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Parallel in-plane-gated wires coupled by a ballistic window
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Two parallel in-plane-gated (IPG) wires are coupled by a ballistic window. The ballistic window is
rectangular, and the four terminals have a different arrangement from the usual fourfold-symmetry
structures (such as a wire cross) where alternate terminals face each other. The ballistic coupling is
achieved between two parallel wires by a sideways component but not by a straightforward component,
and the four-terminal resistance (or transfer resistance) becomes negative at zero magnetic field. The
amount of a sideways ballistic component is sensitive to a subband depopulation in each wire. The
modulation of a sideways ballistic component results in a distinct oscillation in the four-terminal resis-
tance as a function of the IPG voltage. The magneto-depopulation of one-dimensional subbands in each

wire is also clearly observed in this system.

L. INTRODUCTION

Since the experimental observation of quantized con-
ductance,! many interesting experimental and theoretical
studies have been reported for ballistic low-dimensional
systems.? In particular, when a number of constrictions
are placed within the electron mean free path, the cou-
pling of ballistic trajectories lead to exciting phenome-
na,> % such as large magneto-depopulation and interfer-
ence effects in parallel ballistic point contacts® and com-
mensurate orbits in antidot systems.® In a small ballistic
structure with four terminals, Ford et al.” observed
many resonant features in the four-terminal resistance.
Furthermore, Smith et al.® performed Fabry-Pérot inter-
ferometry with electron waves by modulating the cavity
length using depletion-edge-position control. On the oth-
er hand, a coupling of parallel wires is expected to make
a functional system analogous to microwave or optical
waveguides.” Electron wave interference may occur by
wave coupling through a narrow barrier or through a
number of openings. However, coupling characteristics
between two wires are not yet clear even for a fundamen-
tal structure where two wires are coupled by a single win-
dow.

In this paper we discuss transport characteristics of
parallel wires coupled by a ballistic window (see Fig. 1).
The long (5-um) in-plane gates (IPG’s) definitely confine
each terminal to the wire structure and an effective wire
width is modulated by applying a voltage to the in-plane
gates. This structure is also considered a ballistic four-
terminal or transfer-resistance conﬁguration,10 where
both current and voltage probes exist within the ballistic
mean free path. The four-terminal resistance of such a
structure is very sensitive to the electron wave motion in-
side the ballistic region. In particular, the subband
effects of each terminal wire produce interesting phenom-
ena.

II. RESULTS AND DISCUSSION

The carrier density (n) and mobility (u) of the nonil-
luminated two-dimensional (2D) electron gas in the
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GaAs/Al,Ga,;_,As heterostructure at 1.5 K were
1.6X10" cm~2 and 5X10° cm?/Vs, respectively. The
carrier density was gradually increased by repeating a
brief illumination at 1.5 K. The confined electron-gas
system shown in Fig. 1 was formed by focused Ga ion-
beam [Ga focused-ion-beam (FIB)] scanning.!! The beam
diameter was about 100 nm and the ion dose was about
10'2 cm™2 Subsequent annealing was carried out at
730°C. Ohmic contacts (Au/Ge/Ni) were formed to
each 2D electron-gas region labeled 1-6. Regions 5 and
6 act as IPG’s (Refs. 12 and 13) and were used to control
the conductivities of two parallel wires by V5 and V.
The conductance characteristics were measured using a
lock-in technique with a constant ac current of 5 nA. In
our experiments, we set V,=V,s=V,¢ to maintain the
twofold symmetry of the system.!* In this paper, we
show the data measured at 1.5 K. Interference effects
(such as Fabry-Pérot mode) in the ballistic window is
suppressed at T>1 K because of the large size of the
window region (at least 2W >1.3 um as shown later).
Then, subband effects and classical ballistic effects appear
prominently at 1.5 K.

