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Quantum effects in the transport properties of nanoelectronic three-terminal Y-junction devices

Dan Csontos* and H. Q. Xu†

Solid State Physics, Lund University, P.O. Box 118, SE-221 00 Lund, Sweden
~Received 3 February 2003; published 23 June 2003!

We report on a theoretical study of the electrical properties of three-terminal ballistic junction~TBJ! devices,
consisting of three perfect leads and a ballistic coupling region, using a multiterminal scattering-matrix ap-
proach and the Landauer-Bu¨ttiker transport theory. The calculations have been performed for TBJ devices with
different structure properties, at both high and low temperatures, as well as at both small and large applied bias
voltages. The study is focused on the effects of quantum scattering, which is treated by exact numerical
calculations. It is shown that when operated in the push-pull fashion, i.e., by applying finite voltagesVl5V and
Vr52V to the left and right branches, the TBJ devices exhibit strong nonlinearities in the output voltageVc

calculated at the central branch. At high temperatures, the output voltageVc as a function ofV shows the same
nonlinear characteristics as observed in recent theoretical analyses and experimental measurements. These
high-temperature electrical characteristics are found to be qualitatively insensitive to the structure details of the
devices and reveal little effect of quantum scattering. At low temperatures, the output voltageVc shows
fluctuations, and can assume either negative or positive values, depending on the chemical potential, at small
bias regions. These behaviors are explained in terms of the fluctuations seen in the transmissions between the
terminals, while the transmission fluctuations are shown to arise from strong scattering by quasibound states
formed in the junction cavity region and are therefore signatures of quantum effects. Based on the quantum
fluctuation nature of the device characteristics, a single multilogic device, constructed with a single TBJ, with
switching of the logic functions by means of a gate, is proposed.

DOI: 10.1103/PhysRevB.67.235322 PACS number~s!: 73.23.Ad, 73.63.Rt, 85.35.Ds
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I. INTRODUCTION

Rapid advances in nanoelectronic fabrication techniq
have, in recent years, made possible the realization of e
tron waveguide devices with dimensions smaller than
elastic and inelastic scattering lengths of the conduction e
trons. Based on the ballistic and phase-coherent nature
the electron transport, various interesting nanoelectronic
vices, such as the directional coupler,1 the quantum stub
transistor,2 and the three-terminal ballistic junctio
~TBJ!,3–10 have been proposed. In particular, the Y-shap
TBJ, also known as the Y-branch switch, was proposed
promising alternative for future low-power, high-spe
switching devices.3 In such a device, electrons injected fro
a source contact are deflected by a lateral electric field,
ated by gates in the branching region, into either of the t
drain contacts.

Very recently, a different type of functionality of TBJ de
vices, revealing new and interesting nonlinear transport p
nomena, was theoretically proposed7 and experimentally
demonstrated.8–10 It was shown that when finite voltagesVl
andVr are applied in the push-pull fashion, withVl5V and
Vr52V, to the left and right branches of a symmetric TB
device, the output voltageVc measured at the central branc
is always negative. This property was observed in b
Y-shaped8,10 and T-shaped9 TBJs, suggesting that the ob
served phenomena are inherent to TBJs in general. The
gins of the observed transport phenomena were analyze
Xu7 using the Landauer-Bu¨ttiker transport theory.11 In this
analysis, the TBJs were modeled by three saddle-point12 con-
tacts connected via a ballistic cavity with adiabatic boun
aries, thus neglecting the effects of electron scattering in
junction cavity region. The analysis showed that, indeed,
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a symmetric TBJ of arbitrary shape operating in the pu
pull fashion, the output voltageVc from the central branch is
negative, monotonically decreasing as a function ofuVu. Fur-
thermore, it was also shown that these characteristics
present also for devices with broken symmetry, provided t
uVu is greater than a certain threshold. Promising applicati
of TBJ devices in nanoelectronics, such as rectificati
second-harmonic generation and logic function, we
proposed7,13,14and have been demonstrated experimentall15

In addition, very recently, based on the single, planar nat
of the device structure, the fabrication of TBJs using nano
print lithography on high-quality semiconductor heterostru
tures has been demonstrated,16 giving possibility for future
mass production of these devices.

A natural and interesting extension of the analysis of R
7 is to consider also the effects of electron scattering in
junction region. In TBJ devices, the conduction electrons
experience scattering caused by, e.g., abrupt changes in
geometry and potential profile, complicated shapes of
TBJs, as well as impurity and boundary roughness~the latter
caused by, e.g., the process of etching17!. In particular, the
central coupling junction of a TBJ may become a source
strong electron scattering as a result of the formation of q
sibound states. Such a quantum effect of ballistic cavi
was previously studied in two-terminal setups, for which t
electron transport was found to show strong signatures
quantum scattering and interference.18–21

In this work, we present a numerical study of the elec
cal properties of TBJ devices with realistic structure boun
aries based on a formalism in which quantum-mechan
scattering of electrons is fully included.22 Various TBJ de-
vices with different shapes and sizes of the ballistic cav
and of the connecting waveguides have been studied.
©2003 The American Physical Society22-1
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electric characteristics of the devices in both the linear-
the nonlinear-response regimes of transport have been c
lated. Furthermore, the temperature dependence of the
served features has been investigated.

