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Quantized acoustoelectric current in the presence of large tunneling counterflow
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A surface acoustic wave drives an electrical current through a short quantum wire. A second tunneling
current is injected by biasing one side of the quantum wire. These two contributions to the total current, which
flow in opposite directions, are controlled almost independently by the gate and the bias voltage, respectively.
We have observed the quantization of the acoustoelectric current at up to ten times larger counterflowing
tunneling currents. At large tunneling currents the acoustoelectric current can be strongly suppressed. However,
this does not seem to be due to an electrostatic interaction between the two currents, but is probably caused by
the complex potential landscape in the narrow channel of the quantum wire.
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I. INTRODUCTION particular, when the SAW is incident on the positively biased
Dual transport of charge is well known in solid-state side of the QPC, the acoustoelectric current depends more

physics! The prime example is the two-band transport due tosensitively.o_n the bias voltage while the tunneling current is
the existence of electron and hole Fermi surfaces in metal§nore sensitive to the gate voltage.

semimetals, and semiconductors such as in bisf@ther The tunneling current; varies exponentially with bias
dual effects occur when carriers of the same type are trangnd gate voltage. SAWs, on the other hand, transfer single
ported by two different mechanisms. In the so-called ratchetor few) electrons per SAW cycle across the potential hill of
effects, rectification of an applied voltage may change sigithe QPC*!! This situation can be described by "moving
as the temperature is decreased because diffussive procesggantum dots” traveling with sound velocitygay~3 km/s
dominating at high temperatures are replaced by tunnelingRef. 8. Coulomb repulsion between the electrons in such a
transport at low temperaturés. dot? determines its occupancy as function of gate and bias

Two electrical currents flowing near each other interactvoltage, SAW amplitude, and frequency. Thus the acousto-
via Coulomb repulsion or by phonon transfer. This interac-electric (AE) current changes stepwise by developing pla-
tion is the stronger the shorter the distance between them iteaus ail \e=nef. Heree is the electron chargd, the SAW
An example of this would be the studies on frictional dragfrequency; andn, an integer. Theoretical models attribute
between two closely spaced two-dimensional electron gaseteviations from perfectly flalt,g plateaus to electron tunnel-
(2DEG) in a magnetic field:5> Another example would be ing and thermal activation either out'éf'*or into the mov-
two closely spaced quantum wires. For such systems mining quantum dot$® Since the AE current and the bias-
mum distances down to several 1 nm have been achievethduced tunneling current depend, in distinctively different
for example, by the cleaved-edge overgrowth technfeue.  ways, on bias and gate voltage, they can be separated at least
these cases, the large tunneling probability allows one t@ver a certain range of parameters.
study the collective excitations of the electron population in  The outline of this paper is as follows: Sec. Il describes
the wires’ The spatial separation ensures that the currents ithe layout and fabrication of the three investigated samples.
these systems can be separated. In the ultimate limit thiSection Il shows their behavior in the presence of counter-
separation tends to zero when the two wires occupy the sanflowing acoustoelectric and tunneling currents. Section IV
spatial region. However, distinguishing the two different cur-focuses on the QPC potential barrier as function of bias and
rents would then be almost impossible. gate voltage below pinch-off for conduction. A discussion

We have found a way to simultaneously generate, controlfollows on how to separate the two components of the total
and observe two different electrical currents flowing throughcurrent as well as their possible interaction with each other.
a short quantum wire, the channel of a quantum-point conSection V summarizes the results.
tact (QPQO. One current is dragged by a dynamic surface
acoustic wavéSAW) and the other one by a static potential
difference across the QPC.

