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Quantum wires as logic operators: XNOR and NOR gate response in a ballistic interferometer
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We discuss the electron transport through a quantum dot formed by two quantum point contacts (QPCs)
along a semiconducting quantum wire. The XNOR and NOR gate response in this system is investigated. The
widths of the QPCs are modulated by lithographically patterned metallic electrodes where two gate voltages,
namely, V, and V,, are applied. Those external voltages are treated as the two inputs of the gates. Here we
calculate the conductance-energy characteristic as a function of the geometrical parameters and gate voltages.
Our study suggests that, for an appropriate choice of the working Fermi energy and of the distance between the
barriers, a high output current (1) (in the logical sense) appears if both of the two inputs are low (0), while if
only one input is high (1), a low output current (0) results. It clearly demonstrates the XNOR gate behavior and
this aspect may be utilized in designing an electronic logic gate. By changing the distance a NOR gate can be
produced, where a high output current (1) appears only if both inputs are low (0), while a low output current

(0) results otherwise.
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I. INTRODUCTION

In the last decades progress in semiconductor device
fabrication! and carbon technology? allowed for the con-
struction of several low-dimensional structures at the nano-
metric scale, and many novel transport phenomena were
revealed. Thus the study of electron transport through nano-
metric devices has attracted a great deal of interest, both for
application and research, in the field of developing charge-
based nanoelectronics as well as spin-based nanoelectronics
(spintronics?).

In recent years, the study of spintronics devices, which
utilize the spin rather than the charge of an electron, has been
intensified.*> Many researchers proposed to use the spin de-
gree of freedom in information processing applications
where logical states are up and down with respect to certain
quantization directions. Moreover the electron spin degree of
freedom can also be considered one of the prospective carri-
ers of qubits, the fundamental units in quantum information
processing.? The realization of this aim, however, requires
one to perform basic spin operations such as the production
of spin-polarized carriers®’ and the rotation of spin
orientation.®

On the other hand, also conventional electronic devices
with micrometric and submicrometric dimensions, which
rely upon the transport of electrical charge carriers, were
intensively studied in the last two decades. In fact, with the
aid of present technological progress, quantum systems can
be used extensively in designing nanodevices, and indeed
they are treated as the fundamental building blocks for future
generation of nanoelectronics. In some recent papers nano-
metric logic gates®!? were proposed starting from the key
idea of designing nanodevices based on the concept of the
quantum interference effect.

Here, we propose a nanometric device able to rely a logic
operation. Our proposal is essentially based on transport
properties of quantum wires (QWs) in the ballistic (coherent)
regime. The latter devices, patterned in a two-dimensional
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electron gas (2DEG), can be fabricated from semiconductor-
based heterostructures. '

The main focus of our paper is to describe the XNOR
(and NOR) gate response of an intrinsic quantum dot (IQD)
embedded in a QW. The IQD is formed by two quantum
point contacts (QPCs) (Ref. 1) placed at a fixed distance L
along the wire. The strength of the barriers corresponding to
the QPCs is modulated by the gate voltages, V, and V,, re-
spectively, which are considered as the two inputs of the
logic gates. The geometry of the device we are considering is
reported in Fig. 1.

The gate behavior is addressed by studying the
conductance-energy characteristics in terms of the geometric
properties and gate voltages. The results have to be com-
pared with the truth Tables I and II, the logic tables used in
connection with Boolean algebra. In Sec. II we present the
model and the basic bricks of our calculations, in Sec. III we
report the main results obtained, while in Sec. IV we discuss
the feasibility of the proposed devices.
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FIG. 1. (Color online) The device can be assumed as a quasi-1D
wire of width W ranging between ~25 and 100 nm. Schematic plots
of a quantum wire along the x axis.
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TABLE I. The XNOR truth table and the corresponding gate
response. The conductance G is computed at the Fermi energy Er
~1.0875%w for L=20W/(2).

Input-I Input-1I Logic Conductance Current
(V,/hw)  (V,/hw)  response (2€2/h) 1/1,
0 0 1 1 ~2x1072
2 0 0 ~0.05 =2x1073
0 2 0 ~0.05 =2Xx1073
2 2 1 ~1 ~2x1072

II. MODEL AND THEORETICAL APPROACH
A. Model

Quantum wire. The ballistic one-dimensional (1D) wire is
a nanometric solid-state device in which the transverse mo-
tion is quantized into discrete modes and the longitudinal
motion (along x in Fig. 1) is free. In this case, electrons
propagate freely down to a clean narrow pipe and electronic
transport with no scattering can occur. Next we assume that
the motion perpendicular to the 2DEG (along z) is quantum
mechanically frozen out (i.e., with a mean value (p,)=0 in
the ground state for the potential wells in the z or x direc-
tion).

