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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 revierséd by inverting the

phase shift. ©2001 American Institute of Physic§DOI: 10.1063/1.1355672

Pumping is characterized by the occurrence of a net flutic electrons in a two-dimensional electron gaBEG) using
of particles in response to a periodic potential perturbation obnly two fluctuating potential barriers. We show that each of
an externally unbiased system. Although this mechanism ithe driving potentials may be periodic in time and space.
well known and peristaltic pumps are technologically ex-However, both a spatial and a temporal phase shift between
ploited in many fields, its applications are still a fruitful field the input signals is required for a net flux of electrons. More
for science. In recent years, adiabatic electron pumps hawgenerally, the system can be interpreted as a raf@renet
received considerable experimeftéland theoretical® at-  flux of particles occurs due to broken spatial inversion sym-
tention. Realizations reported range from siﬁéleor metry in a system subjected to time-correlated fluctuattons,
coupled quantum dots driven in either the Coulomb which can be induced by either colored noise, a fluctuating
blockadé* or the open regiméas well as surface acoustic force, or, like in our case, a fluctuating potential.
wave device$® to devices based on time-dependent lateral ~ Two samples, A and B, were prepared from modulation-
superlattices used in commercial charge-coupled-devicdoped GaAs/AlGaAs heterostructures with the 2DEG lo-
(CCD) camera$. Following the fundamental proposition by cated 37 nm beneath the surface. A Hall geometry was de-
Thouless, a theoretical understanding of many kinds of fined using optical lithography and wet-chemical etching.
parametric pumps has been develop@d. Ohmic contacts were provided by evaporated AuGeNi pads

All of these electron pumps are based on an adiabatic@lloyed at 420 °C. Two interdigitated gates which interlace
cyclic ac deformation of the confining potential resulting in a©ff center as shown in Figs(t) and Xc), were defined on
dc current through the structure. This requires at least twd€ Hall bar using electron-beam lithography and evapora-
spatially separated, independently addressable sets of paraH@n of 15 nm NiCr. As determined by atomic-force micros-
eters which change cyclically and sufficiently slow in time COPY, the resulting one-dimensional lateral superlattice of
with a nonzero temporal phase shift. For a nonperiodicaf@mple A exhibits 95 periods with a lengifof 775 nm. The

system like a quantum dot, these parameters correspond to

two single barriers, e.g., two gates controlling the charge on (b) U,
the dot. In spatially periodic pumping devices one has to be 1.0r I I—I—0
slightly more cautious by ensuring that the parameters ]
change in a clearly distinguishable sequence. In this case, the
two parameters can be conceived as two standing waves add-
ing up to a traveling wave in which the carriers are trans-
ported. If the spatial shift between the two parameters equals
7, there is no distinguished direction, in terms of the wave
picture, the waves extinguish each other. For this reason
many commercial CCD cameras are based on three-phase | —— experiment
geometries. Lol fit UG tle
In this letter, we report the peristaltic pumping of ballis- 0 1 2 3 4
1/B,s
dElectronic mail: Eva.Hoehberger@physik.uni-muenchen.de FIG. 1. (a) Oscillatory part of the magnetoresistance of sample A for a
Ypresent address: Solid State Physics Laboratory, Gerhard-Mercatoratchet potentiall,;=—100mV +U,, U,=—-50mV +U, with offset
Universitd, D-47048 Duisburg, Germany. Uy=+150 mV. The dotted line is the result of a Fourier analyB.Sche-
C)Presgnt address: InstitutrfAngewandte und Experimentelle Physik, Uni- matic of the applied potential modulatiofc) Hall bar and off-centered
versita Regensburg, D-93040 Regensburg, Germany. interdigitated gate geometry used in the experiment.
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width of a single fingew is 256 nm and the spacings and @0 L) — 60
s, between two adjacent fingers are 188 and 75 nm, respec- s
tively. Sample B contains a superlattice of the same overall gate 1 il 505,

lateral size but with 74 periods and dimensioms AA ASA
=1000 nm,w= 200 nm,s; =400 nm, ands,=200 nm. N

|
Biasing the gates with two independent voltages allows | | e
the generation of a wide range of periodic potentials modu- i F 30
lating the conduction band. In particular, the off-centered T— E_F
setup of the interdigitated gate electrodes allows the defini- | e 20
tion of both inversion symmetric and ratchet-shaped lateral t APAAAN: U, [V]