The QPC itself is defined in the 2DEG of a Our samples were fabricated on a GaAs/AlGaAs
GaAs/AlGaAs heterostructure and kept in the closed regiméeterostructuré® Its 2DEG had a mobility of 105 AV s
below conductance pinch-off. Due to an applied bias voltageand a carrier density of 2810 m~2, measured in the dark
hot electrons can tunnel from one side of the QPC to theat 10 K. This corresponds to a Fermi energy ef
other. A second current is driven by a SAW from the opposite=10 meV and a long electron mean-free pati =9 um.
side of the constriction up the potential hill of the QPC. The The QPC was patterned by electron-beam lithography.
absolute value of both currents can be adjusted by the gate @wo semicircular shallow-etched trenches formed a smooth
well as the bias voltage, however, in a different manner. Irconstriction between the two electron reservoirs, whereas the

Il. EXPERIMENTAL DETAILS
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FIG. 2. (Color onling Typical characteristics of the three de-
vices with respect to the gate voltayg at T=1.8 K. The upper
traces(SAW off) show the conductand® normalized to the quan-
tum conductances,=2e?/h. The data are corrected for a series
resistance of 0.6 R. Lower tracegSAW on) are the AE currentin
units ofef. Also shown are the same current traces blown up along

FIG. 1. (Color onling (a) Scanning-electron micrograph of the
shallow etched constriction of sample 2®) Section of the inter-
digital transduce(IDT). (c) Schematic sample layout: 2DEG mesa

with the QPC, four Ohmic contactd—4) to the 2DEG, two side the Vy axis by a factor of 10 to visualize the first few quantized

gates(G), and the active IDT. In the experiments, the SAW is inci- t st The If i t at the indicated d
dent from the left, contact 3 is biased, and the current detected é:turren Steps. The It generator was set at the Indicated power an

contact 1, defining the virtual groun@l) Schematic potential land- requencies of 2472.08&2B), 2464.780(2C), and 2466.565 MHz

scape through the center of the positively biased QPC along th{EZE)'

propagation direction of the superposed Sf¥ick solid ling). The

electrical component of the SAW is reduced outside the QPC due t&0 launch the SAW, as indicated schematically in Fig).1

screening by the 2DEG. Also shown is the potential of the unbiased All measurements were carried out in vacuum at 1.8 K

constriction(dotted ling and of the positively biased QP@hin  base temperature of the refrigerator. However, the rf power

solid line), both without SAW. In all cases, the right-hand side of for generating the SAW raised the temperature of the 2DEG

the QPC is kept at virtual ground. to about 5 K. In addition to the total currehtwe also re-
corded its derivatives with respect to the gate voltdgeV,

large areas of the 2DEG on both sides of the channel servd@ansconductangeand to the source-drain biadl/dVgy
as side gatefFig. 1(a)]. The 200 nm wide and 40 nm deep (conductance The excitation amplitude wabV,=0.5 mV at
trenches had curvature radii as indicated in Table I. Two ofl7 Hz anddVsy=0.5 mV at 117 Hz. Smaller excitation am-
the Samp|es had an additionawln |0ng straight section in plitudes of 0.2 mV ylelded the same results. Leakage to the
the center of the QPC. The geometrical width of the channefiates was always negligibléea<0.1 nA).
formed by the two trenches was about 200 nm.

Two aluminum interdigital transduce(tDTs), each with
80 pairs of fingergFig. 1(b)], were deposited on both sides ll. RESULTS
of a 2DEG mesa. Their fundamental acoustic wavelength
=1.15um corresponded to a center frequency of h
=2.46 GHz. The distance between either of the two IDTs an
the QPC was about 1.3 mm. Only one of the IDTs was use%;

Figure 2 shows the typical characteristics of our devices:
e conductancé of the constrictionno SAW applieg and
e AE current with respect to the gate voltage. The conduc-
nce is corrected for a 0.@kseries resistance of the con-
tact pads and the 2DEG. Above the pinch-@#,increases
TABLE I. Basic QPC properties of the three investigated smoothly and anomalies that we attribute to conductance pla-
samples cut from wafer HCO103-92-30122. Each QPC was defineghays appear at regular intervals. However, the conductance
by shallow-etched trenches Wlth_ the indicated cprvature rad'usplateaus are considerably below the expected ideal multiples
Samples 2B and 2C had an additionglufh long straight segment ¢ ' 5e2/y probably due to additional electron scattering

"?eithﬁt'rC%Zn;e;STmhp%riZ??ﬁgs ag?eﬁviletzcZber:sovégxelbargser OIiSipside the long constriction of our QP&%!8 Corrections for
Cusied i thg text 9 ge, resp Y. a larger series resistance would result in an increasing step

height between consecutive plateaus. At lower temperatures
(T<2 K) conductance fluctuations appear, indicating the