The observed four-terminal (transfer) resistance
R =Ry, 3,=(V3-V,)/I,, is shown in Fig. 1(c) as a
function of magnetic field. R, is proportional to
T3 Ty,-T3, T, according to the Biittiker-Landauer for-
mula,” where T;; is the transmission probability from
terminals j to i. When the window region is ballistic, T,
and T, include some trajectories directly from 1 (or 2) to
4 (or 3) without scattering (including boundary reflection)
in the window region. We refer to these trajectories as
the sideways ballistic component. There are no such tra-
jectories for T3, and T,,. Then, T3, T, >T; T, and
R;,<0at B=0T. The negative peak of R;; at B=0T
in Fig. 1(c) thus clearly indicates the existence of a side-
ways ballistic component in the system with W=1.25
pm and L=1.2 um. The four-terminal resistance with
cyclically changed contacts R;, =Ry, 3, =(V3-V,)/I,,
and Hall resistance Ry =R, 4, =(V,-V|)/I,, were also
measured for the same sample (but at slightly different
carrier densities) and compared in Fig. 2 with R;,. The
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FIG. 1. (a) Schematic diagram of two parallel IPG wires coupled by a ballistic window. The focused Ga ion beam was scanned
along the solid lines. (b) Magnified diagram around the window region. Dotted area represents the depletion region spreading. (c)
Typical R, =R, s vs magnetic-field characteristics of the structure with W=1.25 um, L =1.2 um, and V; =0V measured in a low
magnetic field. The 2D carrier density is 1.8 X 10! cm 2. Solid arrows indicate the magnetic field (B =B,,) where the negative peak
disappears and broken arrows indicate the magnetic field (B = B_,) where a second peak or a kink appears in the negative peak.
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FIG. 2. (@ R;;=R4, 3, (b) RL;=R; 4, and (c) Ry =R, 4 obtained for the sample of Fig. 1 at T=1.5 K. The carrier density is
2X 10" cm™? and ¥, =0 V. Solid arrows indicate the approximate position of B,,. The inset of (c) shows a magnification near B=0
T with the same axis labeling as the main figure. (d) A possible trajectory for the combination of straight and rounded boundaries
(left) and the change in the area enclosed by a trajectory for straight and rounded boundaries with the same r,,, (right).
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Hall resistance (Rjy) shows the quantized plateaus
(h /2e%i, where i denotes the integer) in the high magnetic
region. The SdH oscillations are observed in both R;,
and R;,. The index and B ™! plot of resistance minima
falls on a straight line. The slope of this line and the
average slope of Ry give the carrier density n of 2X 10!}
cm ™2 in the window region.

In a normal wire cross, a ballistic coupling is achieved
between two wires facing each other. Then, both T'5, and
T, decrease with magnetic field. In this case, a negative
“bend resistance” smoothly disappears as a function of
magnetic field.'* However, a ballistic coupling is
achieved between staggered wires by a sideways com-
ponent in the present system. A direct transmission
probability from 1 to 4 is probably more enhanced at
B =B,,, where a straightforward injection makes a trajec-
tory as shown by the broken line in Fig. 1(b), than at
B=0T. This effect may result in a kink or a second peak
appearing in the negative peak of R, [see broken arrows
in Fig. 1(c)]. The negative peak disappears at B=B,,,
where R, , decreases drastically. At this field, almost all
trajectories emitted from 1 are absorbed into 3. Al-
though it is difficult to discuss B, and B, in detail, they
become a function of W, W, and n. In addition, it is
noteworthy that both B,, and B,, are determined by
W 4ep1 and n when W g is small.