. : . . g
superlattices. Furthermore, a given potential modulation can

be switched off or invertedh situ by exchanging the volt- FIG. 2. (a) Temporal sequence of the rectangular gate pulses used to pump
; ; ; lectrons. The passive state of a gate is denoted 0, the active state 1. Gate 1

ages applied to the gates S.O that s.pu.rlous effects like, e'qeé’ depicted by a dashed line, gate 2 by a dotted ljbg Schematic of the
thermal voltages, can readily be eliminated from measuresymping cycle for case 1. The solid line displays the conduction-band
ments. modulation of the 2DEG. The dots symbolize the 2D electrons and demon-

Commensurability oscillatiori&*3in the low-field mag- Strate that the pumping efficiency after one cyclePis=1/3. (c) Pumped

. L . current through sample B fdr=10 kHz. The solid line represents the case

netoresistance _Of a 2DEG reflect ballistic transport in theof positive, the dash-dotted line the case of negative pltabetween the
lateral superlattice and can be employed to map out the exaghes.
shape of the potential modulatidfin the following, we use
commensurability oscillations to determine whether a given ] .
potential modulation with distinct symmetry properties canoscillations. Equatiori1a shows that this can only be the

be transferred into the 2DEG with sufficient accuracy. Acase if the 2DEG is under the influence of more than the first
quasiclassical ballistic model to describe commensurabilitffarmonic of the applied potential. As long as at least two
oscillations was developed by BeenakReand generalized Fourier components are present, the off-center symmetry of
weak potential modulation of the 2DEG in depdh V(x,z  Ccal calculations based on an image charge model including

=d)=3,"__Vp,_qexp(@mixa) with V., q=V* ,_ 4, Thomas—Fermi screening also showed a reflection of the

the oscillating contributio p,, to the low-field magnetore- Shape of the applied potential in the resulting potential

sistivity p,, iS given by modulation:” The given gate geometry can thus be em-

A 5 (1,12 +oo 1 ployed to generate both symmetric and ratchet-type potential
Prx _ -t Bres > n|Vnyz_d|25in<ZTrn—3), modulations.

po Egfla n=-—c Bre In order to pump electrons through the structure, the

(18 applied gate voltages were adiabatically changed following a
with the zero-field resistivityp,, Fermi energyEg, and the periodic cycle described in Figs(& and Zb). Using a stan-
electron mean-free pathy=7v. The rescaled magnetic dard programmable pulse generator, each gate was biased
field Bescan be expressed in terms of the superlattice periosvith a rectangular voltage pulse with amplitudé=U,