Radius Segment . . . .
Sample (um) (um) w B presence of impurities in the vicinity of the constriction.
Applying the SAW results in an AE current, typically
2B 5.0 1.0 0.045 0.92 starting ~100 mV below conductance pinch-off. The AE
2C 75 1.0 0.194 0.50 current is negative because electrons flow toward the current
2F 10.0 0.0 0.054 0.81 amplifier (drain) at contact 1, when the measurement con-

figuration of Figs. 1c) and Xd) is used. Several plateaus in
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2 SoF 1 FIG. 4. (Color onling (a) AE currentl and(b) transconductance
© L - dl/dVy vs bias voltage/sy Thel(Vgg curves were recorded at fixed
ot RS S S _‘ gate voltages from +90 to +160 mV in steps of 10 mV as indi-
600 20 o 200 cated. At 160 mV anomalies due to the quantized AE current can no

longer be resolved. The bias voltage was applied to contact 3 on the
same side as the active IDT, as in Fig. 3. This explains why the AE

current is negative. The positive tunneling counterflow starts at suf-

ficiently positive bias voltages.

FIG. 3. (Color online (a) AE currentl and (b) conductance
dl/dVsq vs gate voltagéd/y. The curves were recorded at fixed bias

voltages from —300 o +100 mV in steps of 50 mirom left to Figure 6 shows that biasing contact 1 opposite the active

right). The bias voltage was applied to contact 3 on the same side 4gyT gave similar results, but with reversed polarity. Here the
the active IDT. AE current is positive because the SAW drags electrons out

the current at multiples a#f can be seen with the naked eye. ©f the drain contact 3, while the tunneling contribution is
Higher-order plateaus can be resolved in the derivative of N€gative at negative bias voltages. This time, however, the
versusV,. Since all three samples had very similar charac-Shifts in bias voltage to match the curves for the acoustoelec-
teristics,gwe concentrate in the following on sample 2C. tric as well as for thg tunneling regime are mteychanged with
Figure 3 shows the AE currerit and the conductance '€SPect to the previous cageee the inset to Fig.)7When
di/dV,4 with respect to the gate voltage for sample 2C. Thefontact 1 is biased, adjusting for a match of the AE current
data were taken at the optimum rf excitation of this device of€guires the same shift, except the sign, as for adjusting the
13 dBm andf=2464.78 MHz at different bias voltages. Pla- tunne_lmg current when contact 3 is biased and vice versa.
teaus in the AE current appear near multiples eff This |nd|cates_ that _both_ shifts are (_:Iosely related and also
=395 pA. We define the center of the plateau by the minithat the QPC itself is quite symmetric.
mum slope of eithet (Vg or I(Vg). A large negative bias Note t.he low noise Ievgl of our s_amplgs. Random tele_—
voltage at contact 3 only shifts théV,) curves and their graph noise, caused by switching of impurity states and typi-
derivatives on the gate voltage axis, but does not change
their overall shape, as if they were displaced parallel to each
other. Such a robustness I§¥,) against changes ¥y, was
already demonstrated in Refs. 9 and 10. Deviations occur at

200 200

sufficiently large positive bias voltages, reversing the polar- < i T S
ity of the total current and indicating that a second conduc- £ 100f 1100€
tion mechanism develops: tunneling in reverse direction. In £ X 1 i
the following we operate the QPC in such a transition range 3~} - >
between purely acoustoelectric and purely tunneling current. s 0 - 0 %

The AE current plateaus can be observed as well by | 1 ]
sweeping the source-drain bias at contact 3 instead of the L @4 (b)
gate voltage. At sufficiently positives4=V,, depending on (') s '160' T '260' .
the gate voltage, the current reverses sign and becomes posi- V. (mVv)
tive within a narrow voltage interval, indicating tunneling >
through the contact in the direction opposite to the SAW
propagatlor(Flg. 4. Al l(V_Sd) curves and also their de“?’a' Vs¢ The eight curves from Fig. () at fixed gate voltages from
tivesdl(Vsg/dV fall onto singlel (Vsg anddl/dVy curves if 9’15 160 mV in steps of 10 mV have been displaced along the bias
properly displaced along théy axis. Depending on the cho- yoltage axis to matcla) at low voltages where the tunneling con-
sen displacement, the curves coincide either in the acoust@ibution is small andb) at large voltages where the AE current is
electric [Fig. 5@)] or tunneling regimgFig. 5b)]. In both  negligible. The required shiftéV4for matching, in the AEae and
cases the corresponding displacem@&y, is proportional to  in the tunnelingitunne) regime, are shown in the inset. Solid lines
the change in/y but with a different slopgsee the inset to guide the eye. The bias voltage was applied to contact 3 near the
Fig. 5. active IDT.

