. In this regime, the overlapping van Hove singulari-
ties at the band edges may lead to a switching of SAHO
minima from integer to half-integer Landau filling factdrs’
This effect has previously only been reported for electrostatic
modulations and at high magnetic fields, beyond the range of
the CO’s® Perturbation calculations are not applicable in this
limit and comparison of experiment and theory is therefore
problematict®*’

Here we present low temperature magnetotransport results
for 2DEG's subjected to large amplitude magnetic modula-
tions (=~25% of BY), for which well-defined CO’s and
SdHO'’s coexist over a wide range Ry,. This allows us to
relate the observed SdHO switching to the Landau band- ,
width. We show that the SdHO switching is also present in O D(E)
Ryy, for which there is no band conductivity contribution,
and that this leads to aperiodic magnetoresistance oscillation
for this geometry. The results are shown to be well described
by perturbation calculations, which is surprising given the
large modulation amplitude. Oscillations Ry, are also ob-
served that have additional structure to that predicted. e . g

The samples studied are Hall bars fabricated from high 0.0 0.1 02 03 04 0.5
mobility GaAs/ALGa, _,As heterojunctions, with the 2DEG B (M
located 35 nm below the surface. The modulations are pro-
duced by periodic arrays of Co stripes, fabricated on the FIG. 2. (a) and (b) magnetoresistance perpendicular to the
surface of the devices by electron beam lithography andgtripes,R,y, at4.2 K and 80 mK respectively. The former is offset
sputtering. We present results for two samples. Sample Shy 10Q0). The semiclassical calculation B is shown by the thin
has stripes oriented perpendicular to the current direction, i.din€ in (@. (€) AR =Ry,(80 MK)—Ry(4.2K). (d) D%(EF) calcu-
across the Hall bar, of height 120 nfim the z-direction), It::ued for sample S1 at 80 mI@ R,y after subtraction of.a linear
width 200 nm(parallel to the current directionand period ackground. Flat band conditions are marked by vertical dashed

. . lines.
500 nm. Sample S2 has stripes oriented parallel to the cur e

rent(i.e., _along the Hall barof he|ght 60 nm, Wldth 400 nm The measure®,,(B.,) of sample S1 at 4.2 K and at 80
(perpendicular to the current directiomnd period 1000 nm. 1« are shown in Fig. @) and(b). Large amplitude CO’s are
At T=4.2K, sample S1S2 has an electron density; of  gpserved with the last CO minimum &.,=0.4T. The
3.9 (3.6)<10° m™? and a mobility u of 70 (60) m*  posjtive magnetoresistance observed bete@5 mT is due
V~s™!, corresponding to a mean free path-e7 (6) um.  to channeling of electrons along open “snake orbits” that
The arrays cover the entire active area of the Hall barsare perpendicular to the current directbiihe experimental
which are 50um wide with voltage probes separated by 130results are compared to the results of a semiclassical numeri-
um. The Hall bars are orientated along the nonpiezoelectrical calculation ofR,,(Bey),2° which assumes thakB, in-
GaAs [100] direction to minimize electrostatic modulation creases linearly withBg, up to B3 (consistent with the
due to the different thermal contraction of Co and G&As. Stoner-Wohlfarth model The calculation then has two ad-
Resistance measurements were performed using an @gstable parameter®52 and V,, the amplitude of the re-

; . . o t
lock-in technique with an excitation current of 30 nA. For sidual electrostatic er)T(mduIation. FoV,=0.8 meV and

