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Adiabatic pumping of two-dimensional electrons in a ratchet-type
lateral superlattice
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A pair of interdigitated gates, interlacing off center, is used to generate a widely tunable
one-dimensional lateral superlattice in the two-dimensional electron gas at a GaAs/AlGaAs
heterointerface. Magnetotransport measurements with statically biased gates demonstrate that the
conduction-band modulation is strongly influenced by higher harmonics, thus allowing the
realization of both symmetric and ratchet-like periodic potential modulations. Temporally
phase-shifted ac biasing of the gates results in adiabatic pumping of electrons. The generated dc
current increases linearly with the pumping frequency and can be reversedin situ by inverting the
phase shift. ©2001 American Institute of Physics.@DOI: 10.1063/1.1355672#
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Pumping is characterized by the occurrence of a net
of particles in response to a periodic potential perturbation
an externally unbiased system. Although this mechanism
well known and peristaltic pumps are technologically e
ploited in many fields, its applications are still a fruitful fie
for science. In recent years, adiabatic electron pumps h
received considerable experimental1–6 and theoretical7–9 at-
tention. Realizations reported range from single1,2 or
coupled3 quantum dots driven in either the Coulom
blockade2,3 or the open regime,1 as well as surface acoust
wave devices4,5 to devices based on time-dependent late
superlattices used in commercial charge-coupled-de
~CCD! cameras.6 Following the fundamental proposition b
Thouless,7 a theoretical understanding of many kinds
parametric pumps has been developed.8,9

All of these electron pumps are based on an adiaba
cyclic ac deformation of the confining potential resulting in
dc current through the structure. This requires at least
spatially separated, independently addressable sets of pa
eters which change cyclically and sufficiently slow in tim
with a nonzero temporal phase shift. For a nonperiod
system like a quantum dot, these parameters correspon
two single barriers, e.g., two gates controlling the charge
the dot. In spatially periodic pumping devices one has to
slightly more cautious by ensuring that the paramet
change in a clearly distinguishable sequence. In this case
two parameters can be conceived as two standing waves
ing up to a traveling wave in which the carriers are tra
ported. If the spatial shift between the two parameters eq
p, there is no distinguished direction, in terms of the wa
picture, the waves extinguish each other. For this rea
many commercial CCD cameras are based on three-p
geometries.

In this letter, we report the peristaltic pumping of balli

a!Electronic mail: Eva.Hoehberger@physik.uni-muenchen.de
b!Present address: Solid State Physics Laboratory, Gerhard-Merc

Universität, D-47048 Duisburg, Germany.
c!Present address: Institut fu¨r Angewandte und Experimentelle Physik, Un
versität Regensburg, D-93040 Regensburg, Germany.
2900003-6951/2001/78(19)/2905/3/$18.00
x
f
is
-

ve

l
e

c,

o
m-

l
to
n
e
s
he
dd-
-
ls

e
n
se

tic electrons in a two-dimensional electron gas~2DEG!using
only two fluctuating potential barriers. We show that each
the driving potentials may be periodic in time and spa
However, both a spatial and a temporal phase shift betw
the input signals is required for a net flux of electrons. Mo
generally, the system can be interpreted as a ratchet:10 A net
flux of particles occurs due to broken spatial inversion sy
metry in a system subjected to time-correlated fluctuation11

which can be induced by either colored noise, a fluctuat
force, or, like in our case, a fluctuating potential.

Two samples, A and B, were prepared from modulatio
doped GaAs/AlGaAs heterostructures with the 2DEG
cated 37 nm beneath the surface. A Hall geometry was
fined using optical lithography and wet-chemical etchin
Ohmic contacts were provided by evaporated AuGeNi p
alloyed at 420 °C. Two interdigitated gates which interla
off center as shown in Figs. 1~b!and 1~c!, were defined on
the Hall bar using electron-beam lithography and evapo
tion of 15 nm NiCr. As determined by atomic-force micro
copy, the resulting one-dimensional lateral superlattice
sample A exhibits 95 periods with a lengtha of 775 nm. The

or-
FIG. 1. ~a! Oscillatory part of the magnetoresistance of sample A fo
ratchet potentialU152100 mV 1U0 , U25250 mV 1U0 with offset
U051150 mV. The dotted line is the result of a Fourier analyis.~b! Sche-
matic of the applied potential modulation.~c! Hall bar and off-centered
interdigitated gate geometry used in the experiment.
5 © 2001 American Institute of Physics
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width of a single fingerw is 256 nm and the spacingss1 and
s2 between two adjacent fingers are 188 and 75 nm, res
tively. Sample B contains a superlattice of the same ove
lateral size but with 74 periods and dimensionsa
51000 nm,w5200 nm,s15400 nm, ands25200 nm.

