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Inverse flux quantum periodicity in the amplitudes of commensurability oscillations
in two-dimensional lateral surface superlattices
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We report strong, amplitude modulated, commensurability oscillations in the magnetoresistance of short
period, square, two-dimensional, lateral surface superlattices with symmetric potentials. The amplitude of the
oscillations is strongly enhanced when one magnetic-flux quantug) passes through an integral number of
cells of the superlattice. The temperature dependence of the strong oscillations agrees with the theory for
commensurability oscillations in one-dimensional superlattices, but the smaller oscillations between these are
more rapidly attenuated by increasing temperature. Although the structure we observe has the same flux
periodicity as expected for the Landau-level substructure known as the Hofstadter butterfly, such substructure
will not be resolved at the temperatures of measurertieat0 K). We compare our data instead to a recent
theoretical model which treats exactly this case, and find significant points of agreement.
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Lateral surface superlattic€sSSL's), in which a periodic In this paper we describe large, amplitude modulated
potential is applied to a two-dimensional electron systenCO'’s in short period LSSL's witllymmetrianodulation. The
(2DES), have been studied for many years. The most signifiamplitude is enhanced when a quantum of magnetic flux
cant feature in their magnetoresistance is generally the seriéb/e) passes through an integral number of unit cells of the
of oscillations, periodic in reciprocal magnetic field, which LSSL. The fields at which this modulation occurs point to a
are called commensurability or Weiss oscillatiof@0’s).  quantum-mechanical origin. We shall argue that the modula-
These can be strong if the modulating potential varies only irtion is a manifestation of structure in the collisional or scat-
one dimension, but the oscillations are much weaker if theering term in the conductivity, which is predicted by a cur-
same modulation is applied in two orthogonal directions, andent theoretical approathat these magnetic fields, even

can have the opposite phase. though the internal structure of the Landau levels due to the
Theoretically, both semiclassical and quantum-mechanicatofstadter butterfly is not resolved.
perturbation theories describe the one-dimensi¢ha) data The LSSL's considered here were fabricated by patterning

successfully. However when these techniques are extendedtioe surfaces of GaAs/fkGa,-As heterostructures using
two dimensions, both the gquantum-mechanical approacklectron beam lithography and shallow wet etching, to pro-
considering only the diffusional term in the conductivity, duce either 50 nm diameter pillars on a 100 nm period square
and the early semiclassical calculatibrredict that the LSSL® or 40 nm diameter holes in a 80 nm structiigure
CO’s for a 2D pattern with the same modulation in both1 shows normal and inverted AFM images of an 80 nm pe-
principal directions should be of the same amplitude as in theiod LSSL of holes. The heterostructures contedire6 nm

1D case. This contradicts the experimental evidence. Thstrained layer of 1p,.Ga gAs, 10 nm below the surface, and
suppression of the 2D CO’s was ascribed in a comprehensiviae depth of the hole€0 nm was sufficient to cut through
development of the methods introduced in Ref. 2 to the efthis layer and produce a periodic stress.

fect of the subband splitting resulting from the 2D nature of The potential in such samples arises from two main ef-
the potentiaP A more direct, semiclassical picture of 2D fects, depletion due to removal of material and a piezoelec-
LSSL's based on the motion of the guiding center in realtric field due to the stress. Interference between these two
spacé shows thatasymmetryin the potential landscape is €ffects usually breaks the symmetry of the poteritfakhich
important in defining the magnitudes of the CO’s that arelS undesw_able in the experiments reported h_ere. We there_fo_re
observed. If the two principal Fourier components of theforward biased the samples using an overlying gate to elimi-
periodic potential are unequal in magnitude, then strondlate the (_jg_pletlon effect, leaving only the p|ezoelgptr|c field.
CO’s are expected for current flowing in the modulation di- ' he mobilities of the samples under these conditions were
rection of the larger component, and CO’s should be abserfyPically 70 nfV~* s™1. Results from different Hall bars,
for current flow in the orthogonal direction. No CO’s should aligned in the[011] and[011] directions on a (100) sub-

be seen at all if the Fourier components are equal, providestrate and fabricated in close proximity on the same wafer
that the mobility is sufficiently high. This picture has beenare reported. For these directions the piezoelectric potentials
developed in a more comprehensive calculdtimmd experi-  are equal in magnitude but opposite in stgn? producing a
mental studies of a wide range of symmetric and asymmetrisymmetric square potential displaced by half a superlattice
2D LSSL'$® have confirmed its main features. period in one axial direction with respect to the pattern on
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FIG. 1. AFM images of an etched 80 nm period square LSSL of
holes without a gate but after removal of the registnormal view,
(b) inverted view. The depth of the holes is approximately 20 nm.