both samplesRy, (Ry,) is defined to be the longitudinal BSal—1 4T (a reasonable value for this geomefty good
resistance for transport perpendiculparalle) to the mag-  agreement between the experimental and calculated results is
netic stripes. o obtained for the low field positive magnetoresistance, the CO
For zero applied field, the magnetizatiov, of the ferro-  positions, and the amplitude of the last CO. At lower fields,
magnetic stripes will lie along their length due to the strongihe measured CO amplitudes are smaller than calculated due
shape anisotropy and there will be no magnetic modulatioRy the influence of small angle scatteriflg.
at the 2DEG. Application of an external magnetic fielgl, At 80 mK CO's and SdHO's coexist over a wide range of
perpendicular to the 2DEG plane rotat®8 into the p_ and the envelope of the SAHO’s is strongly modulated.
z-direction and produces a periodic magnetic modulation ofrhe modifications to the SdH oscillations are particularly
amplitudeAB, at the 2DEG.AB, increases approximately ¢jear iNAR,=R,(80 MK)—R, (4.2 K), shown in Fig. &)
linearly with B, up to a value ofAB7* at an external field  since the CO’s are only weakly temperature dependent over
B&%."® Assuming that the stripes have the saturation magnethis range?? while the SAHO’s are almost absent at 4.2 K
tization of bulk Co, we obtaidB}'*=170 and 90 mT for below 0.5 T. The observed SAHO amplitudes are largest at
samples S1 and S2, respectively. the CO minima, shown by the dashed lines as found in Refs.
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for sample S2 at 4.2 K and 300 mK respectively); and(d) calcu-
lated D%(EF) at 4.2 K and 300 mK for sample S2. The vertical line
FIG. 3. (a) CalculatedD%(Eg) (i), and experimental SAHGE),  marks the last flat band condition. The arrows labeled 1 and 2 mark
versus Landau filling factor. (b) and(c) calculatedD (E) around  the points wherd g(Ef)=7%w, and Ziw,, respectively.
Er, at a CO minimum ¢=20) and at a CO peakvE27). The
contributions from the individual Landau bands are shown alterfrom an analysis of the SdHO amplitua%:ior a Hall bar
nately with solid and dashed lines, and the band centers are markeghm the same wafer but without a periodic modulation. The
by vertical arrows. calculatedD3(Eg) is compared to the experimentally ob-
. . , servedAR,, in Figs. 2 and 3. Thé,,; values at which the
23 and 24. Moving away from the minima, the SAHO's aregyitching occurs are in good agreement. In addition, the re-
suppressed before re-emerging at the CO peaks. duction of the oscillation amplitudes near the CO pe@kg.
AR,y is plotted against the Landau level filling facter  5.4yndy,=30) is reproduced. This shows that the collisional
=hny/2eB,, in Fig. 3a). Near the CO minima, SAHO contripution to the SAHO’s dominates over the band contri-
minima occur at integer values of i.e. the resistance is @ pytion, which is predicted to give SdHO enhancement at the
minimum when the Fermi level lies between Landau levelsco peakd3
as is always_o_bserved in uniform magnetic fields. HO\_Never, The physical origin of the SAHO switching to half integer
the SAHO minima around the CO peaks occur at half integey, is ijustrated in Figs. @) and (c). Figure 3b) shows the
values ofy, i.e. the resistance israinimumwhenEg is at the calculatedD (E) close toE; at a CO minimum. Herel'g is
cgnterof a Landau band._ The suppression of the SAHO amgmail and the totaD(E) has large amplitude peaks at the
plitudes marks the transition between the two modes of ber 5nqau band centers. TherefoR,, is a minimum for inte-
havior. This effect is not related to spin splitting, which is ger values of at the CO minima’.X Figure(8) showsD (E)
too small to be resolved at these low magnetic fields. Afjose toE, at a CO peak. Herd] is larger than the band
higher fields, beyond the last CO minimum, the SAHOggnaratior w,, and the totaD(E) has minima at the band
minima switch to half integer at Be,~0.5T before return- conters due to a superposition of adjacent band edges.
ing to integerv just before the onset of the quantum Hall Tharefore. at the CO peak®,, is a minimum whenv is a
. .. . . ’ KX
regime atBe~2T, similar to the behavior reported in it integer, as observed experimentally. The positions of the
The SdHOs can be described by the quantity and the resultant SdHO switching, are a direct consequence
dH(E) of the van Hove singularities, which lead to a greatly increas-
2 —
D7(Er) f( dE Figure 4 showsRy(Bey) at 4.2 K and at 80 mK for
sample S2. At 4.2 K, a series of oscillations is present, which
Dirac distribution function. We have calculat&@f(Eg) for ship to the predicted positions of minimum bandwidthe
sample S1 at 80 mK, within first order perturbation theorylast minimum is marked by a vertical dashed line in Fig. 4
B32=1.4T andV,=0.8 meV to describe the modulation am- which are again strongly modified. Betwe&,=0.1 and
plitude. The additional parameter required is the electror®.4 T, the SAHO envelope has several nodes at which the