In the nonlinear-response regime of transport, the st
has been focused on the analysis of the push-pull opera
of symmetric and asymmetric TBJ devices made from III–
semiconductor materials with characteristic feature si
around 100 nm. We have found that at high temperatures
TBJ devices, when operated in the push-pull fashion, exh
the same electrical characteristics as in Refs. 7–10. We h
also found that these high-temperature characteristics
qualitatively insensitive to the structure details of the devi
and reveal little effect of quantum scattering, which suppo
the assumption made in Ref. 7. At low temperatures, ho
ever, it is found that the output voltageVc from the central
branch of the TBJs can exhibit fluctuations and can, depe
ing on the chemical potential, assume either positive~even
for a symmetric TBJ! or negative values at small bias vol
ages. Thus, a single TBJ structure may be used as a m
logic device with switching of the logic functions by tunin
the chemical potential using a gate.

The quantum-mechanical origin of the low-temperatu
characteristics of the TBJ were further studied by transp
calculations in the linear response regime. We have fo
that in the absence of scattering, the transmissions betw
the left~right! and the central branches of the symmetric T
devices show unit or half-unit quantization steps depend
on the size of the three leads. For structures in which a ca
is formed at the junction between the three branches, fl
tuations on top of the transmission steps, resulting from s
tering by quasibound states formed in the cavity region,
observed. The details of the features are found to dep
strongly on the geometrical design of the devices.

The rest of the paper is organized as follows. In Sec.
we will give a brief overview of the method used in o
analyses. In Sec. III, we will first present the model of t
device used in this work, and then show and discuss
results of the calculations for the transmissions and the p
pull nonlinear operation of symmetric and asymmetric TB
at two characteristic temperatures. A demonstration of m
tilogic functionality will also be presented and discussed
this section. The paper is concluded in Sec. IV.

II. THEORETICAL MODEL

The formalism used in the numerical calculations h
been described elsewhere,22 and only a brief overview will
be given in the following. In short, the method consists of
implementation of the scattering-matrix method23–26 for
three-terminal Y-junction devices, from which the transm
sions and reflections of electrons between the three term
can be obtained in terms of the scattering-matrix of the s
tem.

Any type of potential profile can be treated by dividin
the system into thin segments along thex direction of trans-
port, which are thin enough such that the potential in e
segment can be assumed to be of transverse dependenc
~see Fig. 1 for schematics!. The wave function of an electro
23532
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with energy« in an arbitrary segment labeledi of lead b
~whereb5 l ,r ,c labels the three, i.e., left, right, and centra
branches/arms! satisfies the following Schro¨dinger equation:

HCb,i~x,y!5«Cb,i~x,y!, ~1!

with the HamiltonianH given by

H52
\2

2m*
S ]2

]x2
1

]2

]y2D 1Uc
b,i~y!1Us

b,i~y!, ~2!

whereUc
b,i(y) describes the transverse confinement defin

by the boundaries of the TBJ~thick solid lines in Fig. 1!,
Us

b,i(y) is the transverse potential inside the segment,
m* is the effective mass of the electron. Expanding the wa
function Cb,i(x,y) in terms of a complete set of basis fun
tions $cb

b(y)% with eigenvalues$eb
b% in branchb ~Refs. 22,

24! gives

Cb,i~x,y!5(
a

ca
b~y!(

n
dan

b,i@an
b,i 1eikn

b,i (x2x0
b,i )

1an
b,i 2e2 ikn

b,i (x2x0
b,i )#, ~3!

wherex0
b,i is a reference coordinate in segmenti along thex

direction andkn
b,i5@2m* («2En

b,i)/\2#1/2 are longitudinal
wave numbers which may be either real or imaginary, th
corresponding to propagating or evanescent states, res
tively. The label1 (2) denotes a state that is propagati
forward or evanescent~propagating backward or exponen
tially increasing!. The expansion coefficients$dan

b,i% and
transverse eigenvalues$En

b,i% can be obtained from the fol
lowing system of equations:

FIG. 1. Schematics of a three-terminalY-branch device. The
modeling of the TBJ is done by dividing the device into thin se
ments along thex direction, which are thin enough such that th
potential profile in each segment is of transverse~y! dependence
only.
2-2
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(
a

@~eb
b2En

b,i !dba1^cb
b~y!uUT

b,i~y!uca
b~y!&#dan

b,i50,

b51,2,3, . . . , ~4!

whereUT
b,i(y)5Uc

b,i(y)1Us
b,i(y).

