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Interplay between the periodic potential modulation and random background scatterers
in an antidot lattice
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Antidot lattices with top and back gate tunability allow the electronic transport properties of a sample to be
studied at a constant electron density while the two-dimensional electron system is shifted iirgion.
The antidot potential is found to remain essentially unaltered in our sample during a constant density sweep,
while other parameters such as the background mobility or wave function symmetryziditeetion vary. The
impact of these changes on the classical commensurability peaks, the Aharonov-Bohm-type oscillations, and
on a weak-localization-type feature arouB&0 T are investigated. In addition, a peak splitting appears in
oscillations superimposed on the main commensurability peak at high electron densities.
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[. INTRODUCTION way with openings in the corners that serve as current and
. . . . . voltage leadgsee Fig. 1 After patterning, the entire struc-
A two-dimensional electron system imprinted with a régu-y e \was covered with a TiAu layer that serves as a top gate.

lar array of insulating islands is commonly called an antidotrpg high electronic quality of antidot lattices defined by this
lattice: These structures have attracted considerable expefiethod has been demonstrated previotisly.

mental and theoretical interest over recent yéamsparticu- First we consider theoretically how the amplitude of the
lar magnetoresistance peaks corresponding to commensurgfgtidot potential is expected to depend on the gate voltages.
cyclotro_n orbits enclqsmg 1,4,9,., anudpts h_ave been ob- As can be seen by removing the oxide with an HCI dip etch,
served in square antidot arrdyand explained in the context the oxide height closely resembles the corresponding etch
of classical billiard modelé At low temperatures, a fine os- depth!® This can be exploited to gain quantitative insight
cillation with a periodicity of approximately one flux quan- into the induced potential modulation. The inset in Fi¢p)2
tum through a cyclotron orbit is sometimes obser¥€@his  shows the dependence of the electron sheet density, or
feature has been explained by periodic orbit thédriybut  equivalently Fermi energy, on the cap layer etch depth as
interpretations in terms of a Hofstadter-type beating in thegculated with a Poisson-Schrodinger solédor a two-
artificial band structure have also been propdsdtbre re-  gimensional system. Using a fit function, this allows us to
cently, weak localization has also become an issue of interegfirectly convert the oxide height profile of an antidot into the
in these system8.The magnetoresistance effects mentloneobotemia| modulation of the underlying 2DES. This two-
above arise from the properties of the regular antidot potengimensional approach should be a good approximation since
tial modified by the presence of random background scattekhe |ateral dimensionga=150 nm are considerably larger
ers. However, in previous investigations the electron densityyan, the depth of the 2DES-40 nm). If a voltage is applied
and the overall mobility were not changed independently, S@, 6 1o gate, there is an additional capacitive contribution
that contributions from the lattice and from the backgroundarising from the modulated distance top gate-20&S Fig.

scatterers were difficult to disentangle. In this paper we i1 “a piot of the resulting total potential modulation at a
vestigate this interplay by using antidot lattices with a tOPseries of top gate voltages is presented in Fig).2\s can be

and back gate that allow us to tune the amount of backgeen the contribution from AFM lithography completely
ground scatterers at constant electron sheet density.

1,

Il. SAMPLE

The sample discussed helfeig. 1) was defined by local

anodic oxidation of a GaAs heterostructifr® with a two- 8

dimensional electron systef@2DES 40 nm below the sur- g&

face and a conducting back gate layer at a depth ofuin3 3

The 2DES is insulated with respect to the back gate by layers BN

of ErAs islands‘* Patterning was performed with an atomic

force microscop€AFM) operated in tapping mode in a con- (a) (b) 4 ’5”)( /ﬂmf”” 2

trolled atmosphere with a humidity of 41% and at a tempera-

ture of 26.6 °C. Single antidots were oxidized by reducing FIG. 1. (a) AFM scan of the structure under study. Bright areas
the setpoint voltage and applgra 3 s/~24 V pulse to the are oxidized and correspond to depletion in the underlying 2DES.
conducting tip. The enclosing cavity was defined in a similar(b) Blowup illustrating the regularity and oxide height profile.
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150 nm Sidonors  oxide IIIl. COMMENSURABILITY PEAKS