FIG. 5. (Color onling Transconductancel/dVy vs bias voltage
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8000 T [T 100 acoustoelectric or the tunneling current is negligible. To
() - () Vo(mV)= probe heating effects, we used the 2DEG resistance between
6000 - contacts 3 and 4 as a built-in temperature sensor. Injecting

100 nA hot electrons at 100 meV from the right into the
2DEG on the left, increased its temperature by less than
0.1 K atT=5 K. This estimate is consistent with earlier re-
ports on similar QPC devicés.

I (pA)

4000

2000

IV. DISCUSSION

100 0 100-100 0 100 To qualitatively describe the experiment data, we use the
V., (mV) standard model for the QPC potential barrier superposed
° with the dynamic SAW potential, similar to those in Refs.

FIG. 6. (Color onling (a) AE currentl and(b) transconductance 12—15. We assume screening of the SAW potential by the

di/dV, vs bias voltage/ss Thel (Vs curves were recorded at fixed 2DEG outside the center of the QPC. For a thorough discus-

gate voltages from 0 to —120 mV in steps of 10 mV as indicated Sion on screening of the SAW potential see Ref. 20. In addi-

The bias voltage was applied to contact 1 opposite the active IDTtion, one side of the QPC can be biased; that means, its

Therefore, the AE current is positive and the negative tunnelingchemical potential can be shifted with respect to the opposite
counterflow starts at sufficiently negative bias voltages. side.

cally of orderef, is completely absent. In the acoustoelectric
regime we estimate a total current noise of about 1 pA in the
0-1 kHz bandwidth. The noise level increases considerably The observed(Vy) characteristics are strongly nonlinear
with growing tunneling counterflow. Since it is much larger due to the current quantization in the AE regime and the
than expected for shot noiggpectral density of ordezl), we  exponential current dependence on bias in the tunneling re-
attribute it to hot-electron effects. gime. The onset of tunneling counterflow due to the bias
The absolute value of the counterflow is quite small, ofyoltage(either with or without the SAWcan be understood
order 1 nA at 100 mV bias voltage, corresponding toas follows. A positive bias at the source contact lowers both
10 GQ. At these conditions heating of the 2DEG due to thethe chemical potentigks= e —€V,q 0n the source side of the

QPC and the barrier height of its lowest subband as indicated

A. Estimating barrier height

U s ey L AN LR LA 5 in Fig. 1(d). For clarity we set the zero of the energy axis at
ook 3 the bottom of the conduction ban(_j on th_e drain side, k_ept at
C | ] virtual ground by the current amplifier. Since the experimen-
< 4000 Ef 3 tal data suggest almost linear relationships in the investigated
= F 1 voltage range, we describe the change in barrier height by
2000 -1 = dE/e=-adVyy At a bias voltageV, the barrier almost coin-
: Vy(mv)=0 3 cides(within a few meVj with the (unshifted chemical po-
OF: , @) ] tential uy=€ of the drain side of the QPC; thus, electrons
- e can flow from drain to source. At this condition the differ-
80'_ ] ence between the top of the barrier at zero litgsand the
’>£ s chemical potential on the drain side (E;-e)/e=aV,. A
i 601 7] negative bias voltage raises the chemical potential on the
= 40fF . source side; but, simultaneously, it also raises the barrier as
5 o0k . ] described above bylE/e=-adVy; At the critical voltage
° y \/| Vymv)=0 V_=—(E,;—er)/e+aV_ the chemical potentigk, reaches the
or _120” """""" l l )] barrier, and electrons start to flow from source to drain.
A L T Combining the above two equations yields=-V_/(V,

1 i | 1 1 N ol
<o 30 V'ZO(SHV) “108 0 190 -V)). Our sample 2C hasdV_=0.60dV, and dV,

s =-2.50dV,, thusa=0.194.

