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Low-temperature (T=50 mK) transport characteristics are measured for parallel wires coupled by a
ballistic window. The structure is fabricated by focused Ga ion-beam scanning and subsequent anneal-

ing. The size of the structure is modified by in-plane-gated operation. At zero magnetic field, the trans-
port characteristics are governed by the mode matching between one-dimensional modes in the wires
and quasi-zero-dimensional modes in the window. When four-terminal resistance is measured as a func-
tion of in-plane-gate voltage, a small period oscillation is superimposed on the background oscillation
corresponding to the subband population in each wire. At intermediate magnetic fields, Aharonov-
Bohm interference effects are observed in both the magnetic field and the in-plane-gate voltage depen-
dence. These originate from the circulating channel in the window. Theoretical calculations essentially
reproduce the experimental results, supporting these explanations.

I. INTRODUCTION

Electron wave interference plays an important role in
the transport characteristics in mesoscopic structures. '
Conductance fluctuations in a wire structure and
Aharonov-Bohm (AB) oscillations in a ring structure
have been extensively studied. Recently, it has become
clear that a wide section or a bending in a wire acts as a
cavity and causes many interesting interference
effects. ' Many theoretical calculations have been re-
ported for such interference effects. When the size of the
cavity is controlled by the gate voltage, the interference
pattern is well modified as a function of a gate volt-
age. ' ' On the other hand, the coupling between paral-
lel wires is an interesting topic in mesoscopic systems.
Coupling through a tunneling barrier or windows has
been proposed by analogy to optical and electromagnetic
waveguide systems. Some theoretical and experimental
results have been reported for the coupling characteris-
tics. ' ' In particular, wire coupling through a win-
dow' ' is expected as an efficient coupling system where
the electron wave coupling is achieved in a small length
scale. However, this type of coupling should include the
complicated characteristics peculiar to a bent wire or a
narrow-wide-narrow system, and a detailed experimental
study has not been carried out for the window-coupled
wire system.

Most calculations for these systems have focused on
the single-mode region because it has a large signal am-
plitude and its characteristics are easy to understand.
However, a single-mode wire is difficult to achieve with
present technology. In particular, a broadening of the
corner is inevitable for confinement using depletion re-
gion spreading. Therefore the experimental study is lim-
ited to the phenomena observed in a multiple-mode sys-

tern. However, the detailed experiments and their com-
parison with theoretical calculations are important to un-
derstand the basic mechanisms which determine the
transport characteristics of a window-coupled wire sys-
tem. In addition, theoretical calculations are usually car-
ried out as a function of structural size at zero magnetic
field (B=0 T) in spite of the fact that rich interference
effects experimentally appear as a function of a magnetic
field. Thus it is interesting to measure the interference
characteristics as a function of both size and magnetic
field, and to study the interplay between them.

In this study, we fabricated two parallel wires coupled
by a ballistic window. ' This is one of the basic struc-
tures for making window-coupled wire systems. It can
also be viewed as a narrow-wide-narrow structure where
two additional terminals exist at the end of the wide cavi-
ty. The position of the depletion boundary defining both
the wide cavity region and the terminal wire is modulated
by the in-plane-gate operation. Four-terminal resistance
representing the coupling between the two wires becomes
almost zero over a wide range of in-plane-gate voltage
and magnetic field. Therefore, this resistance is sensitive
to the electron wave flow in the window region. For ex-
ample, the ballistic nature of the system causes oscilla-
tions corresponding to the subband population of each
terminal wire at 1.5 K. ' When the measurements are
carried out below 1 K, the electron wave interference
effect dominates the transport characteristics. Large
aperiodic and periodic oscillations are observed as a func-
tion of in-plane-gate voltage as well as of magnetic field.
Although the transport characteristics of a multiple-
mode system are complicated and difficult to understand,
the in-plane-gate voltage dependence at zero magnetic
field and the oscillation as a function of magnetic field ob-
served in an intermediate-field region are well explained
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by considering the simple models. These experimental
and theoretical results are discussed in this paper.