The unknowns remaining to be found are the coefficie
$an

b,i 6%. We have previously shown22 that the coefficients for
the outermost segments of a TBJ~serving as perfect, semi
infinite leads! can be related via a three-terminal scatter
matrix S( l ,r ,c) according to the follwing relation:

S Ac1

Ar 2

A l 2
D 5S~ l ,r ,c!S Ar 1

A l 1

Ac2
D , ~5!

whereA l 6, Ar 6, andAc6 are column vectors containing th
coefficients$an

l 6%, $an
r 6%, and $an

c6% in the outermost seg
ments, i.e., the lead portions of the three branches, res
tively. The scattering matrixS( l ,r ,c) can be used for the
calculation of the transmission and reflection characteris
of the TBJ. For example, the probability that an electr
incident with energy«, in statem from leadb, to be trans-
mitted to staten in leadb8 is given by

Tb8b
nm

5
kn

b8

km
b

u~Sb8b!nmu2, ~6!

wherekn
b8 andkm

b are the wave vectors in the leadsb8 andb,
respectively, andSb8b is a submatrix of the scattering matr
S( l ,r ,c), which is defined by rewriting Eq.~5! as

S Ac1

Ar 2

A l 2
D 5F Scr Scl Scc

Srr Srl Src

Slr Sl l Slc

G S Ar 1

A l 1

Ac2
D . ~7!

At zero temperature, the total transmission between the
branchesb andb8 at a given energy« is given by

Tb8b~«!5 (
n,m

(occ) kn
b8

km
b

u~Sb8b!nmu2, ~8!

where the summation is performed over all occupied sta
At finite temperatureT, we define the total transmission a
cording to

Tb8b~mF ,T!5E
0

`

Tb8b~«!F2
] f ~«2mF ,T!

]« Gd«, ~9!

wheref («2mF ,T) is the Fermi distribution function andmF
is the chemical potential of the device at zero bias. The
flection of electrons into the same lead is defined
Rbb(mF ,T)5Tbb(mF ,T).

Here, we note that in the formulation, Eq.~4! should con-
sist of an infinite number of coupled equations, correspo
ing to an infinite-order wave function expansion in Eq.~3!.
In calculations, however, Eq.~4! has to be solved numeri
cally by truncating the number of basis functions at a h
23532
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transverse levelMb . In this work, we setMb for each branch
as large as it is necessary, i.e., we include all propaga
modes and a necessarily large number of evanescent m
to obtain the desired convergence in the transmissions.

The nonlinear transport properties of the device can a
be calculated from the transmissionsTb8b(«). As stated in
the Introduction, we are interested in the calculations of
output voltageVc from the floating central branch, whe
finite voltagesVl andVr are applied in the push-pull fashion
i.e., with Vl5V andVr52V, to the left and right branche
of the TBJ. The current in the central branch can be cal
lated from7,11

I c5
2e

h H E @Nc~«!2Rcc~«!# f ~«2mc ,T!d«

2 (
i 5 l ,r

E Tci~«! f ~«2m i ,T!d«J , ~10!

where Nc is the number of current-carrying modes in th
central lead, andm l5mF2eV andm r5mF1eV are electro-
chemical potentials in the left and right reservoirs, resp
tively. The output voltageVc can be calculated fromeVc5
2(mc2mF), where the electrochemical potentialmc , can be
obtained from Eq.~10! by requiringI c50. In principle, the
transmissionsTcl and Tcr , and the reflectionRcc are func-
tions of the applied voltagesVl andVr . However, it has been
shown that most of the resistance in a ballistic device is
to the contacts.27 Thus, in the present calculations, the ele
trostatic potential is assumed to be flat within the TBJ str
ture, and the voltage drops are assumed to occur only a
three contacts. These assumptions lead to the simplified
pression of Eq.~10! for the currentI c , which depends on the
applied voltages only through the Fermi function.

III. RESULTS AND DISCUSSION

In the following, we will first briefly describe the mode
TBJs used in our calculations. We then present and disc
the results of our calculations, which we have performed
both symmetric and asymmetric TBJs at low and high te
peratures and in the linear and nonlinear regimes of tra
port. For the nonlinear transport properties, we restrict
investigation to the previously mentioned push-pull ope
tion, i.e., applying bias voltagesVl52Vr5V to the left and
right branches of the TBJ, while calculating the output vo
ageVc obtained by requiringI c50. The results are accom
panied by spectra of the transmissions between the t
leads, which are used for understanding the details of
observed nonlinear transport characteristics.

A. Device model

Numerical calculations have been performed for a num
of Y-shaped TBJs, consisting of three electron wavegui
and a ballistic coupling region. In the calculations, the ha
wall confinement potential has been used in order to c
strain the electron motion within the TBJ. The effective ma
m* was chosen to bem* 50.047m0, which corresponds to
2-3
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the GaInAs system used in the experiments by Hieke
Ulfward8 and by Shorubalkoet al.9

Figure 2 shows a model of the Y-shaped TBJs conside
in the present paper. The shape and size of the TBJs
been defined by introducing a few characteristic geometr
parametersWl , Wr , Wc , W0 , Lc , andLlr (5W0/2), and by
describing the structure boundaries by analytical formulas
terms of the parameters, shown in Fig. 2, the transverse
sitions of the outer boundaries of the TBJs vary within t
regionx0,x,x01L, whereL5Llr 1Lc , according to

yl
out~x!5

yc
01yl

0

2
1

yc
02yl

0

2
sinS x2x0

L
p2

p

2 D ,

yr
out~x!5

yr
01Wr1yc

01Wc

2

1
~yr

01Wr !2~yc
01Wc!

2
sinS x2x0

L
p1

p

2 D .

~11!