FIG. 3. Magnetoresistance at 1.6 K with0.4 V gate bias for

the same LSSL's as in Fig. 2. The dotted vertical lines indicate the
magnetic-field values at which one flux quantuin/€) passes

) through 2, 3, 4, 5, and 6 unit cells of the superlattice, where the
the surface. The magnetoresistance of the samples was Mggagnetoresistance oscillations are enhanced. Shubnikov—de Haas
sured at liquid helium temperatures using standard alternagsggiliations can be seen above 0.3 T.

ing current(a.c) techniques.

Magnetqres[stance data fqr t_he 80 nm penod SUperIatt'Ces'?Uperlattice, andt is an integer index. This is shown by the
are shown in Figs. 2 and 3; similar characteristics were Me&;artical bars in Fig. 2, which are plotted farup to 12. We
sured on two further pairs of devices. The traces for the Wy, ot gpserve the “antiphase” oscillations seen previously
orthogonal directions show almost identical structures. At 5. or much longer periods of modulatidnwith maxima at
K (Fig. 2 the Shubmkov—qe Haas o§C|IIat|ons d'.e_awaythese positions. The absence of any other minima shows that
around 0.8°T !eavmg the CO's at lower f|e|q§. The minima 0fonly the principal period of the LSSL is involved in the
the CO’s are ;)’?I_‘he exzt_e_cted fI;’:\t-E?(ndlposLt:ons gl\_/enhby th'§tructure; there is no evidence for any diagonal Fourier com-
commensurability conditionR;/a=k—z, whereR; is the - ,,h0nts as are seen in similar samples aligned with the cube
cyclotron radius at the Fermi energy,is the period of the axesd?

A striking feature of the data is themplitude modulation

45 s — : the CO’s are large close to fields of 0.64, 0.3210.2. T. At
55K b these fields the flux through one unit cell of the superlat-
40 tice obeys®,/® = a where the flux quanturd,=h/e and
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a=1,2,3.... Inother words, one quantum of magnetic flux
passes through an integral number of unit cells at these
fields. The strong oscillations can be seen upte6 at 1.6
Kin Fig. 3 and fora=1 and 2 the modulation was visible up
to 9 K.

To confirm that the modulation is associated with mag-

25 w/w«?\\“’_ il \| \ I/”\\ netic flux, and therefore tharea of the unit cell, we also
//017 11 i \ \,/ - \l : oy \v studied LSSL’s with 100 nm periodFig. 4). Similar structure
20/ o1 ;12105 L] / \ N was seen but this time at fields of 0.41 T, 0.21. T.
, i 8 6 | o (millikelvin temperatures were required to see the structures
15 D /D 13 i2 i at =3 and 4. Samples containing a 100 nm square super-
0 0'_2 0!4 0!6 0!8 3 lattices of holes also showed similar amplitude modulation at

Magnetic field (T)

the same fields. The magnetic fields at which the strong os-
cillations were seen in LSSL'’s of these two periods differ by

FIG. 2. Magnetoresistance at 5.5 Kwith0.4 V gate bias from the ratio of theareasof the unit Ce”, 16/25. In Contrast, the
80 nm period 2D LSSLs aligned with tH@11] and[011] direc-  Magnetic field for CO’s depends on thieear dimension of

tions and prepared at the same time. The dotted vertical lines indhe superlattice, which gives a ratio of 4/5. This shows that
cate the magnetic-field values at which one flux quantirte  the modulation cannot arise from interference between CO’s

passes through 1, 2, and 3 unit cells of the superlattice, where th@ssociated with different Fourier components of the potential
magnetoresistance oscillations are enhanced. The vertical bars indnd supports a relation with inverse flux quantization. Al-
cate the expected locations of the CO minima with the correct 8dhough the modulation is most pronounced for a symmetric
nm period for the indices shown. potential, it persists to some extent with mild asymmetry
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39 25 mK : 4' — = These observations show that strong CO’s are seen in
38 Po/® 5 5 symmetric 2D LSSL's with short periods. The enhancement
7. when one flux quantum passes through an integral number of

cells of the superlattice points to a quantum-mechanical ori-

=87 gin. Superficially it appears to be in agreement with early
6 35 analyses of the problefT, which predict that CO’s of equal

amplitude will occur for transport in the two principal direc-
tions in a symmetric 2D periodic potential; their amplitude is
reduced when the substructure of the Landau levels is
resolved but this does not apply to our samples. However,
these early quantum-mechanical models give no modulation
of the CO’s other than the usual monotonic decay with in-
verse field and therefore do not explain key features of our