Another interesting feature in Fig. 2 is the behavior of
R, as a function of magnetic field. After the disappear-
ance of the negative peak around B=0 T, R;; becomes
almost zero. This is because T3, Ty, = T3, T4, by a scram-
bling effect. However, the resistance minima again be-
come negative in an intermediate-field region. This nega-
tive region was observed at 1.5 K for several structures
with different sizes and carrier densities and also when
the magnetic-field direction was reversed. In a high field,
the quantum Hall effect appears and the resistance mini-
ma in R, return to zero (T3, T4, =T;,T,;=0). Further-
more, the negative R, in an intermediate field becomes
weak when R;, is measured at lower temperature
(T =100 mK). These results indicate that this negative
R, relates to an incomplete formation of edge channels.
Although the origin of this negative R;, is not yet clear,
an explanation may be that our structure consists of both
straight and rounded boundaries. When the maximum
distance of a skipping trajectory from the boundary (r,,)
becomes smaller, the trajectory is absorbed into the next
terminal wire with a higher probability. If I y. [cyclotron
radius (2mEg)!”2/eB] is not much smaller than the di-
ameter of a rounded depletion edge (= Wy, ), the skip-
ping trajectory satisfying Bohr-Sommerfeld quantization
[B(area)=h(k —1)/e,k :integer] (Ref. 17) has a larger
Tou fOr a straight boundary than for a rounded one [see
Fig. 2(d)]. This suggests a possibility of trajectories [bro-
ken line trajectories in Fig. 2(d)] that are reflected at the
end of a straight boundary but absorbed into the next ter-
minal after skipping along a rounded boundary. Such a
possibility increases T,,. When edge channels are com-
pletely established, T';, becomes zero in spite of the fact
that T,, increases by the trajectory shown in Fig. 2(d).
Then T,,T, =0 and no negative resistance appears.
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This may be the case with the lower temperature (mK-
order) measurements. However, T, is not zero in a low
magnetic-field region at 1.5 K due to an incomplete for-
mation of edge channels. Therefore, we can expect that
the increase of T, disturbs the balance between T3, T,
and T5,T,; and pushes R;; to negative. With increasing
magnetic field, /., << Wg,,;. Then, this effect disappears
at B=2T. Finally, Ty, =T;,=T,; =0 and the resistance
minima of R;; become zero in a high field. Another pos-
sibility is that slight differences in the wire width between
the four terminal wires also enhance T, (or Tj;,), then
produce such negative resistance under the condition of
the incomplete edge channels.

The transport characteristics were also measured for
systems with narrower effective-width terminal wires.
The narrow W4 systems satisfying symmetric charac-
teristics (R, 1 =R 3, 34) were realized with a carrier den-
sity (n) of 1.6 X 10" cm™2 (at ¥, =0V) for W=1.25 um
and L =1.2 um structure and 2.3 X 10'! cm™? (at V,=0
V) for W=0.65 um and L =0.6 pum structure. In these
systems, the IPG voltage (V,) was varied and all parame-
ters Ry, R;,, and Ry were measured as a function of
magnetic field for each V,. Here, we show R, observed
in the structure with W=1.25 ym and L =1.2 um (Fig.
3). Clear negative peaks around B =0 T are found for all
measurements. It is important that both B., and B, are
not sensitive to the variation in V,. Therefore, the value
of Wep is considered to be almost independent of ¥, al-
though a carrier-density variation with ¥, might induce a
slight change in Wj,,. This also means that
Lg=~L—2W,,, is kept at a constant value. The IPG
voltage preferentially modulates the depletion-region
spreading of the gate side (W, ) and consequently W g,
because this voltage is applied between the channel and
the gate and intrinsically does not influence the depletion
around the FIB lines on the symmetry axis of the struc-
ture.