The transverse positions of the inner boundaries forx0,x
,x01Llr are given by

yr
in~x!5AW0

2

4
2~x2x0!2,

yl
in~x!52yr

in~x!. ~12!

We note that, as can be seen in Fig. 2, all the boundaries
smoothly in the model. Thus, it can be assumed that sca
ings by boundary roughness and by impurities are
present in the modeled devices.

FIG. 2. Schematics of a TBJ device as modeled in the calc
tions.
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B. High-temperature transport

In Fig. 3, the calculated output voltageVc as a function of
applied bias voltageV at T577 K, is shown for a symmetric
TBJ with the geometrical parametersWl5Wr570 nm, Wc
550 nm, W0592 nm, Lc5100 nm, andLlr 546 nm. The
different curves correspond to different values of the che
cal potentialmF . We also show the corresponding transm
sionTcl(mF ,T) between the left and central leads, calculat
at T577 K, in the inset of the figure.

The following observations can be made from the resu
of Fig. 3. First of all, the output voltageVc is negative for all
finite values ofuVu. Second, in general, the dependence
paraboliclike, in particular, at small values ofuVu. Third,
with the decrease ofmF , the absolute value of the curvatur
of the parabolic behavior increases. These observations
in perfect agreement with the ones made in Refs. 7–10
can be explained by the same arguments as those give
Ref. 7. For completeness and for further discussions,
briefly recall the main results of Ref. 7.

It was shown, in general, in Ref. 7 that in the limit o
small biasuVu, the output voltage of a symmetric TBJ devic
operated in the push-pull fashion is given by

Vc52
1

2
aV21O~V4!, ~13!

where

a5e
]Tcl~mF ,T!/]mF

Tcl~mF ,T!
. ~14!

The above equations show that the sign of the output volt
Vc , from the central branch, at small bias depends on
slope of the transmission,]Tcl(mF ,T)/]mF : a positive
~negative! slope gives a negative~positive! output voltageVc
at small bias. Since, the transmission,Tcl(mF ,T) is a mono-

a-

FIG. 3. Vc vs V for a symmetric TBJ with the parametersWl

5Wr570 nm, Wc550 nm, W0592 nm, Lc5100 nm, andLlr

546 nm, calculated atT577 K. The different curves correspon
to mF57 meV ~dashed-dotted line!, mF515 meV ~dashed line!,
mF518.5 meV ~dotted line!, and mF521 meV ~solid line!. Inset
shows the transmissionTcl(mF ,T) at T577 K.
2-4
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tonically increasing function ofmF at T577 K ~inset of
Fig. 3!, the behavior at small bias voltages is negative a
quadratically dependent onV, as predicted by Eq.~13!. Fur-
thermore, since the transmission is approximately a lin
function of mF , the coefficienta depends approximately o
mF according toa5e/mF . Thus, if the chemical potential i
increasing, the coefficienta is decreasing, yielding smalle
negative curvature of theVc vs V curve, which is consisten
with the behavior observed in Fig. 3.

In order to understand theVc-V characteristics at large
bias voltages, it is interesting to consider the ze
temperature equation

E
m l

mc
Tcl~«!d«5E

mc

mr
Trl ~«!d«, ~15!

which can be obtained from Eq.~10!, by requiringI c50. In
this case, for a symmetric TBJ, for whichTcl(«)5Trl («),
the electrochemical potential in the central probe,mc , will
always remain at a value above the average ofm l andm r if
the transmissionsTcl(«) andTrl («) are increasing functions
of energy. Hence,mc.mF andVc is negative and monotoni
cally decreasing with the increase of the absolute value of
applied voltage,uVu. Although the results of Fig. 3 are ca
culated atT577 K, similar arguments based on the increa
ing transmission functionsTcl(«) andTrl («) at this tempera-
ture explain the large-bias behavior observed in Fig. 3.

We have also calculated theVc vs V dependence atT
577 K of an asymmetric TBJ, for which the width of th
right branch has been decreased toWr540 nm ~all other
parameters are identical to the ones for the structure stu
in Fig. 3!. The results are shown in Fig. 4 along with th
corresponding transmissionsTcl(mF ,T) ~solid line! and
Tcr(mF ,T) ~dashed line! shown in the inset.

FIG. 4. Vc vs V for an asymmetric TBJ with the paramete
Wl570 nm, Wr540 nm, Wc550 nm, W0592 nm, Lc5100 nm,
and Llr 546 nm, calculated atT577 K. Different curves corre-
spond tomF57 meV ~dashed-dotted line!, mF515 meV ~dashed
line!, mF518.5 meV ~dotted line!, and mF521 meV ~solid line!.
Inset shows the transmissionTcl(mF ,T) @solid line# andTcr(mF ,T)
@dashed line# at T577 K.
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The results show that the output voltageVc remains a
paraboliclike function ofV with a curvature that depends o
mF in a similar way to that found for the symmetric devic
However,Vc is no longer a symmetric function ofV with
respect toV50, and can be positive at small values ofV.
The observed behavior again agrees perfectly with ea
theoretical predictions7 and experimental observations.9 The
origin of the asymmetry is the difference in the transmissio
between the left and the central branches and between
right and the central branches~seen in the inset of Fig. 4!.