FIG. 7. (Color onling (a) AE currentl and(b) transconductance DeV|at|ons from the Idealv=0:50 can be a’gtrlbutgd to the
dI/dV, vs bias voltagd/s The 13 curves from Figs.(8 and @b) asymmetry introduced by the bias voltage: first, with respect
at fixed gate voltages from 0 to —120 mV in steps of 10 mV havel©® Z€ro bias the QPC channel on the biased side becomes
been displaced along the bias voltage axis to match at high voltagd§0ré narrow at positive bias voltages. This additionally
where the tunneling contribution is small. The corresponding shifth€ightens the barriefself-gating. Second, the bias voltage
8Vq is shown in the insetae) along with the shift that would be drops nonuniformly across the QPC. In a classical model the
required to match the traces in the tunneling regitmene). Solid ~ voltage drop depends on the inverse width of the QPC
lines guide the eye. The bias voltage was applied to contact 1 opshannef! As a result the position of the potential maximum
posite the active IDT. moves along the QPC channel with the applied bias voltage.
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120 T 4 while local minima still appear in the transconductance. Thus
- () . / the AE current is quantized even when there is a large coun-
100 B /uD' 3 terflowing current. The maximum counterflow at which an
[ J // AE anomaly could be resolved, was about ten times larger
80 - [ 1] 2 thenef. o
s [ / I3/ ’ < Separating the two contributions to the total current would
E i (/ i = be straightforward if we could simply switch off the SAW to
B 60 '_“m' o / _/_ 0 measure the pure tunneling current. We have found that at
L ooooonod{F - fixed gate voltages, such tunnelingVyy) characteristics
40 [I0000007 I:)?"-' 1 without the SAW have almost the same slope in a semiloga-
[ oononcoood. rithmic plot as the characteristics with the SAW. They are,
P N I T T | BT however, displaced along thgraxis as if the SAW lowered
100 120 140 100 120 140 the effective barrier. We attribute this to the fact that the

Vg (mV) operating conditions for the QPC differ markedly in both

. - cases. As mentioned above, the SAW heating changes the
(closed symbolsand the first four plateaus at 1ef(open sym-  parrier is altered by the SAW, as indicated schematically in
bols, from top to bottory defined by the transconductance minima Fig. 1(d) (compare thick and thin solid lingsThus one

in Fig. 4b). The solid lines through the data points have a slope ofshould develop an alternative method to determine the tun-
0.60.(b) The actual current at these positions together with the ideahe|ing current when the SAW is on.

AE current(dashed lines The bias voltage was applied to contact 3 \yhen tunneling dominates, théVy) curves as well as

near the active IDT. their derivatives approach the same asymptotic curves if they
are properly displaced on thg, axis, as shown for the trans-
The barrier height changes with gate voltage Ik€/e  conductance in Fig.(6). We attribute these asymptotes to
=-pdV,. For increasing positive biasing, which directly re- the counterflowing tunneling curremt and its derivatives
flects how the barrier changes, the critical voltad¥,  di;/dV, anddl{/dVes This is the same kind of behavior as
=-2.50dV,. This yields 8= +2.50 «=0.48 for sample 2C. found for the AE current and its derivatives and shown in
Using the above estimates farand g we found that at the Fig. 5a) for the transconductance. Thus, in principle, we
used rf power, the first acoustoelectric current plateau deveknow the ideal behavior of the AE and the tunneling current

ops when the Fermi level is about 100 meV below the top ofas well as their derivatives. Therefore it should be possible to
the barrier. At such a condition we estimate, using a hardseparate the two contributions.