34 nm The magnetoresistance is measured across diagonal 1
~+ ~~ TA_ ~ from corner 2 to 3, while the Hall voltage is measured across
D L e P diagonal 2 between corners 1 andsge Fig. 1a)]. By ap-
2DES plying voltages to the gates, the two-dimensional electron
@ fF density can be tuned capacitively. The electron density in the
T lattice was determined from the position of a well-defined
Shubnikov-de Haas minimum at a known filling factor. The
availability of a top and a back gate in our samples enables
us to sweep one gate and hold the electron density constant
0 by applying suitable voltages to the second gate. This opens
0 itcr:‘degth ?nnl)o up a window on effects connected to changes in wave func-
| Ve E, ] tion symmetry and background mobility, as mentioned
o R g above, without having to take influences from a changing
L2015 E.for ] Fermi energy into account. Constant density sweeps were
— 02y —nZ26x10°m’ done by setting the top gate voltage to a fixed set of values
-------- = and then adjusting the back gate voltage until the specified
L electron density was reached. The back gate voltage is not a
140 200 260 320 well-defined parameter, because the ErAs islands between
(b) lateral distance (nm) 2DES and back gate can become charged over (t@e Ref.

10 T . T 14). This leads to an effective voltage offset to the back gate.
However, if the back gate voltage is readjusted to give the
same electron density at the same top gate voltage, the mag-
netoresistance was found to be virtually unchanged down to
the smallest reproducible fluctuations. It is therefore sensible
to define a state of the system in terms of a top gate voltage
and electron density.

Figures 3a) and 3b) show magnetoresistance traces at a
series of top and back gate settings for two different constant
electron densities at 9 K. The overall resistance decreases
and the commensurability features are better resolved at the
20 20 50 80 100 higher electron density of 3.3510" m™2 Within the con-

(© depth (nm) stant density series at 3.%5L0'°> m~? the electron mobility
increases towards higher top gate voltaffég. 3(c)]. Only

FIG. 2. (a) Schematic of a cross section through the sanple. gt the lower density of 2.62 10" m™2 does the mobility
Simulation of the induced potential profile taking capacitive contri-jncrease again at the lowest top gate settiifgg. 3(d)]. A

butions from the modulated top gate and the contribution from locabossible explanation for the increase in mobility at high top
anodic oxidation into account. Inset: Poisson-Schrddinger simula:

tion of the electron sheet density as a function of cap-layer etclgate voltages is a population of the donor lafienized Si
depth. (c) Poisson-Schrédinger simulation of tzecomponent of tomg with electrons, leading to improved screening. On the

the wave function for different top and back gate settings at a conpther hand, at very low top gate voltages, all the electrons

. - : . have left the donor layer and the mobility increases again
tant elect heet density of 3730'° m™2. The F , '
zea;rloeoec ron sheet densty o m e FEIMIeneIgy IS hocause the 2DES s pushed away from the GaAs/GaAlAs