Biasing the gates with two independent voltages allo
the generation of a wide range of periodic potentials mo
lating the conduction band. In particular, the off-center
setup of the interdigitated gate electrodes allows the de
tion of both inversion symmetric and ratchet-shaped late
superlattices. Furthermore, a given potential modulation
be switched off or invertedin situ by exchanging the volt-
ages applied to the gates so that spurious effects like,
thermal voltages, can readily be eliminated from measu
ments.

Commensurability oscillations12,13 in the low-field mag-
netoresistance of a 2DEG reflect ballistic transport in
lateral superlattice and can be employed to map out the e
shape of the potential modulation.14 In the following, we use
commensurability oscillations to determine whether a giv
potential modulation with distinct symmetry properties c
be transferred into the 2DEG with sufficient accuracy.
quasiclassical ballistic model to describe commensurab
oscillations was developed by Beenakker15 and generalized
to include higher harmonics by Gerhardts.16 For a given
weak potential modulation of the 2DEG in depthd, V(x,z
5d)5(n52`

1` Vn,z5d exp(2pnix/a) with Vn,z5d5V2n,z5d* ,
the oscillating contributionDrxx to the low-field magnetore
sistivity rxx is given by

Drxx

r0
5

2

EF
2 S l f

a D 2

Bres (
n52`

1`

nuVn,z5du2 sinS 2pn
1

Bres
D ,

~1a!

with the zero-field resistivityr0 , Fermi energyEF , and the
electron mean-free pathl f5tvF . The rescaled magneti
field Bres can be expressed in terms of the superlattice pe
a and the classical cyclotron radiusRc asBres5a/2Rc .

From Eq.~1a! it can be seen that the low-field magn
toresistivity displays an oscillatory structure which is ch
acterized by the absolute squares of the Fourier coeffici
Vn,z5d and repeated periodically atBres

2151,2,3,.. . AsDrxx

is given in terms ofuVn,z5du and thus contains no phas
information, the exact shape of the potential cannot be
duced without further assumptions on the symmetry of
potential. However, the existence of higher harmonics at
location of the 2DEG, which is essential for symmet
breaking potentials, can still be verified. Figure 1~a! shows
commensurability oscillations in the four-terminal magn
toresistance across the superlattice,Drxx , plotted against
1/Bres. The displayed data were measured at 4.2 K in a s
dard Hall bar geometry in sample A. The applied gate vo
ages wereU152100 mV1U0 andU25250 mV1U0 . The
offset U051150 mV was used to eliminate the built-i
modulation of the conduction band caused by the Scho
contact between the gates and the semiconductor sur
The carrier density was determined from Shubnikov–
Haas oscillations to bens56.4431011cm22. For the given
gate voltages, three periods were resolved~solid line! and
fitted with a seventh-order Fourier series@dotted line in Fig.
1~a!#. The existence of higher harmonics is reflected b
characteristic double-peak structure in the commensurab
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oscillations. Equation~1a! shows that this can only be th
case if the 2DEG is under the influence of more than the fi
harmonic of the applied potential. As long as at least t
Fourier components are present, the off-center symmetr
the interdigitated gates is transfered into the 2DEG. Num
cal calculations based on an image charge model includ
Thomas–Fermi screening also showed a reflection of
shape of the applied potential in the resulting poten
modulation.17 The given gate geometry can thus be e
ployed to generate both symmetric and ratchet-type poten
modulations.

In order to pump electrons through the structure,
applied gate voltages were adiabatically changed followin
periodic cycle described in Figs. 2~a!and 2~b!. Using a stan
dard programmable pulse generator, each gate was bi
with a rectangular voltage pulse with amplitudeU5Ug

1U0 and frequencyf . The absolute value of the tempor
phase shift between the gates wasufu590°. Hence, one
pumping cycle consists of four steps, as depicted in Fig. 2~a!:
In the first step, none of the gates is activated~state 0!. In the
next step, one of the gates is switched on~state 1!. Then,
both gates are in the active state 1. In the last step, the
gate is switched off to state 0 again so that only the sec
gate remains in state 1. A similar pumping cycle was d
scribed theoretically by Parrondo.18 In our case, the activated
state of a gate is characterized by a strongly negative
resulting in the depletion of the 2DEG. The passive state
either just compensate the offsetU0 @case 1, c.f. Fig. 2~b!#or
consist in a positive applied voltage~case 2, not illustrated!
To keep the model simple, the shape of the potential mo
lation is approximated by the externally applied rectangu
pulses assumingw50.4a, s150.2a, and s250. These as-
sumptions are justified by the analysis of the static poten
modulations described above: In the strongly modula
case, a comparison between the measured commensura
oscillations and theoretical simulations17 revealed that the
potential modulation in the 2DEG,d537 nm below the
sample surface, broadens by a factor of almost 2 so that
smaller spacings2 between the gates can hardly be resolv
at z5d.