II. FABRICATION AND MEASUREMENTS
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The parallel in-plane-gated (IPG) wires coupled by a
small window were formed on an Al Ga, „As-GaAs
modulation-doped heterostructure by focused Ga ion-
beam (Ga-FIB) scanning. The initial two-dimensional
(2D) electron gas had a carrier density n of 1.6X 10"
cm and a mobility of p, of 5X 10 cm /V s at 1.5 K be-
fore illumination. A schematic structure of the system is
shown in Fig. 1(a), and the central region of the system is
enlarged in Fig. 1(b). The Ga-FIB with an acceleration
energy of 100 kV and a beam diameter of about $= 100
nm was scanned along the thick solid lines. The interval
between the centers of parallel implanted lines is denoted
by 8' and the length of the unimplanted space along the
center line by L. The ion dose was about 10' cm and
subsequent annealing was carried out at 730'C to remove
implantation-induced damage. Highly resistive regions
formed in the Ga-FIB scanned regions remained even
after annealing, and depletion spreading from the Ga-FIB
scanned lines defined the 2D electron gas. Finally,
Au/Ge/Ni ohmic contacts (labeled 1 —6) were formed to
each 2D electron gas region. Narrow parallel wires were
defined between 1 and 2 and between 3 and 4, and they
were coupled by a small window at the center. A gate
voltage applied to 5 and 6 modulated the depletion region
spreading (W~, z) through a lateral field effect (in-plane-
gate operation). ' Thus the effective wire width (W,z)

and vertical width of the window
(W-;„&=2W—2W&, 2=2W,&+2W&,») could be con-
trolled by gate voltages V 5 and V 6. We fabricated two
types of structures: a large one with 8'=1.25 pm and
L = 1.2 pm, and a small one with 8'= 0.65 pm and
L =0.6 pm.

Transport characteristics were measured at a lattice
temperature of about 50 mK using a dilution refrigerator.
The actual electronic temperature might have been some-
what higher due to heating effects, but these would not
inhuence the conclusions of the present work. Three
kinds of four-terminal resistance RL, =R]$34 (V3—V4)/I] 2, R~2=R423] and RH=R324] were mea-
sured as a function of magnetic Geld and in-plane-gate
voltage. Here, the same voltage was applied both to 5
and 6 ( Vs = V 5= V 6). A lock-in technique with a con-
stant ac current of 10 nA was used in this measurement.
Reducing the ac current level to I nA slightly changed
the characteristics in the high-magnetic-field region
(B) 5 T), but not in the low-field region, which includes
the complicated fine interference structures. Moreover,
the carrier density was gradually increased by repeating a
brief illumination at low temperature. The carrier densi-
ty (n), determined from Shubnikov-De Haas (SdH) oscil-
lations in a high-magnetic-field region, and Fermi energy
(Ez) have a simple relation given by Ez=(h /4vrm")n
for a 2D electron-gas approximation at low temperature,
so we indicate E~ in the figures. The depletion spreading
decreased with E~ (or carrier density). It was about 500
nm at E&=6 meV (n =1.8X 10" cm ) and about 250
nm at E+=7.7 meV (n =2.3X 10" cm ).' ' There-
fore, the effective wire width 8',z of terminal wires was
about 250 nm for the large structure when E+=6 meV.
For the small system, we need a larger Ez to open the
terminal wires. 8,&=150 nm was obtained at E+=7.7
meV. We measured the characteristics when more than
five subbands were occupied in each wire, because sym-
metric (R]2 ]p R34 34) and stable characteristics cannot
be obtained for a very small wire width. the horizontal
window width L,z was estimated from
L —2(W&, ]

—P/2), where P is the FIB diameter. Fur-
thermore, the spreading of the depletion region at the
edge of Ga-scanned line may be slightly smaller than
Wz, z]

—P/2 due to a reduction in ion dose at the edge.
Therefore, L,z) 8,z at V =0 V for both the small and
large structures.