Following Ref. 13, the lateral confining potential of a
QW, V., (x), is approximated by a parabola
2 2 *

A p p m 55
H,= +V =+ . 1
0 2m4< c(r) 't 2 w-y ( )

The quantity w controls the strength (curvature) of the con-
fining potential while the in-plane electric field is directed
along the transverse direction.
It follows that the energies, in the first-order approxima-
tion, read
2

1 fi
Enk=ﬁw<n+—) +—k% (2)
’ 2) 2m

Hence we can conclude that two-split channels are present
for a fixed Fermi energy, Ep, corresponding to *p, with
eigenfunctions
ik (E
Pepn = un()’)el z F)X,
where u,(y) are displaced harmonic oscillator eigenfunctions
and

TABLE II. NOR truth table and corresponding gate response.
The conductance G is computed at the Fermi energy Er
~1.0875hw for L=W/(2m).

Input-I Input-II Logic Conductance Current
(V/hw)  (V,/hw)  response (2€%/h) 111,
0 0 1 1 ~2X 1072
2 0 0 ~0.05 =2x1073
0 2 0 ~0.05 =2x1073
2 2 0 ~0.001 ~0
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2m” 2n+1
kn(EF)= ? Ep—ﬁa) 2 .

Next we limit the discussion to the lowest subband (n=0)
and define ep=Ez—fiw/2 so that k=\2m"ep/h>.

Quantum point contacts. QPCs are constrictions defined
in the plane of a 2DEG with a width on the order of the
electron Fermi wavelength and a length much smaller than
the elastic mean-free path. QPCs proved to be very well
suited for the study of quantum transport phenomena. They
have been realized in split-gate devices, for example, which
offer the possibility to tune the effective width of the con-
striction, and thus the number of occupied 1D levels, via the
applied voltage.

Here we discuss the presence of two QPCs along a QW at
a distance L which can be represented by a potential

L L
Vp(x) = Vaé(x+ E) + Vb6<x— 5) ,

where &(x) is a Dirac delta function.'* The strength of the
barriers, which shrink the 1D channel, are modulated by the
input voltages, V, and V,,.

The transmission. Starting from the model introduced
above, the transmission probability can be analytically cal-
culated by solving the Shrodinger equation in the 1D limit.
When V,=V,=U, we obtain

L2 sy - Y '(kL)]2
—= — cos(k,L) — ——=sin(k, ,
T Ep \/Ev

which, in the limit of just one QPC on, becomes 1/7T=[1
+ 28_1;2 . These results can be compared with those obtained in
several papers in the past,'>!¢ also for more realistic models
of a constriction delimited by gates represented by a poten-
tial varying with both x and y.'” As in this paper we are
interested in the interference of the electron waves propagat-
ing between the QPCs, we do not need more details about
the transmission of a single QPC, and the Dirac delta plays
well.

B. Ballistic transport and Landauer formula

The transport properties of the submicrometric systems
subject to a constant, low bias voltage (linear regime) at zero
temperature are described by the Landauer formula.'® The
latter formula gives the conductance G as,

M
> 2T (3)

’ ’
n'.n=0 o ,o

2

e
G=—
h

where TZ/I: denotes the quantum probability of transmission
between incoming (n,0) and outgoing (n’,o’) asymptotic
states defined on semi-infinite ballistic leads. The labels n,n’
and o, ¢’ refer to the corresponding mode and spin quantum
numbers, respectively. In our case, where a spin-independent
scattering by the barriers is considered, a factor 2 is present
due to the spin degeneracy. Moreover also the sum over n is
neglected since we analyze the case of just one mode in-
volved: n=n"=0.
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The Landauer formula in the latter case can be written as
G= (2T 4)

and works in the ballistic transport regime, in which scatter-
ing with impurities and electron-electron interaction can be
neglected and the dimensions of the sample are reduced be-
low the mean-free path of the electrons. We also assume that
this regime is not destroyed by the presence of the QPCs
along the QW.

Since the Landauer formula works just at 7=0, at finite
temperature, 7, a more general formulation, which takes into
account the width of the distribution of injected electrons is
given by!