/\

29 30 ch/cDIz 2 i1

— . B observations.
o8 _0 02 04 06 08 1 The quantum mechanics of a 2DES subject to a symmet-
0 0.05 0.1 0.15 0.2 0.25 ric 2D periodic potential and a perpendicular magnetic field
Magnetic field (T) have been widely studied since Hofstadftepredicted a re-

) . markable self-similar energy spectrum for the limit of an
FIG. 4. Magnetoresistance at 25 mK ah®.3 V gate bias fora  jgq|ated tight-binding band due to a strong periodic potential,
sample aligned with thg011] direction of 50 nm diameter pillars e Hofstadter butterfly. This spectrum is plotted over the
on a 100 nm per|0(_j square superlattlc_e. The dotted vertical “ne?ange G<d/dy<1 and repeats with period, at higher
indicate the magnetic-field values at which one flux quanthhe) fields. Within the lowest repeat, the band breaks imtsub-
passes through 2, 3, and 4 cells of the superlattice, where enhanc&é d. 1D/ D= 1/a. th ’ field the struct b-
oscillations are observed. Inset: the same sample measured at 5 ’n S a 0 @, the same nie .S as . € §ruc ure o
showing the enhanced oscillationsdag/d=1 and 2. served in our data. However th.ere is no sign in our data of
the reflected structures predicted dt/®y=(a—1)/a.
Therefore we do not accept this crude application of the Hof-
[Fig. 2b) of Ref. 8|, especially atbo/® =1, but disappears stadter prediction to our data. A full quantum-mechanical
completely when the asymmetry is larggee Fig. 2a) of  calculation’ predicts magnetoresistance structuresba®d,,
Ref. 13]. =a but does not show inverse flux quantum structure or
We have studied the temperature dependence of the anrgommensurability oscillations and is therefore not directly
plitudes of the CO’s for the 80 nm period samples. Reprerelevant to our work.
sentative data are given in Fig. 5. For all the large amplitude oOur system lies closer to the opposite limit of isolated
CO's near integer values of the index Fig. 5@ shows that | andau levels in a weak 2D periodic potential. This has two
the temperature dependence was in excellent agreement wighain featuregRef. 5 and earlier references thepeifl) Each
the standard models for 1D CO'$™ Note that the fitting  Landau level broadens into a band whose overall width fol-
function usedl/T,sinh(T/T,), where the characteristic tem- |ows the same commensurability relation as in a 1D LSSL,
peratureT =% w.a/l2mkg\g, . is the cyclotron frequency, with minima at the flat-band fields given by
kg is Boltzmann’s constant, and: is the Fermi wavelength, 2R_/a=k— 1.18-20(2) Within this varying width each Lan-
depends, for a constant peri@d only on the ratio of the dau band shows a Hofstadter-like spectrum as a periodic
temperature and the magnetic field, which are both knownfunction of theinverseflux quantum®,/®.
Thus the only disposable parameter used in any of the fits is |In current LSSL’s the overall width varies more rapidly
the zero-temperature amplitude. Apart from the points at lowwith magnetic field than the internal structure. Some indica-
temperature and high field, where the Shubnikov—de Haagons of the internal structure have been seen in high-

oscillations have a significant systematic effect, the fit is conmobility samples at millikelvin temperatures in the field
sistent with the random errors for all this data. This indicateganged,/d<1.21?2

that the strong oscillations and 1D CO’s depend on the same |n our samples the scattering is too strong for us to re-
energy scale, which is larger than the cyclotron energy by &olve substructure in the Landau levels directly. Indeed in the
factor of 3kea (kg=2m/\g).* higher-temperature experiments, the Landau levels them-
The standard model also fits the CO’s betweenl and  selves are not resolved in the field range of interest. In the
a=2 well [see the data for th&=6 peak in Fig. $8)].  previous paper Vasilopoulos, Wang, and Peéfdrave ana-
However, Fig. §o) shows that the CO’s die away much more |lyzed the conductivity of the 2D modulated system in just
rapidly with temperature than predicted between the nexthis limit. As in their previous analysis of the 1D problém,
pairs of large amplitude regionsy&2,3 anda=3,4). This  they use an evaluation of the conductivity tensor in which
indicates that a smaller energy scale is involved. In the nexthe diagonal part is divided into diffusive and collisional
low amplitude region(betweena=4,5), the minimum cor-  contributions. The diffusive or band-conduction component
responding tk= 20 is entirely abser(see Fig. 3 The zero- is dominated by net current carrying states and leads in this
temperature amplitudes obtained from this fitting procedurease to commensurability oscillations in the usual way. It is
are plotted versus the CO ind&in Fig. 5(c). The enhanced however the collisional or scattering contribution due to hop-
amplitudes near integer values @fare clear. ping between localized states, which generates conductivity