C. Low-temperature limit

We now consider the low-temperature transport proper
of the TBJs studied in Sec. III B. In Fig. 5, we show th
results calculated atT54.2 K for the symmetric TBJ previ-
ously studied atT577 K in Fig. 3. In Fig. 5~a!, theVc vs V

FIG. 5. ~a! Vc vs V for the symmetric TBJ studied in Fig. 3 with
the parametersWl5Wr570 nm, Wc550 nm, W0592 nm, Lc

5100 nm, andLlr 546 nm, calculated atT54.2 K. The different
curves correspond to different values ofmF . ~b! Transmission
Tcl(mF ,T) at T54.2 K. The black dots indicate values ofmF at
which the curves in Fig. 5~a! are calculated. Inset shows a blow u
of the region in theTcl(mF ,T) curve aroundmF521 meV. Shaded
areas illustrate the integration windows of the integrals on the l
hand side and right-hand side of Eq.~15! in the text. Note that
Tcl(mF ,T)5Tcr(mF ,T).
2-5
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DAN CSONTOS AND H. Q. XU PHYSICAL REVIEW B67, 235322 ~2003!
dependences, calculated at the same values ofmF as previ-
ously used in Fig. 3, are shown. It is seen that overall theVc
versusV curves are symmetric with respect toV50 and are
bending toward negative values ofVc at large values ofuVu.
This is the same behavior as found in Fig. 3 and in previ
calculations7 and measurements.8–10 However, it is also seen
in Fig. 5~a! that theVc vs V curves display slow oscillation
and, depending on the chemical potentialmF , can assume
both negative and positive values at small bias voltag
These oscillatory and low-bias behaviors were not visible
the previously shown high-temperature results, neither w
they observed in the experiments of Refs. 8–10 and the
culations of Ref. 7.

The above oscillatory and low-bias behaviors are sig
tures of quantum effects and can be explained using the c
acteristics of the calculated transmissionTcl(mF ,T) at T
54.2 K, shown in Fig. 5~b!. There, it is seen that the tran
mission exhibits a rich structure of dips, of varying amp
tudes and widths. Similar dip structures and fluctuations h
been previously found in the two-terminal conductance o
quantum channel with embedded cavities18–20,28 and the
multiterminal resistance of a four-terminal junction.29 Asso-
ciated with these dips inTcl(mF ,T), peaks are seen in th
calculated transmissionTrl (mF ,T) as well as in the reflec
tion Rll (mF ,T) ~not shown here!. As shown for two-terminal
cavity structures,18–20,28 as well as for four-termina
junctions,29 the rich dip structure seen inTcl(mF ,T) origi-
nates from antiresonant scattering of the electrons by qu
bound states formed in the junction cavity region, and i
signature of quantum effects. Thus the number and en
position of the dips seen inTcl(mF ,T) depend sensitively on
the structure of the cavity in the TBJ device.

The irregular and nonmonotonic dependence
Tcl(mF ,T) on mF affects the push-pull operation of the TB
in the following way. At small bias, it was shown in Se
III B @Eq. ~13!# that the sign of the output voltageVc from
the central branch depends on the slope of the transmis
]Tcl(mF ,T)/]mF . Thus, a positive~negative, zero! slope
gives a negative~positive, zero! output voltageVc . Due to
the fluctuating transmission characteristics@Fig. 5~b!#, the
slope of the transmissionTcl(mF ,T) can be negative, zero
or positive, depending on the value ofmF , and hence, the
output voltage in turn is sensitive to the chemical potentia
the TBJ. As an example, consider the transmission of F
5~b! at values ofmF ~marked by black dots for clarity! at
which the curves in Fig. 5~a! have been calculated. At th
values of mF57 meV and mF518.5 meV, evidently
]Tcl(mF ,T)/]mF is negative and, hence the output volta
Vc is positive at small bias@see dashed-dotted and dott
lines in Fig. 5~a!#. On the other hand, formF515 meV and
mF521 meV, the transmission slope is approximately z
and positive, respectively, correspondingly yielding a clo
to zero and negativeVc @dashed and solid curves in Fig. 5~a!#
at small bias.

We now turn to the explanation of the general oscillato
behavior of the TBJ devices seen in a large range of b
voltage. At zero temperature, the condition, in which the o
put voltageVc from the central branch of a symmetric TB
device is determined, is given by Eq.~15! ~this is a fairly
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good approximation atT54.2 K as well since the therma
energy,kBT!1 meV). Consider now the inset of Fig. 5~b!
which shows a blow-up of the region aroundmF521 meV@a
value at which theVc-V curve corresponding to the solid lin
in Fig. 5~a! was calculated#. The two shaded areas in th
inset mark the two integration regions on the left- and rig
hand sides of Eq.~15!. For the specific bias situation de
picted in the inset (V'3 mV), the transmission probability
in the energy range 19.5,mF,22.5 meV, accessible to
electrons at the given bias voltage, is an increasing func
of energy and thus, in order for current balance to
achievedmc has to take on a value above the average ofm l

andm r ~see the inset!, hencemc.mF yielding a negativeVc .
By increasing the value of the bias voltage from zero,Vc