interface. This reduces scattering off the ionized donor atoms
dominates, so that the overall potential profile remains esser@nd from defects close to the GaAs/AlGaAs interface.
tially unaltered if the electron density is held constant. At a The electron densities 0f3.75+0.05X 10" m™ and
series of top gate voltages this can be achieved by applying?.62+0.05 x 10'> m™2 in the lattice correspond to values of
suitable back gate voltages. The simulation does not takét.25+0.03 x 10" m™2 and(3.25+0.05 X 10" m™2, respec-
contributions from in-plane screening or from top gate metatively, in the unstructured leads. During a constant density
induced strain or Fermi level pinning into account. Sinceseries, the difference remains practically the same, but while
these contributions should not be top or back gate voltaggoing from the highest to the lowest density, the difference
dependent, our assumption of a constant potential moduldsetween lead and lattice increases from about 0.50
tion should remain valid. However, as shown in Fi¢c)2the X 10'® m™2 to about 0.6 10'® m™2. This is somewhat sur-
position and symmetry of the component of the 2DES prising, since the simulation in Fig. 2 predicts no saddle
wave function does change somewhat. As will be seen in thpoints between the antidots. A possible explanation is that we
transport measurements discussed below, there is alsod® not measure the maximum electron density between the
change in the strength of background scattering. This couldntidots, but rather an averaged density over the entire cross-
be related to a depth-dependent defect density, or to differersiectional area of the potential valley. This would also ac-
degrees of screening in the donor layer, as the top gate voleount for the larger difference at lower densities, where the
age is variedsee also Ref. 14 potential slopes are less steep.
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Ne: 3.75 x1015 m-2
temperature: 9K

sity sweep, the antidot potential remains essentially constant
while the background mobility intrinsic to the wafer changes.
As can be seen in Fig.(8, the commensurability peak
around four antidots is more sensitive to changes in the mo-
bility owing to its longer trajectory. In addition a pronounced
resistance peak arourB=0 T appears as the mobility de-
creases. The relatively high temperatuf® & indicates that

this effect is most likely caused by classical mechanisms.
The observed peak shape is very similar to the negative mag-

:-218.4mV, T +440mV H H .

Yoo 8mV vbg  -oomv ] netoresistance predicted for a cIassma! Lor_enz gas, where
x:g}géimg xggr 1gggm¥ only hard scatterers are preséhtpossibly including a

- AmV, T- m . z -
Vtg; -86.7mV, ng;.mo,nv 1 smooth random potential background as discussed by Mirlin
x:g o zgggggg:‘n‘\‘j et all® As can be seen in Fig.(d), a temperature-dependent

— Vig: +949mV, Vbg: -3310mV | peak around=0 T also arises with a height that is approxi-
s 4 & mately proportional to the mobility =0 T [see Fig. &d)].

This feature can probably be attributed to a weak localization
phenomena as discussed by lanall® or Yevtushenkoet

20} Ne: 2.6 x10'5m2 al.tt
temperature: 9K
15} . IV. AHARONOV-BOHM-TYPE OSCILLATIONS
— " We now turn to effects arising from phase coherence and
g 10 interference of the conduction electrons. Aharonov-Bohm-
> ~ type oscillations were detected at an electron density of
T .| 2.62x 10 m™ at 1.7 K [Fig. 4a)]. Measurements done
% Vtg:-200.0mV, Vbg: with different lead configurations show the same features and
any o - < Vig:-277.9mV, Vbg: +13 . . h . .
e — Vig-2545mV. Vbg: -440mV exclude an irregularity in a single corner of the lattice as the
of ~ _g:gggggm xg}ggm l sole source of the Aharonov-Bohm-type oscillations. This
— Vig:-175.2mV, Vbg:-2080mV indicates that the effect is indeed a lattice property. The in-
5 // N onemy Ve Sopomy fluence of changes in background mobility on the low tem-
— 2 : (‘) . 2 : "1 : 5 perature resis_tanqe fluctuationg arising between 9 and 1.7 K
) B(T) can be seen in Fig.(d). Surprisingly the Aharonov-Bohm.—_
type oscillations are most pronounced at the lowest mobility
° density: 3.75 x10'%m density: 2.62x10'%m 2 [see highlighted trace in Fig(4) and resistance dependence
o1 Fig. 3(d)]. This observation is put on a more quantitative
8 basis in Fig. 4d), where the fast Fourier transfornisFT’s)
g 5 § 1o of the traces plotted in _Fjg.(é), are sr_\own. The FFT of the
< = trace at the lowest mobility has the highest and sharpest peak
c 8 = & - at a fre_quenc_y corresponding to a fIl_Jx quantum through a
5 z 7 7R circle with a diameter oA=150 nm. This behavior has been
R, aB=0 —+ Ry B0 predicted by Andoet al® as a consequence of the suppres-
4 15 sion of contributions from larger periodic orbits and more
© 800 -200 \4;?,?1\,) 0 100 « 300250 Vtgg O(Omv'; 50 190 complex band-structure effects by background scatterers. An