wall potential modef! a minimum constriction width of less For a simple superposition of the two currents, if they
than 10 nm. This ensures that the AE as well as the tunnelingiould not affect each other, separating the two contributions
current flow through the same geometrical channel. should recover their ideal values. A preliminary analysis,
however, shows that part of the current is missing. If we
compare the asymptotit; with the measured current, the
magnitude of the remaining part turns out to be smaller than
Figure 8 summarizes the position of the transconductancthe magnitude of the expected AE current, which is known
minima in Fig. 4 and also the total current at these minimafrom the region with negligible tunneling. The other way
At small gate voltages the current plateaus approach nearhpund, extrapolating the known AE regime would result in a
the expected multiples @f. Deviations from the ideal val- larger tunneling current than expected. But we do not kaow
ues are probably due to electron tunneling and thermal actpriori which part is affected most, whether the tunneling
vation out of or into the moving quantum dé&?1® Espe-  current suppresses the AE current, or vice versa, or whether
cially thermal activation may play an important role becauseboth of them suppress each other.
of the rf-enhanced temperature of the 2DEG. At large gate Assumingl to be not affected by the AE current, we can
voltages, counterflow dominates. We can also resolve Akcalculate the purely acoustoelectric curreg=1-1+, where
anomalies while negatively biasing contact 1. But in thisl; is described by the exponentially dependent asymptote to
case the tunneling current grows so quickly that it is toothe experiment data as discussed earlier. To enhance the reso-
difficult to reliably separate the AE current. lution we use the derivatives instead of the currents, integrat-
The positions of the minima vary linearly both with gate ing over the difference between the measudétdV,y and
and bias voltage; that is, even at large counterflow they aréhe asymptotiadl;/dVyy as shown in Fig. @) for one gate
certainly due to the AE current. The distance between twaoltage. Figure &) displays the AE current obtained in the
consecutive AE current plateaus decreases with growingame way for different gate voltages. One can clearly see
electron numben. However, for two specific plateaus this that the magnitude of the plateaus decreases for increasing
distance, in terms of gate voltage, does not change when biasunterflow.
voltage is varied and vice versa. Figure 10 summarizes this kind of analysis for all three
At small counterflow AE current plateaus can still be re-samples. For sample 2B the AE current plateaus remain un-
solved, but their magnitude seems to be smaller than thaffected as long ak;<0.5 nA. It is reduced at higher tun-
theoretical multiples oéf. When the counterflow increases, neling currents, but saturates at about half of the ideal value
the plateaus can no longer be distinguished in the curretwhen|;=1 nA. For sample 2C the AE current of the first

B. Separating the two different electrical currents
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L LI L Pt ing current. The results of 2B might be viewed as a combi-
nation of 2C and 2E: Starting at small tunneling currents, the
AE current first stays constant, as it does for 2E. But at larger

-400 tunneling currents, the AE current is suppressed until it satu-
| rates, as it does for 2C.

80

40

1-800

Le (PA)

C. Possible interaction between tunneling
and acoustoelectric current

diiav_, (pA/mV)

-1200
1 The simplest explanation for the reduced AE current
(sample 2B and 2Cwould be that it is not caused by the
JLL -1600 counterflow, but by the asymmetric distortion of the static
50 100 QPC potential barrier due to the bias voltage. Although the

Vg, (MV) moving quantum dots may originally contain an integer

numbern of electrons, part of them could be lost when the

FIG. 9. (Color onling (a) Conductancell/dVsq vs bias voltage  dot travels up the potential barrier, depending on how the
Vsq at Vg=135 mV (upper solid ling and the part of the conduc- arrier is distorted. This would then show up as an enhanced
tance due to tunneling through the QRddtted ling. The AE con-  shot noise, which is, nevertheless, difficult to extract in the

ductance contributes then just the difference between the two C””"??resence of other noise sour@dsHowever, such an en-

(lower solid ling. (b) Thick solid line is the AE currenliae vs bias  hanced shot noise would result in a reduced flatness of the
voltageVgy calcula_ted by_in_tegrating the lower solid line(#. The AE plateaus. Over a very wide range of bias voltages this is
other curves obtained similarly for gate voltagég=145, 140 mV ot oheerved as long as tunneling counterflow is negligible
and Vy=130, 125, 120 mV are displaced horizontally in steps Of(Fig. 3). Such an effect could be present for sample 2B and

10 mV to the left and the right, respectively. Open symbols mark2C but not for sample 2E, which shows nearly the ideal AE
the position of the measured conductance minima. The bias voltage ™’ '

. ! current even at large counterflaiwig. 10).
was applied to contact 3 near the active IDT. .
PP We speculate whether or not the SAW-driven electrons