decreases monotonically as long as bothm l and m r remain
on the upward slope of the transmission curve@inset of Fig.
5~b!#. As V continues to increase, and thus effectively i
creasing the energy range for which electrons are transm
across the TBJ,Vc turns to increase at a bias voltage arou
V'3.5 mV. This is due to the fact that asV is further in-
creased, the electron transmission probability between
central and the left leads increases@see the energy interva
17,mF,19 meV on the low-energy side in the inset of Fi
5~b!# whereas the electron transmission probability betwe
the right and the central leads correspondingly decreases@see
the energy interval 23,mF,26 meV on the high-enegry
side in the inset of Fig. 5~b!#, which effectively lowers the
electrochemical potentialmc at the central lead towards th
value ofm l . By further increasing the bias voltage,Vc con-
tinues to decrease due to the overall increasing transmis
function. However, due to the fluctuating nature of the tra
missions as a function ofmF , Vc displays corresponding
fluctuations with variations of the bias voltage which can
understood by the previously given arguments. The beha
of the remaining curves in Fig. 5~a! can be explained in a
similar fashion.

We have performed similar low-temperature calculatio
for the asymmetric TBJ, previously studied in Fig. 4 atT
577 K. The transport characteristics, calculated atT
54.2 K, are shown in Fig. 6. In Fig. 6~a!, the Vc vs V de-
pendence, calculated at the same values ofmF as in Fig. 4, is
shown. In addition, we also show the transmissio
Tcl(mF ,T) ~solid line! andTcr(mF ,T) ~dashed line! in Fig.
6~b!. The thin, solid vertical lines mark values ofmF at
which the curves in Fig. 6~a! are calculated.

In addition to the asymmetry, already observed and d
cussed at high temperatures, the same types of oscillat
which were seen in the low-temperature transport charac
istics of the symmetric TBJ shown in Fig. 5, are seen
occur, both in the transmissions and theVc vs V curves.
Again, the origin of the observed deviations from the hig
temperature behavior is due to the scattering of electr
from quasibound states formed in the cavitylike coupli
window between the three arms of the TBJ. As shown in F
6~b!, the transmissionsTcl andTrl exhibit strong fluctuations
due to the complex scatterings, giving rise to the oscillatio
observed in the calculatedVc vs V dependences. Recentl
such type of oscillations have been observed in the lo
2-6
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temperatureVc vs V dependence of T-shaped TBJs based
high-electron-mobility GaInAs/InP quantum-well stru
tures30 ~the high-temperature measurements of the same
vices were previously shown in Ref. 9!.

D. Low-temperature transmission fluctuations

Due to their quantum-mechanical origin, the fluctuatio
observed in the low-temperature output voltageVc(V), as
well as the transmissions between the three arms of the T
should be strongly dependent on the detailed geometry
structure of the device. To show this, we have investiga
several TBJs with different shapes and sizes of the cen
coupling region as well as of the three branches. We h
found that the generic features discussed in Figs. 5 and 6
observable for a wide range of TBJ geometries provide
cavity is formed at the junction between the three leads.

The influence of a cavity at the central junction region
exemplified in Fig. 7 where we show the calculated transm

FIG. 6. ~a! Vc vs V for the asymmetric TBJ studied in Fig.
with the parametersWl570 nm, Wr540 nm, Wc550 nm, W0

592 nm, Lc5100 nm, andLlr 546 nm, calculated atT54.2 K.
The different curves correspond to different values ofmF . ~b!
TransmissionTcl(mF ,T) @solid line# andTcr(mF ,T) @dashed line#
at T54.2 K. The vertical lines mark values ofmF at which the
curves in~a! are calculated.
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sionsTcl(mF ,T) andTrl (mF ,T) for several symmetric TBJs
at T54.2 K @note thatTcl5Tlc5Trc5Tcr and the same dis
cussion applies for electrons incident from the right and c
tral leads#. All geometrical parameters butWc and Lc are
identical to the ones used in the TBJ studied in Figs. 3 an
In Fig. 7~a!, Lc5100 nm@fixed to the value previously use
in Figs. 3 and 5# andWc550,100,170, and 232 nm. For th
TBJ with Wc5232 nm, yl

out(x)5yl
05yc

0 and yr
out(x)5yr

0

1Wr @Eq. ~11!# and thus, the transverse position of the ou
boundaries of the TBJ is constant along thex direction of

FIG. 7. Transmission characteristics for TBJs with the para
etersWl5Wr570 nm, W0592 nm, andLlr 546, calculated atT
54.2 K. ~a! TransmissionsTcl(mF ,T) andTrl (mF ,T) for four TBJ
structures withLc5100 nm. The different curves correspond
structures withWc550 nm@solid lines#, 100 nm@dashed lines#, 170
nm @dashed-dotted lines#, and 232 nm@dotted lines#. The thick lines
correspond to the transmissionTcl(mF ,T) and the thin lines to
Trl (mF ,T). Inset shows the geometries of the four TBJs.~b! Trans-
missionsTcl(mF ,T) @thick lines# and Trl (mF ,T) @thin lines# for
two TBJs withWc5100 nm. The solid lines correspond to a TB
with Lc5300 nm. The dotted lines correspond to a TBJ withLc