G=—em3 [ =D op, o
o JO0 €

where f is the Fermi distribution function and 7 the is tem-
perature.

In order to evaluate the current (/) passing through the
QW, as a function of the applied bias voltage (V), we can use
the relation,2°

Ep+eVi2

) =-* 7(E)dE, (6)

mh Ep—eVi2

where E is the equilibrium Fermi energy.

III. RESULTS

In order to illustrate the results, let us first mention the
values of the different parameters used for the calculations.
Here we have in mind conductors smaller than the dephasing
length L, i.e., a wire of length Ly, <5 um for low tempera-
tures (T<<1 °K).

The energies are given in unit

h4m

ho=_"——3,
2m W

where we suppose fiw~50 meV for W=20 nm and %w
~8 meV for W=50 nm. The external voltages are given in
units of Vy=fhiw/e and will be assumed as V,;,=2V,, which
ranges from tens of milli volts to 0.1 V. These potentials
correspond to an effective width of the channel near the
QPCs more than 1.5 times narrower than the QW. The cur-
rent unit is given by I,=G,V,, where G,=2¢>/h is the con-
ductance quantum so that Iy=ew/ 7 is on the order of nano-
ampere.

A. XNOR gate

In Fig. 2 we display the conductance-energy (G-gj) char-
acteristics for the IQD patterned in the QW. Here we assume
2wL/ W=20, so that many interference peaks are revealed for
ep=hw, corresponding to the lowest subband. All these
resonance peaks are associated with the energy eigenvalues
of the IQD, and therefore, we can say that the conductance
spectrum itself reveals the electronic structure of the IQD.

The latter result is emphasized in Fig. 3 where the G-gj
characteristics are reported for the lowest subband. In Fig. 3
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FIG. 2. (Color online) G-k and G-gj characteristics for a QW
with two QPCs at a distance L=(20W)/(27). We compare the three
cases of no barrier (black dashed line), one barrier (black line), and
two barriers [red (dark gray) line]. The interferometric peaks due to
the resonances in the IQD are shown.

the panels (a)—(d) correspond to the results for the four dif-
ferent combinations of the gate voltages V,, and V. In the
particular case when V,=V,=0 i.e., both inputs are low (0),
the conductance shows the maximum value 2¢%/% in the en-
tire energy range [Fig. 3(a)]. This clearly indicates that the
electron can conduct from the source to the drain across the
QW. When V,=V,=2 [Fig. 3(d)], if we choose appropriately
the working energy e, the device operates near the transmis-
sion peak (at £;=0.5875 in the examined case) so that the
conductance shows a value near 2¢%/h, While, for the other
two cases i.e., V,=2 and V,=0 [Fig. 3(b)], V,=0 and V,=2
[Fig. 3(c)], the conductance is substantially suppressed by
the barriers (G <0.152¢2/h).

The results obtained near the peak observed at e;~0.6
are reported in Table I and compared with the truth table of
XNOR gate. The electron transmission across the QW as a
function of the energies provides an important signature in
the study of current-voltage (I-V) characteristics.”!?

All the features of electron transfer discussed in terms of
conductance are also visible by studying the /-V characteris-
tics. The current passing through the QW is computed from
the integration procedure of the transmission function 7" as
prescribed in Eq. (6). In Fig. 4 we display the I-V character-
istics for the QW: (i) for the case when both inputs are zero,
a high output current is obtained; (ii) in the presence of just
one vanishing input, (b) and (c) cases, the current is very low
(below 2Xx107%I,); and (iii) for the case when neither of
the two inputs is zero, a high output current is obtained
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FIG. 3. (Color online) G-&f characteristics for a QW with two
QPCs at a distance L=(20W)/(2). In the panels the conductance is
reported in the four different cases corresponding to different volt-
ages applied to the QPCs: (a) V,=V,;,=0, (b) V,=0 and V,=2, (c)
V,=2 and V,=0, and (d) V,=V,=2.