) _ backscatter, with a certain probability, on tunneling elec-
four plateaus is strongly suppressed even at small tunnelingons This situation would be similar to the Auger effect
currents. It is reduced linearly up ig~0.6 nA and, as it ‘observed in quantum-dot devic®indicating a very effi-
does for sample 2B, saturates at larger counterflow. Thigjent glectron capture and relaxation due to Coulomb scatter-
saturation can be unambiguously resolved only for the first,g | our case the backscattering probability could be large
and the second plateaus. The relative reduction }ecq,se hoth currents have to pass the sat®nm narrow
~Iagll)/nef, however, is the same for each of thel-4  ,nqpriction. Electrons trapped in the moving quantum dots
plateaug. One would expect this if the tunneling current wag,5ye barely any momentum compared to that of the hot elec-
the dominant one that suppresses the AE current. Sample 3kns moving in opposite direction. Therefore backscattering
shows no reduction at all for=1 up to aboutr=4 nA. The  the tunneling electrons is nearly impossible because that
increase of the AE current for the higher-order plateaus coulgy,q1q require a momentum transfer of twice the Fermi mo-
be an artifact due to the increased uncertainty of the tunnelyentum. On the other hand, backscattering the SAW-
transported electrons would require only a very small mo-
mentum transfer, which would not affect the tunneling
current. However, the AE current is transported by electrons

1600

i at the SAW velocityvsanw=~3 km/s, while the tunneling
1200k electrons move much faster at the Fermi velocity
z H ~230 km/s. This implies that it is unlikely for a tunneling
e - electron in the QPC to hit a SAW-transported electron when
_* 800 both currents have similar magnitudes. Thus backscattering

should be negligible, in accordance with the results of
sample 2E in Fig. 10.

An alternative scenario could be that the tunneling elec-
= trons are trapped by the moving quantum dots that already
I, (nA) contain one or more electrons. They increase the kinetic en-

ergy there, enhance the probability to escape, and, thus, re-

FIG. 10. (Color onling AE currentl ,c=I~17 at the plateaus vs duce the AE current. This would agree with the reduction of
tunneling counterflowi; for the three investigated samples. For |ag Observed for sample 2B and 2C. The inelastic mean-free

samples 2B and 2C, the solid lines indicate a possible convergendeath at 5 K of orde® hvg/kgT=2 um is comparable to the

of the first four acoustoelectric current plateaus at a common fixedength of the QPC channel, therefore, few such processes
point in tunneling current. The dotted lines represent the asymptoti€ould happen during the transition time of a tunneling elec-
behavior at large tunneling currents. The bias voltage was applied ton. In that case we would expect a strong reductioh,pf
contact 3 near the active IDT. at large bias voltages when the inelastic mean-free path is

400}
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further reduced due to the excitation of LO phonons at mul- V. SUMMARY

gg:ﬁz r?;tsgbg];\\jésggg/ g)r: O%(ZSSEB elz\;g\./ig‘a gg Z\)/ea\ﬁrﬁ ngg We have.studied in detail how two independently injected
e . . ounterflowing electron currents, one tunneling and the other
specific bias voltages. Therefore we consider the reduction AW driven, interact when they pass each other at the QPC
the AE current due to inelastic scattering of the tunnelingWh”e the AE current can be quantized even at large coun-
ele‘lc':\rgnc?if?etrle(:)n,\t/ek;ebrlli}:/ig?noaige(sl %chiﬁlgg;?ls% reflect the terflow, our re_sults in_dieate that a direct interaction between
ABUT ) both currents is negligible. The strongly reduced AE current

response due to the complex potential landscape of Iongt large counterflow for two of the samples could instead be

QPCs, which is not well known. The idealized potential in el ;
Fig. 1(d) has a broad maximum due to the QPC constrictionggreoég ,:Eg gls(s:mduced changes of the potential landscape

fine modulated by the SAW. But there are reports that instea

of a single potential barrier, a double peak could form acci-

dentally, building a quantum Cjot and enhancing the SAW ACKNOWLEDGMENT

transport® Moreover, the effective length of the constriction

might be much shorter than its geometrical dimension would We acknowledge support from the European Commission
suggest’ This certainly needs further investigation. FET Project SAWPHOTON.
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