III. MAGNETOTRANSPORT CHARACTERISTICS

Ga-FIB

Gate
FIG. 1. A schematic diagram of parallel wires coupled by a

ballistic window (a). The center region surrounded by the dot-
ted lines is magnified in {b). Black lines indicate Ga-FIB-
scanned lines, and ohmic contacts to the 2DEG are indicated by
boxed X's and labeled by 1 —6. Shadowed regions in (b)
represent the depletion region spreading from Ga-implanted
lines. In-plane gates (5 and 6) are used to modulate Wtl p2 and
consequently B,ff.

Transport characteristics were measured as a function
of magnetic field at about 50 mK for both the large and
small structures. Typical results are shown in Fig. 2 for
the large structure, and in Fig. 3 for the small one. The
in-plane-gate voltage Vg

= Vg~= V~6 was kept at Vg =0 V
for both figures. At 8 =0 T, RL& becomes negative, as al-
ready observed at 1.5 K, and this negative resistance
disappears with increasing magnetic field. This behavior
is explained by a sideways ballistic coupling between 1

and 4 (or 2 and 3).' This negative resistance is more
enhanced for the large structure than for the small one.
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tion period varies as a function of magnetic field, and that
it has a minimum at around 8 =0.2 T, where both the
negative RL, and the drastic decrease in RLz disappear.
Oscillations in this magnetic-field range are shown en-
larged in the insets of Fig. 4. The slowly varying back-
ground is subtracted, so that fine oscillation patterns be-
come clear in these insets. The average period is 68 -6
mT at EF=6 meV. Although the oscillation is less regu-
lar with large than with small EF, the average period de-
creases with EF and becomes 58-4 mT at EF=7.6
meV. The peak interval increases in the lower-field re-
gion. The average period around 8 =0 T is about twice
that around 8 =0.2 T. The peak interval also increases
in the larger field region (8 ~ 0.3 T), and fine structures
finally disappear leaving SdH oscillation. These charac-
teristics of fine structure are similar in both RL, and RL2.
However, the amplitude of fine oscillations is twice as
large in R&2 than in Rl }.

Similar characteristics are reproduced for the small
structure (see Fig. 5), except that peak intervals become
large and the oscillation amplitude is enhanced. Al-
though the small interval structures are seen in some
parts of the RL2 curve, the most regular and smallest in-
terval of about AB =20 mT is observed at around 8 =0.6
T. That 68 is four times larger for the small structure
than for the large structure suggests an AB-type interfer-
ence effect. This is because the two-times difference in
scale between the two structures makes a four-times
difference in the window area. Actually, the area encir-
cled by the sold line in Fig. 1(b) is approximately S=0.9
pm for the large structure with EF=6 meV, which
agrees with b,8=(h/eS)=4. 6 mT. The negative RL,
and the drastic decrease in RL2 disappear at the magnetic
field, where rcyc &dep} where rcyc is the cyclotron ra-
dius. The $Vd p} 500 nm for the large structure with
EF=6 meV results in r,y Wdep} 500 nm at 8=0.14
T, and the 8'd, }=250 nm for the small structure with
EF=7.7 meV results in r,yc Wdep} 250 nm at 8 =0.31

T. Therefore, the magnetic-field range, where approxi-
mately regular oscillations and the smallest interval are
observed in Figs. 4 and 5, is consistent with the condition

cy Wd p } When we consider a straight inj ection from
the terminal wire, it is reasonable to assume that the cir-
culating trajectory becomes possible under the condition
p cyc &dep } The edge ch anne 1 is we 11 estab 1 i shed at a
high magnetic field. However, the smaller r, , results in
a smaller reflectivity at the boundary between terminal
wires and the window, so that the AB-type oscillation
corresponding to the window area disappears when the
magnetic field is increased further.

The theoretical calculations were also carried out for a
coupled wire system. We calculated RL} and RI 2 using a
recursive Green-function method. We assumed an
infinite potential barrier at the boundary and a complete-
ly ballistic region inside. For the window geometry, we
considered both a rectangular and a rounded shape. The
actual experimental setup probably falls between these
two shapes. Figure 6 shows the results calculated for the
rounded window in a low-magnetic-field region. We set

ff 260 nm and L ff 300 nm, approximately corre-
sponding to the experiments in Fig. 4. Although EF=4
meV is smaller than the experimental value, the number
of subbands (five) in each wire roughly agrees with the ex-
perimental conditions where distinct fine oscillations are
observed in Figs. 4 and 5. The discrepancy may be ex-
plained by the fact that the potential barrier is soft rather
than hard in the actual systems.