a and the classical cyclotron radifs asB,.—a/2R.. + U, and frequencyf. The absolute value of the temporal
From Eq.(1a) it can be seen that the low-field magne- phase shift between the gates wag=90°. Hence, one
toresistivity displays an oscillatory structure which is char-pumping cycle consists of four steps, as depicted in R@: 2
acterized by the absolute squares of the Fourier coefficients the first step, none of the gates is activatstate 0. In the
V, ;-q¢ and repeated periodically Btr;§=1,2,3,.. . AsAp,,  next step, one of the gates is switched (state 1. Then,
is given in terms of|V,,_4| and thus contains no phase both gates are in the active state 1. In the last step, the first
information, the exact shape of the potential cannot be degate is switched off to state 0 again so that only the second
duced without further assumptions on the symmetry of thegate remains in state 1. A similar pumping cycle was de-
potential. However, the existence of higher harmonics at thecribed theoretically by Parrond®in our case, the activated
location of the 2DEG, which is essential for symmetry state of a gate is characterized by a strongly negative bias
breaking potentials, can still be verified. Figur@1shows resulting in the depletion of the 2DEG. The passive state can
commensurability oscillations in the four-terminal magne-either just compensate the offdég [case 1, c.f. Fig. @)] or
toresistance across the superlattids,,, plotted against consist in a positive applied voltagease 2, not illustrated
1/B,cs. The displayed data were measured at 4.2 K in a stanfo keep the model simple, the shape of the potential modu-
dard Hall bar geometry in sample A. The applied gate volt-lation is approximated by the externally applied rectangular
ages wergJ ;= —100mV+UyandU,=—-50mV+U,. The pulses assumingv=0.4a, s;=0.2a, ands,=0. These as-
offset Uy=+150mV was used to eliminate the built-in sumptions are justified by the analysis of the static potential
modulation of the conduction band caused by the Schottkynodulations described above: In the strongly modulated
contact between the gates and the semiconductor surfacease, a comparison between the measured commensurability
The carrier density was determined from Shubnikov—deoscillations and theoretical simulatidfisrevealed that the
Haas oscillations to ba,=6.44x 10'*cm 2. For the given potential modulation in the 2DEG{J=37nm below the
gate voltages, three periods were resolysdlid line) and  sample surface, broadens by a factor of almost 2 so that the
fitted with a seventh-order Fourier seri@®otted line in Fig.  smaller spacing, between the gates can hardly be resolved
1(a)]. The existence of higher harmonics is reflected by aatz=d.

characteristic double-peak structure in the commensurability The resulting pumping current can be calculated by the
Downloaded 10 May 2001 to 141.84.142.82. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



Appl. Phys. Lett., Vol. 78, No. 19, 7 May 2001 Hohberger et al. 2907

product of the fractiorP of the electrons being pumped, the
total number of electrons in the structured akga the elec-
tron chargee and the pumping frequendy. Ng is given by
the carrier densityng times the structured arela=74um
X40um, so that

l;=P;-ns-F-e-f. (1b)

This is illustrated for case 1 in Fig(l®), where the electrons
of the 2DEG are depicted as small dots. From Figp) 2t
seems obvious that within one pumping cycle one third of
the carriers is pumped forwardP(=1/3). This simple pic- .
ture ignores the buildup of charge in the depleted region 0r " o ‘ ‘
underneath the superlattice which takes place for continuous 0 50 100 150 200 250
pumping. A careful evaluation shows that this effect can be
described in terms of a geometric series. Hence, we end URG. 3. (a) Maximum pumping current as a function of the pumping fre-
with an effective fraction of pumped particles Bfy=1/2.  quency for case 1K;=1/2) and case 2R,=1). The estimate®C fre-
Similarly, it can be shown that for case 2 all electrons argiuency is 188 kHz(b) Normalized pumping current for different absolute
! values of the pumping phasg
pumped andP,=1.

The current flowing under pumping conditions was mea- ) , .
sured from source to drain fa=+90° at 4.2 K for differ- In conclusion, we demonstrated that an interdigitated
ent pumping amplitudet), and frequencies. Figure Zc) gate structure without spatial inversion symmetry can be
shows the current through sample B for 10 kHz as a func- used to create lateral superlattices of various symmetries in
tion of amplitudeU,. The carrier density of the static the 2DEG of a GaAs/AlGaAs heterostructure. Furthermore,
sample was),=4.70 10 cm2. The zero of both curves at W€ showed that phase-shifted biasing of the gates with rect-
U,=0 was shifted by 32 nA due to thermal currents in thea_mgular voltage _pulses_results in adlak_Jatlc pumping of ballis-
sample. For small amplituded, pumping is not possible tic electrons. With similar structures it should also be pos-
since the modulation is far beglow the Fermi energy. Thissible to find direct evidence for ballistic transport under
allows for a backflow of displaced electrons corresponding?UMPing conditions or to reach the phase-coherent transport
to a “leaky” pump. For largetU, a current was measured regime at lower temperatures. These goals will be the focus
the sign of which depends on the direction of the phase shiff further investigations.
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