035330-3



S. CHOWDHURYet al. PHYSICAL REVIEW B 69, 035330(2004

30 | | | | | | 1 | 1 30 |

. a N |c1>0/cp =1 c
£ 25- € 25- T L
z =
S S
[(b] - _ -
220 220
2 2
Foany S 2 |
215 215 |
< @
= &
= 101 S 10- _
R @
2 2
o 57 o 57 I

0 0

0 0 25

Resistivity amplitude (Ohm)
n ‘T’: e |3 i 3

o
T

~
A T e~
O A .

=
0 1 2 3 4 5 6 7 8 9 10
Temperature (K)

FIG. 5. Temperature dependence of the amplitudes of the CO'’s for a 80 nm gé&iddl,sample at the index numbeksgndicated.(a)
Oscillations that obey the standard theory for 1D. The random measurement error associated with each point ist@p8allyThe point
at 3 K for k=4 is seriously affected by Shubnikov—de Haas oscillatighsOscillations between integer values ®f/® that are more
strongly attenuated than the standard theory predicisExtrapolated zero-temperature amplitudes for the C@isors estimated at
+0.5Q). The large amplitudes of the oscillations close to integer valuebgib are clearly visible. Circles mark points for which the
extrapolation is less reliable.

peaks where one flux quantum intersects an integral numbeollisional contribution, are also in good agreement with ex-
of cells. These translate to resistivity structures at the samperiment. Ata=2, another strong collisional peak is pre-
magnetic fields, in agreement with experiment. dicted and observed, although the agreement between the
In Fig. 6 we compare the data of Fig. 2 with the compu-peak shapes is not as good asvat1, in that the minimum
tations of Vasilopouloset al. for the same sample param- observed at thé&<=9 flat-band position at a slightly lower
eters, assuming a field independent relaxation fiaking a  field is not resolved in the theory. This is not a complete
B~ 12 dependence does not greatly affect the comparisonsurprise as the theoretical estimates for the diffusion contri-
The agreement between theory and experiment around theition use a constant & *? dependence for the relaxation
strong peak ate=1 is excellent. Betweerv=1 and 2, time, whereas in practice it may oscill&tét lower fields
weaker CO structures resulting in the main from the diffu-strong peaks are predicted at=3,4, and 5, but in the ex-
sion term, although reduced in amplitude by the antiphas@erimental data, these structures are much weaker than pre-
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0 0.2 0.4 0.6 0.8 1 before. We believe that there are two reasons for this, both
S ' \ ' associated with the short period of our devices. First, the
401 small areas of the cells of the LSSL described here mean that
1 the conditionsa=1, 2, etc. occur at relatively high fields
35 and the higher integer structures are not smeared out by scat-
£30 tering, giving the characteristic series of enhanced oscilla-
5 tions we observe. Second, the accompanying theoretical
;25—: work demonstrates that the structures at integere intrin-
2 20 sically stronger in short period devices. With the benefit of
e hindsight, one can see enhanced oscillation amplitudes at
& 15 =1 in many published results.

103 In summary, we have observed strong commensurability

oscillations in short period, square, lateral surface superlat-
tices with symmetric modulation. No oscillations should be
seen in high mobility samples under these conditions accord-
ing to semiclassical theory. We see an amplitude modulation
of the oscillations, which are particularly strong when a
quantum of magnetic fluxh/e) passes through an integral
FIG. 6. The data of Fig. 2 replotted together with the theoretical, ;per of unit cells. The enhanced commensurability oscil-

trace calculated in Ref. 10 for the same parameters, assuming 1Btions are thermally robust and obey the existing model de-
magnetic-field independent scattering rate. The dotted vertical lines

are at fields where one flux quantuiw é) passes through 1, 2, and Velqlﬁ)et(_j to discnbe tf;ethamplltt.udles of IlD. Comrggrssur_apllllty
3 cells of the superlattice, and where strong magnetoresistanc(?—zSCI ations. _Cl_”_ren eorelica a_na ysIS predicts S'm' ar
structures are calculated and observed. enhanced resistivity peaks occurring at the same fields.

Theory and experiment are generally in good agreement

dicted. This is confirmed if the experimental temperature deEhough detailed differences do remain.

pendencesFig. 5 are compared with the theoretical curves
(Fig. 10 of Ref. 10; the peaks at integer are predicted to (S.C) would like to acknowledge personal support from the
be much more robust than is observed. University of Glasgow and the ORS scheme. We are also
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