5100 nm. Left inset shows the geometries and dimensions of
two structures. Right inset shows the transmissionsTcl(mF ,T) and
Trl (mF ,T) calculated atT50 K. @Note that for all structuresTcl

5Tlc5Trc5Tcr andTlr 5Trl .]
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DAN CSONTOS AND H. Q. XU PHYSICAL REVIEW B67, 235322 ~2003!
transport@see dotted lines in the inset of Fig. 7~a!#. Hence,
no cavity is formed at the junction between the thr
branches. The dotted line in Fig. 7~a!, showingTcl(mF ,T),
shows that the transmission increases in perfect unit st
corresponding to the successive opening of one-dimensi
subbands in the leads. SinceWc@Wl ,r in this case, the trans
mission is limited by the number of open modes in the le
right leads at a given value ofmF yielding the observed uni
transmission steps whenever a new transverse mode in
left/right lead falls belowmF . In contrast, forWc compa-
rable to or smaller thanWl andWr , the transport~transmis-
sion! is limited by the number of modes open for conducti
in the central lead. Consequently, for such a device, in
absence of scattering, the transmissionTcl increases in half-
unit steps whenever a new mode is opened in the cen
lead, as a result of electron waves incident from the cen
branch being equally divided between the left and the ri
branches of the symmetric TBJ. Naturally, for an asymme
TBJ, the corresponding transmission spectra ofTcl would
consist of half-unit and unit steps at values ofmF at which a
new mode is opened in any one of the three leads. All th
features have been verified in our calculations~not shown
here!.

As Wc is gradually decreased, a cavitylike structure
formed at the junction between the three branches of the
@see the inset of Fig. 7~a!#. The thick lines show the trans
missionTcl(mF ,T) for the TBJs withWc5170 nm~dashed-
dotted line!, Wc5100 nm ~dashed line! and Wc550 nm
~solid line!. In addition, the thin lines display the correspon
ing transmissionTrl (mF ,T) for the same structures. With th
decrease ofWc , in general, the transmissionTcl(mF ,T) is
seen to decrease gradually, partly due to the decrease i
number of available subbands in the central lead. More
portant, the formation of a cavity at the central junction
gion provides a source of scattering for incident electro
enabling reflection of electrons into, in this case, the left le
~not shown here!, as well as transmission of electrons to t
right lead, which is seen in the transmission curv
Trl (mF ,T). Furthermore, distinct and irregular fluctuatio
are also observed in the transmissions of the TBJ device
the presence of a cavity in the central junction region. Th
fluctuations are caused by the scattering of incident elect
by quasibound states formed in the cavity region.

In Fig. 7~b!, the transmissions of two symmetric TBJ
with Wl5Wr570 nm andWc5100 nm are shown for two
different lengths~and effectively also shapes! of the central
junction. The solid lines represent the transmissio
Tcl(mF ,T) ~thick solid line! andTrl (mF ,T) ~thin solid line!
of a TBJ with 300-nm-long junction region (Lc5300 nm),
see the left inset of Fig. 7~b!. For comparison, the corre
sponding results for a TBJ withLc5100 nm @previously
shown in Fig. 7~a!# are shown as dotted lines@see the left
inset of Fig. 7~b! for geometrical comparison between th
two structures#. It is seen that, in comparison, more perio
of fluctuations are observed in the transmissions of the T
with the larger junction region. In particular, at even low
temperatures@see the right inset of Fig. 7~b!#, the transmis-
sion is found to exhibit rapid~short-period! fluctuations,
which are rapidly smeared out already atT54.2 K at which
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the transmissions in Fig. 7 are calculated. This is consis
with the picture that, as the area of the junction cavity
increased, the quasibound level structure becomes m
dense.

E. Logic functionality

It has been previously proposed that due to the inhe
nonlinear electrical properties of TBJs, a single TBJ dev
could be used as a logic gate.7,13,14 For example, when dc
voltagesVl andVr are applied to the left and right branche
of a symmetric TBJ device, the output voltageVc can be
positive~a binary value of 1! only when both of the applied
dc voltages are positive. Thus, the device operates as a
AND gate@Table I~a!#. However, the device may also be us
as a logicOR gate if the negative output voltageVc is taken
as the binary value of 1@Table I~b!#.

The proposals of Refs. 7,13,14 were made for symme
adiabatic TBJs whereVc only assumes negative values du
ing the push-pull operation. However, as shown in Sec. III
the output voltageVc may assume both negativeandpositive
values at low temperatures for symmetric TBJs if quantu
mechanical scattering in the junction region is taken in
account. It was also shown that the sign and amplitude ofVc
is strongly dependent on the chemical potentialmF due to the
fluctuations in the transmissionsTcl(mF ,T) andTcr(mF ,T)
caused by electron scattering at the junction between
three arms of the TBJ. Hence, in an experimental situat
the sign and amplitude ofVc may be controlled, e.g., by
means of a gate situated on top of the TBJ structure, ther
enabling multilogic functionality. By changing a voltage a
plied to the gate such thatmF is in a range for whichVc only
assumes negative values, the TBJ functions as a logicAND

gate ~provided Vc.0 is defined as binary 1!. Correspond-
ingly, if the voltage applied to the gate is varied such thatmF
is in a range whereVc only assumes positive values at
given value ofuVu, the TBJ functions as a logicOR gate .