Ref. 9. minima in the totalD(E) with respect to the band centers
[D(E)]2dE, ing D(E) away from the band centers.

whereD(E) is the density of states arf{E) is the Fermi-  are not periodic in B., and which have no simple relation-

following the procedure outlined in Ref. 3. We again useAt 300 mK, the magnetoresistance is dominated by SdHO’s,

scattering time. The value of X910 ?s used was obtained SdHO minima switch between integer and half integer
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Above 0.4 T, more complicated multipeak structures are obef the R, oscillations is similar to that of the SAHO’s R,
served. There is a clear correspondence between the SdHflbse to the CO minima, but is significantly different close to
envelope at 300 mK and the aperiodic oscillations at 4.2 Kthe CO maxima. Similar modulateR,, oscillations are also
For largew.7s, Ryy is proportional too,, and the addi- observed for sample S2. In Refs. 1-3, CO’s are predicted in
tional band conductivity contributiongy due to theE(k,) R« Which are in phase with the CO’s Ry, but reduced
dispersion is negligible. The observed structureRyy, is  in amplitude by an order of magnitude. We find no evidence
from the collisional CondUCtiVity and so should reflect theof these oscillations in our data. Instead, the obseR
structure inD7(E).*~* For weak modulations this gives rise oscillations appear to be related to the predicted oscillations
to CO's in Ry, that are in antiphase with those Ry."*  in the collisional conductivity, with large amplitude modula-
The calculated?(Er) for S2 is shown versuBe,in Fig. 4. tions at the flat band condition. More theoretical work is
The values 0By andV, are the same as used for S1. Therequired to understand this effect.
80 mK result is in good agreement with the experimental By careful Samp|e design, we have been able to access
SdHO’s. The maximum in the SdHO amplitude at 0.22 Texperimentally the regime in which CO’s and SdHO'’s coex-
corresponds to a minimum ifig, but the other features all st and the induced Landau bandwidths are so large that
arise from overlapping Landau bands. The nodes in thggjacent Landau bands can overlap. The resultant magne-
SdHO envelope and the associated phase switches that oCGyfesistances have been shown to have a rich oscillatory
on either side of 0.22 T correspond Fg=fiw. [1in Fig.  gyrcture in this regime. We find good agreement between
4(d)]. T_he next set of nodgs then corr_espondféi?%wc the measured magnetoresistance and the results of first order
[2in Fig. 4d)]. A.t 'gh|s point, three adj_acent bands overlap perturbation calculations of the density of states. This is per-
agd the ngIHO frmr:lma SW't(.:h ba;:k to |rr]1tegeras h‘%ﬁ b_een haps surprising given the strength of the magnetic modula-
observed iRy for largeBey in Ref. 9. The new oscillations tjon. There is clearly a need for transport calculations that go
observed at 4.2 K are also reproduced in the calculateg nd perturbation theory. to appreciate the full implica-
D%(EF) at this temperature. The oscillations arise due to eyonc p Y P P

thermal averaging of the modulated density of states, Witﬁ[Ions of these results.

magnetoresistance minima occurring whenever the Landau This work was supported by EPSREK). We thank

bandwidth is an integer multiple dfw, . _ Francois Peeters and Jirong Shi of the University of Antwerp
Figure 2e) shows the measured Hall resistanBg,, of {5 yseful discussions.
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