On the other hand, oscillation structures are clearly
observed in R;; down to a low magnetic field in Fig. 3
and they are varied as a function of V,. In this
configuration, electrons are injected parallel to the boun-
daries rather than at right angles. Furthermore, the
boundaries between terminals 1 and 3 (and 2 and 4) are
rounded rather than straight. Therefore, it is difficult to
consider the geometrical effects, such as electron focus-
ing. As shown in Fig. 3 (inset), the position of resistance
minima correlates well with the SdH oscillation in a high
magnetic field. The deviation from the straight line in a
fan diagram is observable only when W, is narrow
enough. Thus, we assume that the observed results come
from a subband depopulation in each terminal wire.!?
Figure 3 indicates the occupation of about seven sub-
bands at B=0 T for V,~0 V. This subband number ap-
proximately corresponds to W =240 nm. Thus, we can
assume Wy, =Wy, =500 nm at ¥, =0 V [including
half the width of the Ga-implanted line (about 50 nm)].
The depopulation characteristics shown in the inset of
Fig. 3 agree with W =200 nm (about six subbands) and
W.x=400 nm (12-14 subbands) at ¥,=—0.25and 1V,
respectively. The V,-independent W4ep1 =500 nm  in-
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FIG. 31 .R .1 as a function of magnetic field when the effective width of terminal wires is narrow. Solid arrows indicate the approxi-
mate position of B,,. Solid bars indicate resistance minima of SdH oscillation originating from subband depopulation of terminal
wires. W=1.25 um and L =1.2 um. Carrier density is (1.5-1.8)X 10" ¢cm ™2 for ¥, =0.25-1 V. Each curve is offset by 100 Q for

clarity. Fan plots of resistance minima are shown in the inset.

duces Wy, =550 nm (Vg——O 25 V) and Wdepz 350
nm (V,=1V). This change in W, with V, is reason-
able with the estimation of W, from the transport
characteristics of simple IPG wires with similar carrier
density.!® Although there is an overlap of some small sig-
nals in Fig. 3, the depopulation corresponding to L g is
not clear in Fig. 3 in spite of the estimated L .4 of 300 nm.
The spreading of the depletion region at the edge of Ga-
scanned line is difficult to estimate and L. may be larger
than 300 nm. The estimated number of subbands indi-
cates that subband depopulation occurs within an IPG
voltage interval of AV, =0.17-0.21 V. For the narrower
system (W=0.65 um, L=0.6 ym and n=2.3X10"
cm™* at ¥, =0 V), similar oscillation structures are ob-
served in R r1- The depopulation characteristics are ob-
tained in the same manner as shown in Fig. 3 and results
indicate that depopulation of the subband in each termi-
nal wire occurs within a V, interval of AV,=0.12-0.16
V.

Finally, we show R;, (at B=0 T) as a function of V,
for several structures in Fig. 4. For (a) W=0.65 um,
L=0.6 um and (b) W=1.25 um, L=1.2 pum the mea-
surements were carried out at the carrier density de-
scribed in the previous paragraph. The carrier density of
1.6 X 10! cm™? (Vg=0YV), which was the same carrier
density as that in b) was used for the structure with (c)
W=1.25 pm and L =2.7 pm. For (a) and (b), R, be-
comes negative for almost all IPG voltages, and oscillato-
ry structures appear in the Ry vs ¥, curve. These oscil-
lations were clearly observed in R;; when two parallel
wires indicated good symmetry and the wire width was
sufficiently narrow. The subband depopulation intervals
of AV, =0.12-0.16 V [for the condition of Fig. 4( (a)] and
AV, O 17-0.21 V [for Fig. 4(b)] discussed in the previ-

ous paragraph approximately agree with the oscillation
period of R, observed in Fig. 4. Therefore, we conclude
that these oscillations originate from 1D subband depo-
pulation of each terminal wire. As discussed before, the
direct ballistic component from 1 to 4 (or 2 to 3) induces
negative R;,. In the semiclassical view, this situation is
represented by a trajectory shown in Fig. 4(d). Such a
component is enhanced when the Fermi energy lies just
above the 1D subband of a terminal wire and a transverse
momentum of injected electrons becomes large compared
to the straight momentum.!® With increasing Fermi en-
ergy, the straight momentum increases and the sideways
ballistic component through the window becomes small.
When there is no direct coupling through the ballistic
window, the trajectories are equally divided between ter-
minals 3 and 4, and then R;, reaches 0. These oscilla-
tions of sideways ballistic components are sensitively
detected in R;; and result in the oscillations shown in
Fig. 4. Many functional devices have been proposed for
ballistic systems based on the analogy with electromag-
netic waveguides. Coupling between two parallel
waveguides through more than two windows is expected
to make an interesting functional operation through wave
interference effects. However, the present experiments
with a single window indicate that oscillatory structures
can be induced not only by the interference effects but
also by subband effects when several 1D subbands in the
wire are occupied. These results also make a striking
contrast with many experiments on metal systems,?°
where the subband separation is so small that subband
effects are negligible.