The resulting pumping current can be calculated by

FIG. 2. ~a! Temporal sequence of the rectangular gate pulses used to p
electrons. The passive state of a gate is denoted 0, the active state 1. G
is depicted by a dashed line, gate 2 by a dotted line.~b! Schematic of the
pumping cycle for case 1. The solid line displays the conduction-b
modulation of the 2DEG. The dots symbolize the 2D electrons and dem
strate that the pumping efficiency after one cycle isP151/3. ~c! Pumped
current through sample B forf 510 kHz. The solid line represents the ca
of positive, the dash-dotted line the case of negative phasef between the
gates.
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product of the fractionP of the electrons being pumped, th
total number of electrons in the structured areaNs , the elec-
tron chargee and the pumping frequencyf . Ns is given by
the carrier densityns times the structured areaF574mm
340mm, so that

I i5Pi•ns•F•e• f . ~1b!

This is illustrated for case 1 in Fig. 2~b!, where the electrons
of the 2DEG are depicted as small dots. From Fig. 2~b! it
seems obvious that within one pumping cycle one third
the carriers is pumped forward (P151/3). This simple pic-
ture ignores the buildup of charge in the depleted reg
underneath the superlattice which takes place for continu
pumping. A careful evaluation shows that this effect can
described in terms of a geometric series. Hence, we end
with an effective fraction of pumped particles ofP151/2.
Similarly, it can be shown that for case 2 all electrons
pumped andP251.

The current flowing under pumping conditions was me
sured from source to drain forf5690° at 4.2 K for differ-
ent pumping amplitudesUg and frequenciesf . Figure 2~c!
shows the current through sample B forf 510 kHz as a func-
tion of amplitude Ug . The carrier density of the stati
sample wasns54.70•1011cm22. The zero of both curves a
Ug50 was shifted by 32 nA due to thermal currents in t
sample. For small amplitudesUg pumping is not possible
since the modulation is far below the Fermi energy. T
allows for a backflow of displaced electrons correspond
to a ‘‘leaky’’ pump. For largerUg a current was measured
the sign of which depends on the direction of the phase s
The absolute value of the current reaches its maximum v
when the pumping amplitude equals the depletion voltag
the 2DEG known fromC-V measurements. For even larg
amplitudes, the pumped current decreases again. In thi
gime the center part of the superlattice loses contact with
source and drain regions and floats with respect to the 2D
as the electron channel is strongly depleted under the ac
gate. The linear background seen in Fig. 2~c! could be traced
back to the rectification of capacitive currents arising in no
ideal AuGe contacts. In order to eliminate such parasitic
fects the curves for forward and backward pumping withf
5690°, respectively, were subtracted from each other. T
net pumping current is then given by half the value of t
difference and again reaches its maximal value at the de
tion voltageU520.35 V1U0 . In Fig. 3~a!, the maximal
pumping current is plotted with respect to the pumping f
quency f for both cases 1 and 2. The curves display line
behavior for values belowf 5180 kHz and saturate at highe
frequencies. The saturation frequency is in good agreem
with an approximatedRC frequency of 188 kHz for an esti
mated resistance of 100 kVbetween the gates and the 2DE
The observed values for the fraction of pumped particles
P150.4460.04 andP250.8660.08. Hence, the ratio of the
pumping current for cases 1 and 2 equals the estimated v
of P1 /P250.5 within the accuracy of the error bars.

Figure 3~b!shows the normalized pumping current f
several values of the phaseufu between the applied gat
voltages for f 510 kHz. It reaches its maximal value fo
ufu590°. Its dependence on the phase is approximately
scribed by a sinusoidal curve, similar to the case of an o
quantum-dot pump.1
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In conclusion, we demonstrated that an interdigita
gate structure without spatial inversion symmetry can
used to create lateral superlattices of various symmetrie
the 2DEG of a GaAs/AlGaAs heterostructure. Furthermo
we showed that phase-shifted biasing of the gates with r
angular voltage pulses results in adiabatic pumping of ba
tic electrons. With similar structures it should also be po
sible to find direct evidence for ballistic transport und
pumping conditions or to reach the phase-coherent trans
regime at lower temperatures. These goals will be the fo
of further investigations.
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