analysis of the minima in the trace at the lowest mobility is
FIG. 3. Magnetoresistance between corners 2 and 3 at a series Bf¢sented in Figs.(#) and 4c). A period of 0.23 T is ex-
top and back gate voltages at constant electron densitigg)of tracted, that matches the value of 0.235 T for a flux quantum
3.75x 10" m2 and(b) 2.6 10*5 m™2. (c) and(d) plot the top gate ~ through a circular orbit with a diameter af=150 nm. From
voltage dependence of the resistanc®a0 T, at the commensu- this we can identify the periodic orbit around 1 antidot as the
rability peaks around one and four antidots, and for the minimumorigin of the oscillations in accordance with numerical
between the two for both densities. simulations>”*° In contrast, a beating corresponding to a
flux quantum through the square unit cell would have a pe-
By comparing the settings for the top gate voltage andiodicity of 0.183 T.
electron density in the lead with the same settings in an un- There is no smooth transition from the Aharonov-Bohm to
structured Hall bar with a known geometry, it is possible tothe Shubnikov-de Haas effect in the 150 nm sample, as has
extract the behavior of the background mobility in the waferbeen observed in arrays with larger lattice constahtdn-
during a constant density series. The qualitative variation irstead, the Aharonov-Bohm-type oscillations extend upto 4 T
background mobility in the wafer was found to be very simi- with high periodicity and coexist with the Shubnikov-de
lar to the longitudinal resistance changesBatO T in the  Haas effect. This is remarkable since, in contrast to earlier
lattice. This confirms our picture that, during a constant denfeports, the commensurability peak around one antidot and
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- B > 4 g FIG. 5. Difference between traces at 1.%l&nK for a constant
(@) BT density series at 5310'>m™ for two different cooldowns. The

shaded region highlights a peak superimposed on the main com-
mensurability peak that splits while the gates are tuned.

hence the corresponding classical cyclotron orbit is located
at a much smaller magnetic field below 1.%sEe Fig. 4a)].

In an intuitive picture this might be attributed to a more rigid
electronic band structure originating from the lower number
of modes between two antidots at smaller lattice constants.
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V. PEAK SPLITTING

Vg 1-230.3mV, Vpg: +0.952V, ne:262 10'¥m2

- " > 3 . 5 An unexpected feature was found in the low temperature
(b) B(T) magnetoresistance traces taken at high electron densities.
The difference betweea 9 and a 1.7 K series taken with the
same gate settings at an electron density of&L0° m=2 is
plotted in Fig. 5. A peak arising towards lower temperatures
o e -299.7mv superimposed on the main commensurability maximum at
4 *. -0.23T/peak about 1.5 T splits as the 2DES is shifted. This effect has not
been reported previously and could have several possible in-
— terpretations: (a) Universal conductance fluctuations are
L known to change when the disorder configuration is altered.
This could be the case when the 2DES is shifted inzhe
direction at different top and back gate settings, but two
points make this interpretation seem unlikely. The peak split-
ting feature is about a factor of 5 larger in amplitude than the
magnetic-field-dependent fluctuations arouB&0 T and
does not appear to be random in nature. Secondly the feature
is present in two different cooldownéb) Differences in the
periodicity of the Shubnikov-de Haas oscillations in the lat-
) _ _ . tice and in the leads resulting from small variations in the
FIG. 4. (a) Difference in the magnetoresistance between a serieg|actron sheet density could be a cause. However, the exact