For a longer window structure [L =2.7 um, Fig. 4(c)],
R, becomes positive. In this case the system is no
longer completely ballistic and R;; includes a diffusive
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FIG. 4. Ry, as a function of ¥, for several different structures measured at B=0T. (a) W=0.65 um and L =0.6 um, (b) W=1.25
pm and L=1.2 um , and (c) W=1.25 ym and L=2.7 um. (a) was measured for a carrier density of (2.2-2.6)X10'"" cm™? for
V,=—0.1-0.25 V, (b) was measured for the same conditions as for Fig. 3, and (c) was measured for a carrier density of
(1.5-1.7)X 10" cm™2. The broken curve in (b) indicates the reproducibility of the measurement. Each inset shows two-terminal
resistance of the wire as a function of V,. For structure (b), two-terminal resistance of another wire is also shown as a dotted line.

resistance of a wire L.4~2.7 pum-2Wy,,; =1.9 um long
and W ;=2.5 um-2W,,,, wide [this value changes from
1.3 um (V;=—0.4 V) to 1.6 um (¥,=0.6 V)]. This
diffusive resistance decreases as the wire width increases
with V,. This is actually observed in Fig. 4(c) and this
makes a striking contrast with the ballistic case [Fig.
4(b)], where the average value of R;, is negative and al-
most constant as a function of Vg. However, some side-
ways ballistic components remain even in the L =2.7-um
sample and weak oscillatory structures are still observ-
able in Fig. 4(c).

III. SUMMARY

We have studied the four-terminal (transfer) resistance
(Ry,) of a system where two parallel IPG wires are cou-
pled by a ballistic window. As this resistance essentially
becomes almost zero for a wide range of magnetic-field

and IPG voltages, it is sensitive to a small modulation in
the electron flow in the ballistic window. In particular,
the modulation of sideways ballistic components by sub-
band depopulation is clearly observed in R;; at 1.5 K
when the effective wire width is modulated using an in-
plane-gated system. Magneto-depopulation of the sub-
bands in each wire is also observed down to a low mag-
netic field in this system. In addition, the ballistic struc-
ture with both straight and rounded boundaries may re-
sult in a peculiar negative R;; in an intermediate-
magnetic-field region.
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FIG. 1. (a) Schematic diagram of two parallel IPG wires coupled by a ballistic window. The focused Ga ion beam was scanned
along the solid lines. (b) Magnified diagram around the window region. Dotted area represents the depletion region spreading. (c)
Typical R, =R, 34 vs magnetic-field characteristics of the structure with W =1.25 um, L =1.2 um, and ¥, =0 V measured in a low
magnetic field. The 2D carrier density is 1.8 X 10" em 2. Solid arrows indicate the magnetic field (B = B,,) where the negative peak
disappears and broken arrows indicate the magnetic field (B = B_,) where a second peak or a kink appears in the negative peak.



s00 | (@

RrL2=R42,31 (Q)

R32,41 (kQ)

' 1 1

0 1 2 3 4 =
Magnetic field B (T) o

300

200

100

Ri2,34 ()

RL1

-100

0 1 2 3 4
Magnetic field B (T )

FIG. 2. (@) R;;=Ru3 31, (b) Ry =R 334, and (c} Ry =R, 4 obtained for the sample of Fig. 1 at T=1.5 K. The carrier density is
2% 10" cm~? and ¥, =0 V. Solid arrows indicate the approximate position of B.,. The inset of (c) shows a magnification near B=0
T with the same axis labeling as the main figure. (d) A possible trajectory for the combination of straight and rounded boundaries
(left) and the change in the area enclosed by a trajectory for straight and rounded boundaries with the same r,,, (right).