In spite of the rough approximation in the calculation,
the results obtained reproduce the experiments in the fol-
lowing points. (l) The relatively regular, smallest period
oscillation exists in the intermediate-field region of 0.1

T & 8 (0.17 T in Fig. 6. The average period is 5 —6 mT,
which agrees with the AB-type oscillation corresponding
to the window area. (2) The peak interval increases in the
lower field region near B=0 T. (3) An almost regular but
longer period oscillation appears in the higher-field re-
gion of 8 )0. 17 T in the R12 curve. On the other hand,
the following points are contradictory to the experiments.
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FIG. 5. Detailed traces of RL2=R42» for the small device
measured at 50 mK in a low-magnetic-field region. EF is 7.7
rneV and Vg=0 V. This value approximately corresponds to

ff 150 nm. Inset shows enlarged signals in the field regions
indicted by the horizontal bar. The slowly varying background
is subtracted in this inset.
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a function of magnetic field. The inset shows the assumed struc-
ture with an infinite hard wall. EF=4 meV corresponds to five

subbands in each wire as shown in Fig. 8.
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(4) The fine patterns are clear in RI 2 but not in RI „espe-
cially at the field of 8 )0. 15 T. (5) The negative RI

&
at

B =0 T is not prominent in the calculation. These con-
tradictions probably originate from the imperfectness of
the real structure. The ballistic mean free path of elec-
trons is limited by scattering inside the window. In such
a case, the shorter length trajectory has a large inhuence
on the resistance. When the ballistic length is compara-
ble to the window size, the direct ballistic coupling be-
tween terminals 1 and 4 (or 2 and 3) is still possible
through a sideways ballistic component. However, there
is no direct coupling between 1 and 3 (or 2 and 4) without
boundary reflections. This difference makes
T» T42 & T32T4„ thus RI, =R,2 34 becomes negative as
shown in the experimental data. On the other hand, tra-
jectories including many reAections are possible in a corn-
pletely ballistic system, where the ballistic length is
infinite. In this case, long-distance scrambling trajec-
tories make T4& = T3, (or T32 = T42 ) and result in
RL $

R ]2 3g 0 as obtained in the theoretical calculation.
The difference of fine patterns between Rl, and RL2 is
also explained by the existence of scattering. When we
include some imperfection in the calculation, the symme-
try of the system is disturbed and the same fine oscilla-
tions appear in both RL, and R~2. In this situation, the
main characteristics (1)—(3) of the experimental observa-
tion are well reproduced in the calculation.

An AB-type oscillation arising from the circulating
trajectory in the cavity was reported by van Wees et al.
in the quantum Hall regime. The coupling between the
internal circulating trajectory and the external trajectory
by tunneling through a constriction was essential to their
experiments. In our experiment, oscillation structures
appear in the quantum Hall regime as shown in Fig. 3.
The oscillation period is about 50 mT and this value is
twice of AB =20 mT observed in the low-magnetic-field
region (see Fig. 5). This indicates that a half-size window
area should contribute to the AB =50 mT oscillation. In
our system, there was a constriction at the center of the
window as well as at the entrance of each terminal wire.
Although I.,ff) W,~, the subband depopulation charac-
teristics in the high-magnetic-field region were similar for
both terminal wires and the constriction in the window.
Therefore, it is possible that the coupling of two trajec-
tories circulating in the upper and lower halves of the
window makes the AB-type oscillation similar to that re-
ported by van Wees et aI.