In Fig. 8, the output voltageVc , calculated atT54.2 K,
is shown as a function ofmF for three bias voltages for the
symmetric TBJ studied in Figs. 3 and 5. Clear and we
defined regions, in which the output voltageVc is negative or
positive, are seen in the three curves calculated for differ
values ofuVu. Hence, the multilogic functionality previousl
mentioned applies for this TBJ. In the intervals ofmF de-
noted by I, III, V, and VII,Vc is mainly negative and thus th

TABLE I. Truth tables for logic~a! AND and~b! OR gates. Due to
their inherent nonlinear electrical properties, TBJs can function
logic gates.
2-8
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TBJ functions as a logicAND gate@Table I~a!# ~again defin-
ing positive values ofVc as binary 1!. In contrast, in the
intervals ofmF denoted by II, IV, and VI,Vc displays posi-
tive values and thus the functionality of the TBJ compl
with the logic OR truth table shown in Table I~b!. We have
analyzed several other TBJ structures with different geo
etries and sizes and found similar results, provided tha
cavity is present at the central junction region. Naturally, d
to the quantum nature of the observed effects, the obse
characteristics are very sensitive to the detailed structur
the TBJ.

IV. SUMMARY AND CONCLUDING REMARKS

In this paper, we have shown that based on the balli
and quantum-mechanical nature of the electron transp
TBJs exhibit interesting transport characteristics. Using
formalism based on a scattering-matrix approach22 and the
Landauer-Bu¨ttiker theory of transport,11 we have performed
numerical calculations for TBJ structures with differe
structural properties, at both high and low temperatures
well as for small and large applied bias voltages.

In the nonlinear regime of transport, the push-pull ope
tion of a TBJ yields strong nonlinearities in the output vo
ageVc at the central branch of the device. At high tempe
tures, the symmetric TBJ devices, when operated in
push-pull fashion, exhibit the same electrical characteris
as in Refs. 7–10, i.e., negative output voltageVc for all finite
values ofuVu as well as a paraboliclike dependence onV at
the limit of small-bias voltage. We have found that the
high-temperature characteristics are qualitatively insensi
to the structural details of the devices and reveal little eff
of quantum scattering. Thus, our results support the assu
tions made in Ref. 7.

In contrast, at low temperatures, we have found thatVc
exhibits slow fluctuations, and can assume either negativ
positive values at small bias regions, depending on

FIG. 8. Output voltageVc as a function ofmF at T54.2 K for
the TBJ previously studied in Figs. 3 and 5 with parametersWl

5Wr570 nm, Wc550 nm, W0592 nm, Lc5100 nm, andLlr

546 nm. The different curves correspond to different values oV
as shown in the figure.
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chemical potential. These behaviors have been explaine
terms of the fluctuations seen in the transmissionsTcl(mF ,T)
and Tcr(mF ,T) and are signatures of quantum effects. W
have examined the transmissions for several TBJs and h
concluded that the origin of the observed transmission fl
tuations is the electron scattering in the junction region
tween the three branches of the TBJ, where a cavity
form. Due to the quantum-mechanical nature of the scat
ing, the transmission fluctuations are found to be very se
tive to the size and shape of the cavity, as well as the posi
and size of the connecting branches.

We emphasize that the two main characteristic feature
the TBJs studied in this paper, i.e., the nonlinear electr
behavior, and the fluctuations in the transmissions and
sign of the output voltageVc , are based on two differen
mechanisms, the ballistic nature of the electron transport
quantum interference, respectively. The overall nonlinear
havior of theVc vs V dependence has been found, in agre
ment with experiments,9 to be robust even at room temper
ture, as long as the mean-free path of the system is la
than the device size@note that it has been shown experime
tally that the mean-free path of electrons in III–V semico
ductor heterostructures can be of the order of 100 nm
room temperature and a fewmm at 300 mK~Ref. 9!#. The
quantum interference effects on the other hand are far m
sensitive to temperature and vanish already at modera
low temperatures, due to the decrease of the phase-cohe
length with increase of temperature, caused by electr
phonon and electron-electron scattering, and the ther
smearing originating from the termsf («2m i ,T) and
2] f («2mF ,T)/]« in Eqs.~10! and~9!. In our calculations,
all quantum interference effects for the structures studied
this paper disappear due to thermal smearing alreadyT
530 K. However, for structures small enough compared
the phase-coherence length and with quasibound level s
ings larger than the thermal energykBT, the quantum effects
reported in this paper are expected to be observable at
temperatures.

Finally, we have proposed and demonstrated that base
the low-temperature characteristics found in Sec. III C
single TBJ device can function as an extremely comp
multilogic gate, the functionality of which may be tuned b
means of a gate. We believe that the observed quantum
fects at low temperatures may be observable and signifi
also for other types of three-terminal junction structur
based on, e.g., single molecules or carbon nanotubes,31 in
which the quantization effects may be large enough to per
high-temperature operation.
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