) 5 5 :
of constant density syvee;ﬁg.ezx 10 m™, see Fig. Btaken at 9 matching of the Shubnikov-de Haas maxima and minima at
and at 1.7 K. The resistance was measured from corner 2t0 3. T eI her magnetic fields practically excludes this possibilit
vertical lines have a spacing of 0.235 T corresponding to a flu 9 9 p y P Y-

quantum through a circular orbit with a diameteragf150 nm. The X(C) The'spllttlng could be r?"at?‘d to the Aharonov-Bohm-type
uppermost tracéesistance not to scalis a 9 K sweep with @lear oscillations or then/2e oscillations appearing at lower den-
commensurability peak around one antidot, the short vertical Iine§'t'es' however, no red per|0d|_C|ty over several pe_aks 1S
indicating the positions of Shubnikov-de Haas minirfta. Num- observed. In a band strgcture p.|cture the peak splitting _could
bered Aharonov-Bohm minima of the trace highlighted@ (c)  @lso be attnbuted.to a d.|sorder. mdgced opening or closlng of
Magnetic field values at the numbered minima showibin From & band gap(d) Spin orbit coupling increases towards higher
the slope an average spacing of 0.23 T is extractddFourier ~ €lectron densities. Since not only the electron mobility but
transform of the traces ifg). The highlighted trace with the sharp- also the wave function symmetry in tlzedirection changes
est peak corresponds to the trace with the lowest mobility highwhile the 2DES is shifted, this could be a factor. However
lighted in (a) and (b). spin-orbit interactions are known to be weakniype GaAs.
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Measurements focusing on weak anti-localization below 1 Klation) is compared to the lattice constantasf 150 nm. Un-
could yield insight into this interesting possibility. der these conditions it is possibly more adequate to think of
the electron wave functions as being bound to the antidots
with concentric states similar to edge states in the quantum
VI. CONCLUSIONS Hall regime. The conductance is then modulated by the over-

Antidot arrays defined by AFM lithography have an e|ec_l<';1|o_ping states in the \_/alleys that form an extendepl network.
tronic quality comparable to the best lattices fabricated b Jhis would alsp explain th.e o_bserved constant period of 0.23
other techniques. The finite size of the arrays seems to hav up to very high magnetic fields.
no significant influence on the magnetotransport properties. In mobility dependent sweeps we fpund the most pro-
As in earlier reports, the classical commensurability peaké?ounCed Ah?FQ”OV'BOhm'_Wpe oscillations at th_e lowest
are well described by theofy. elet_:tron mobilities. Accordlng to Uryu and Antfathis can

Aharonov-Bohm-type oscillations were detected at Iowbe mterprete_d as a washing out of more complex band struc-
electron densities. The periodicity of 0.23 T preciselyture effects in the presence of an increased amount of ran-

matches a flux quantum through a circular orbit with a diam-dom background scatterers. Aharonov-Altschuler-Spivak os-

eter of a=150 nm (0.235 T), which can clearly be distin- cillations aroundB=0 T were also present in some traces,

guished from a flux quantum through the square unit Celput were more sensitive to changes in parameters than the

(0.183 7). It is surprising that the oscillations persist up to 4 Aharonov-Bohm-type oscillations. .
T, more thantwice the magnetic field of the main commen- AN unexpected peak splitting effect superimposed on the

surability peak, without changing frequency. Instead of gmain commensurability peak was observed as the 2DES was

smooth transition to the Shubnikov-de Haas effect, the twéghlfted at high constant electron densities.
oscillations coexist, which is in marked contrast to earlier
reports>1® In periodic orbit theory, classical orbits would
strongly contract with increasing magnetic field, especially if  This work was supported by the Schweizerischer Nation-
the small antidot diameter of only about 35 rifrom simu-  alfonds.
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