IV. TRANSPORT CHARACTERISTICS
CONTROLLED BY THE IN-PLANE GATE

tion in the transmission probability. The results are
shown in Fig. 7. A small period oscillation
(d V =0.04—0.05 V) is superimposed on the background
oscillation of AV =0.2 V. The latter oscillation is also
observed at 1.5 K; it is explained by the classical ballistic
coupling between two wires through a sideways ballistic
component. This coupling is modulated by the subband
population in each terminal wire. '

A small period oscillation, which is smeared out at 1.5
K, is explained by considering the mode matching be-
tween wires and a window. In spite of the existence of
open boundaries at the entrances of terminal wires, the
formation of quasi-zero-dimensional levels is expected in
the window. ' First, we roughly assume a convenient
structure, a rectangular window (8'„;„zXL,s. ) with four
terminals (width W,s). Energy levels perpendicular to
the wire are E„=A' /2m*(n. n/W, s) (n: integer) in the
wire and E& =R /2m *(~I/W„;„~) (l: integer) in the win-
dow. Energy along the wire is represented as EF —E„ in
the wire and E =Pi /2m *(arm /L, &) (m: integer) in the
window. Here, in the window, we neglect open boun-
daries for terminal wires and this is valid when

ff ((W„;„z. When the mode-matching condition al-
lows the contribution of the mode with E„=E& and only
the highest subband in the wire contributes to the oscilla-
tion characteristics, the relation EF —E„(highest)=E
gives m =L,fr/m(2m *dE /A' )

'. oscillations between
subband depopulation. Here, AE indicates the energy
separation between the highest and the second-highest
subband levels in the wire. Substitution of experimental
conditions (L,s-320 nm, dE —1.2 meV) results in 4—5
oscillations between subband populations. In spite of its
being a rough approximation, this number agrees fairly
well with the experimental observation in Fig. 7. To fur-
ther confirm the origin of the fine oscillation, theoretical
calculation was carried out at B=O T, and results are
shown in Fig. 8. The calculation was carried out by di-
viding the structure into a 20-nm-interval mesh, so that it
is di%cult to smoothly change the boundary position, i.e.,

B=O T

-50
II

In this section, we discuss transport characteristics
controlled by in-plane-gate operation. The gate voltage
Vg(= Vs5= Vg6) applied to both 5 and 6 modulates the
depletion spreading 8'„,p2 in Fig. 1. The four-terminal
resistance Ri, =R,2 34 was measured as a function of V~
at zero magnetic field. The measurements were carried
out for the large structure with EF=6 meV.
Wp p2 Wp p] 500 nm and 8,&=250 nm at Vz

=0 V.
As shown in Sec. III, RL, is sensitive to the small varia-

-100
-0.2

I I I

-0.& 0 0.& 0.2
Gate voltage Vg ( V )

0.3

FIG. 7. The four-terminal resistance Rl &
=R

&p 34 of the large
device ( 8'=1.25 pm and L =1.2 pm) as a function of in-plane
gate voltage Vg measured at 50 mK. EI; =6 rneV and B=0 T.
A small period oscillation is superimposed on the background
oscillation corresponding to the subband population.
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the depletion edge of the structure. Therefore, in this cal-
culation, the Fermi energy was varied instead of the in-
plane-gate voltage. Fine oscillations superimposed on the
background oscillation corresponding to the subband
population were reproduced in the calculation. The actu-
al device shape probably falls between the shape of Figs.
8(a) and 8(b). The number of fine oscillations between
subband populations is slightly larger than that predicted
by a simple mode-matching theory. This is because not
only the highest-energy subband but also lower-energy
subbands contribute to the calculation. In the experi-
ments of Fig. 7, some fine oscillations are smeared out
and the number of fine oscillations between the subband
populations becomes smaller than that obtained in Fig. 8.
This is again due to the finite ballistic mean free path and
finite phase-coherence length in the actual system. In ad-
dition, the soft boundary in the real system also induces a
suppression of small patterns.

It is noteworthy that the number of oscillations be-
tween subband populations is rather insensitive to the
boundary shape when the horizontal window width I.,z is
kept almost constant [see Figs. 8(a) and 8(b)]. On the
other hand, this number increases as L,~ increases, as
shown in Fig. 8(c). The distance between two in-plane

gates is kept constant in these three figures. Therefore,
these results indicate that fine structures originate not
only from electron wave reflection by in-plane gates (a
simple Fabry-Perot mode reported by Smith et al. ) but
also from the confinement along the L,z direction. In
contrast to experiments by Smith et al. , the ratio be-
tween 8',z and 8 „;„d is small in our structure, and
quasi-zero-dimensional levels in the window play an im-
portant role. These calculated results probably support
the mode-matching view for explaining fine resistance os-
cillation observed at 50 mK.