(~1X1072I,). The nonlinear characteristic in (d) is due to
the existence of the sharp resonance peak in the conductance.
The bias voltage V is taken quite small (below 2
X 1072V,) so that the Buttiker Landauer theory can be ap-
plied. The results are also reported in Table I, where they are
compared to the logical response of a XNOR gate.
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FIG. 4. (Color online) I-V characteristics for a QW with two
QPCs at a distance L=(20W)/(2m). (a) V,=V,=0, (b) V,=0 and
Vy=2, (¢) V,=2 and V,=0, and (d) V,=V,=2.
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FIG. 5. (Color online) G-k and G-gj characteristics for a QW
with two QPCs at a distance L=(20W)/(27). We compare the three
cases of no barrier (black dashed line), one barrier (black line), and
two barrier [red (dark gray) line]. The interferometric peaks due to
the resonances in the IQD are shown.

B. NOR gates

In Fig. 5 we display the (G-gf) characteristics for an IQD
patterned in the QW. This IQD differs from the one analyzed
above, because here we assume 27L/W=1, quite smaller
than the previous one (20).

Now we try to figure out the dependencies of the electron
transport on the input voltages in the four different cases. In
Fig. 5 we display the conductance-energy (G-gf) character-
istics for the IQD when the two barriers are very close
(27wL/W=1). The many interference peaks (for £;=fiw, cor-
responding to the lowest subband) are now suppressed.

The conductance reported in Fig. 5 clearly indicates that a
significant current is present and the conductance shows a
value near 2¢%/h just when V, and V, both vanish, once we
fixed the working energy £, <fiw. Hence, for the other three
cases the conductance is substantially suppressed by the bar-
riers (G<0.1G). All features of electron transfer discussed
in terms of the conductance are also visible by studying the
current-voltage characteristics®!? reported in Fig. 6.

The results obtained are reported in Table II and com-
pared with the truth table of the NOR gate. The nonzero
value of the transmission probability is achieved only when
both inputs are low (0) while a low transmission probability
(0) results otherwise. This feature clearly demonstrates the
NOR gate behavior.
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FIG. 6. (Color online) I-V characteristics for a QW with two
QPCs at a distance L=(W)/(2m). (a) V,=V,=0, (b) V,=0 and V,
=2, (¢) V,=2 and V;,=0, and (d) V,=V,=2. The current unit is
given by ly=ew/ .

IV. DISCUSSION

In this paper we discussed two theoretical devices, ca-
pable of acting as ballistic XNOR and NOR logic gates. The
devices are made of an intrinsic quantum dot formed by two
quantum point contacts along a semiconducting quantum
wire. The gate voltages applied to the QPCs, namely, V, and
V,, are the two inputs of the gates.

The probability amplitude of getting an electron from the
source to drain across the double QPCs depends on the com-
bined effect of the quantum interference of the electronic
waves passing through the IQD. The conductance-energy
and current-voltage characteristics as functions of the geo-
metrical parameters and input voltages were analyzed.
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When the IQD is large, for an appropriate choice of the
working Fermi energy, a high output current appears if both
inputs are low, whereas if only one input is high, a low
output current results. It clearly demonstrates the XNOR gate
behavior. When the distance between the QPCs is quite small
a NOR gate can be produced, where a high output current
appears only if both inputs are low, while a low output cur-
rent results otherwise.

Some fundamental questions have to be addressed about
the feasibility of the proposed devices. All the results in this
presentation are computed at absolute zero temperature, but
they should be valid even for finite temperature, as the
broadening of the energy levels of the QW becomes much
larger than that of the thermal broadening.”’ On the other
hand, in the high-temperature limit, all these features com-
pletely disappear. This is due to the fact that the phase co-
herence length decreases significantly with the rise of the
temperature, when the contribution comes mainly from the
scattering on phonons, and therefore, the quantum interfer-
ence effect vanishes.

In order to estimate the values of the temperature for
which the thermal broadening dominates, the energy gap #iw
is larger than both the Fermi energy and the thermal energy
kgT. Thus we can calculate T),=%w/kg which ranges be-
tween some tens to some hundreds of degree kelvin. Thus,
by choosing very narrow wires, the proposed devices can
easily work at room temperatures.

In this paper the finite width W of the wire was not in-
cluded in the calculation. The results we have shown here
were obtained using values of well width within those given
by presently available 2DEGs and nanolithography tech-
niques. In fact, the lithographical width of a wire defined in
a 2DEG can be as small as 20 nm,?! always away from the
saturation region. Moreover, the lengths of the wires were
assumed to be on the order of some hundreds of nanometers,
i.e., distances surely available with a good precision. As we
discussed in a previous paper,?> also when 1D interacting
electron systems are taken into account, the interference
peaks, which the gates are based upon, are measurable.
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