The four-terminal resistance RL &
was also measured as

a function of in-plane-gate voltage V~ at B=0.25 and 0.4
T. The previously discussed magnetic-field dependence
indicated some regular oscillations at around B=0.25 T.
On the other hand, the fine oscillations became small and
SdH oscillation appeared at around B=0.4 T. The in-
plane-gate voltage dependence is consistent with this
magnetic-field dependence. At B=0.25 T, a clear oscil-
lation was observed as a function of in-plane-gate voltage
Vg, as shown in Fig. 9. The average peak interval is 50
mV, as shown in the inset. Here, we again consider the
circulating channel in the window [see Fig. 1(b)]. When
in-plane-gate voltage changes 8'&, 2, both the path length
I and area S of the circulating channel change. The path
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FIG. 8. Theoretical curves of RL)=Rl234 as a function of
Fermi energy EF at B=O T. Insets show the assumed struc-
tures with an infinite hard wall. The subband population in
each terminal wire occurs at EI; indicated by broken lines.

vg (~)
FIG. 9. The four-terminal resistance RL& =R, p 34 of the large

device ( 8'= 1.25 pm and L = 1.2 pm) as a function of in-plane
gate voltage Vg measured at 50 mK. EF =6 meV and the mag-
netic fields are B=0.25 and 0.4 T. The Fourier spectrum ob-
tained in the Vg region indicated by the horizontal bar is shown
in the inset.
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length change hl is approximately four times larger than
the change in Wd, ~2(b, l =46 Wd, ~2). As a first approxi-
mation, the change in area AS is represented as
ES=26Wd, 2L. Thus the total change in the AB phase
is k~bl (—ASBelh')=(4k~ 2—LBe/vari)b, Wd, 2. The sub-
band population period of about 0.2 V observed in Fig. 8
and the Fermi wavelength of 60 nm suggest
Lml fYdep2 /5 Vg

=300 nm/V, which agrees we 11 with the
data obtained from the conductance characteristics of the
single in-plane-gated wires. When we substitute E+=6
meV, I, = 1.2 pm, 6 Wd p2/6 Vg 300 nm/V and
B=0.25 T into the above equation, the oscillation period
becomes 43 mV. This value almost reproduces the exper-
imental results and confirms that the oscillation as a func-
tion of V again originates from the AB effect of the cir-
culating channel in the window. At B=0.4 T, the area
component becomes large, and the oscillation period
should be shorter. Although the oscillatory structures
are small and vague, a tendency for short peak intervals
is seen in Fig. 9. The slowly varying background ob-
served at B=0.4 T arises from the SdH oscillation. The
peak position of the SdH oscillation slowly varies as a
function of V by the population effect corresponding to
$V ff and by a slight change of carrier density.

tion of terminal wires. Mode matching between one-
dimensional levels in the terminal wires and quasi-zero-
dimensional levels in the window contributes to the fine
structures observed at 50 mK. The agreement between
theoretical calculations and experimental results in this
study suggests that near-100%%uo current switching between
wires will be realized by further reducing a structural
size, i.e., the number of modes, as theoretically predict-

d 18

When four-terminal resistance is measured as a func-
tion of magnetic field, a small period and rather regular
oscillation as a function of magnetic field appears in an
intermediate-field region where the negative Rl &

and the
drastic decrease in RL2 disappear. The average period is
well explained by the AB interference effect through the
circulating channel in the window. This interference is
also modulated by the in-plane-gate operation. In a
higher-magnetic-field region, the peak interval of the fine
structure again increases and finally the fine structures
disappear leaving the SdH oscillation. However, the in-
terference structures arising from the circulating channel
in the window are seen at the foot of the resistance peak
in the quantum Hall regime.
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