Efficient method for calculating the transmission coefficient
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We present a very simple and efficient method for calculating the transmission coefficient of
two-dimensional quantum wire structures based on the time-dependent solution of thairRmhro
equation. We apply the new method to a specific two-dimensional quantum wire structure. The new
method is much faster than the finite element method and can be used to study electron transport in
the presence of electron—phonon interaction and nonlinear interactions in theli@gkraequation.
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There has been considerable interest recently in théo study the dynamical behavior in the presence of electron—
properties of ballistic electron transport in confined semiconphonon interaction®!® the nonlinear interactions in the
ductor geometrieSThis is due partly to the potential appli- Schralinger equatiorf® the self-consistent solution of the
cations to ultrafast electronic devices. Indeed, devices witliwo-dimensional quantum wire structure including many
operation principles entirely based on quantum interferencelectron effects! and the strongly correlated quantum
have been proposed and fabricatédOn the theory side, a system'® In order to facilitate the time-dependent calcula-
thorough understanding of quantum transport including thdion, one has to prepare an initial normalized Gaussian wave
ballistic regime is of great importance. So far, much theoretipacket with an average ener&y and widthAE which de-
cal effort has focused on analyzing the transmission patterpends on the spatial spreadof the wave packet, follow the
of electrons propagating through various ultrasmall one- antime evolution of the wave packet, and then collect the trans-
two-dimensional quantum systems where electron wavesmiitted waveW; which is identified as the transmission co-
maintain phase coherence. A particularly interesting systerafficient T(Ey,o)=f|¥+|?dQ. To obtain the transmission
is the T-shaped quantum wire investigated by Slal® as  coefficientT as a function of incident electron enerfyone
they argued that such a structure can operate as a transistorust repeat the calculation for many different incident ener-
Another interesting structure is the electron wave guidegies E,. The transmission coefficient(Egy,o) calculated
coupler® This is an electronic analog of the optical direc- this way depends on the spatial spread of the wave packet.
tional coupler and it switches electrons from one quantunfince the Gaussian wave packet is a superposition of many
wire to another. In these quantum devices, switching is proplane waves, the transmission coeffici@(E,, o) is only an
vided not by tuning a current but, rather, by tuning the phas@pproximation of the exact transmission coefficient. To ob-
of the electron waves. In order to study the quantum transtain a more accurate result, one has to increase the spatial
port of two-dimensional devices, one must deal with operspread of the wave packetso that it is composed of fewer
systems where a scattering problem of charge carriers bglane waves. In the large limit, one recovers the exact
some peculiar boundary must be solved. transmission coefficiet(E). The tradeoff is that the system

Currently, there are several methods to calculate thaize, and hence the computational time, is increased, which
transmission coefficient includingl) the mode matching makes this method disadvantage over the static method. In
method which is very fast but only suitable for regular this communication, we present a more efficient method
shaped two-dimensional quantum wire structures with conbased the time-dependent method described above. The im-
stant potential energy2) the finite element methotf al-  provement of our method is twofold1) the transmission
though much slower, can handle quantum wire structure o€oefficient calculated using the new method is exact,(@nd
arbitrary shape and potential; arid) the recursive Green one needs only one time-dependent calculation at a particular
function method, whose speed is comparable to that of theE, to get the whol€T(E) versusE curve which makes this
finite element method and can treat the structure of anynethod very efficient. This is because when performing the
shape and potential. However, the recursive Green functiotime-dependent calculation for a wave packet at an average
method does not provide the electronic wave function insidéncident electron energk,, the transmitted wave has much
the quantum wire structure that is essential in studying thenore information than merel{f (Eg). Actually, the entire
physical properties such as dwell time and dynamicT(E) versusk curve can be extracted from the transmitted
conductancé.These three methods are static and time indewave, which we will describe below.
pendent. Another method currently in use is the time- To illustrate our method, let us consider a one-
dependent methd® 2 which solves the time-dependent dimensional scattering problem, where a potential barrier is
Schralinger equation numerically and calculates the transtocated in the regiori0,a). The scattering wave function for
mission coefficient based on the transmitted wave. The adan incident plane wave with wave vectocan be written as
vantage of this method is that it can deal with the system of

any shape or potential and the computational time scales  [e**+r(kje”™ x<0
linearly with the system size. More important, it can be used t(k)e* x>a '
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FIG. 1. Schematic view of the T junction where regions Il and IV form the
interaction region. The width of the quantum wieand the width of the O‘OO 1
side armb are taken to be 100 A. The height of the side drris 200 A.
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FIG. 2. The transmission coefficient of the T junction vs incident energy.

) ) 5 The solid line corresponds to the exact solution using the mode matching

wheret(k)exp(ikx) is the transmitted wave anfi=|t(k)| method and the solid circle to the approximate solution using the time-
is the transmission coefficient. For an incident Gaussianiependent method where=1000 A and 100 Gaussian wave packets with

wave packet, which is a superposition of plane waves, thgn‘ferentk0 were used. The dashed line is obtained using our method where

I LT We have uset,=3.0 ando=100 A.
initial wave function is given by

P(x,t=0)= (77-;2)1 2 eikoxef(xfxo)zlarz
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where We choose the initial condition to be a Gaussian wave packet
o L2 in the first subband located inside lebd
f(k)~e o“(k—kg)“/2 (2)
: . p(x,y,t=0)
is the Fourier transform ofi(x,t =0). After the wave com-
pletely gets out of the scattering regi@a), the transmitted _ ik gXea— (X Xg)2/202 T 6
wave is given by’ (mo?) € "€ ZamSnzy ©

3 KXot where ik, gives the initial average momentufthe initial
’ﬂT(th)_; t(kf(k)e , () average energy i€,=%%(k2+ m¥a?)/2m* ], x, gives the
location of the peak at=0, o determines the spatial spread
wherew=%k?/2m, t is the time, and (k) is the transmission of the wave packet and gives an energy widNE
amplitude which can be calculated by Fourier transform of= ‘/2ﬁ250/m*(1/0), andm* =0.067n, is the isotropic ef-
. Our method proceeds as follows: we follow the time-fective mass for gallium arsenide. Equati@ is solved us-
evolution of a Gaussian wave packet, compute the transmiing a typical Crank—Nicholson type algoritih?® on a
ted wave, and finally the transmission amplitude is calculated 0 000x 20 grid with a typical spatial mesh siz€ ®A and a
by Fourier transform: time step less than 0.23 fs in our calculation.
_ The exact transmission coefficieR{E) for the T junc-
tkyTk)=g(k), @ tion can be calculated using the mode-matching method and
where (k) is the Fourier transform of(x,t) andf(k) is  is depicted in Fig. 4solid line). The approximate transmis-
given by Eg.(2). We can also calculate the reflection coef- sion coefficientT(E,o), obtained by sending a number of
ficient from the reflected wave in a similar manner. Gaussian wave packets and collecting the transmitted wave,
To demonstrate the efficiency of our method we consideis also plotted in Fig. 2 for comparisdsolid circle where
a two-dimensional quantum structufBjunctiorf) shown in ~ we have chosen a large spatial spread1000 A and the
Fig. 1. Assuming that the electron coherence length is longewidth of the lead isa=100 A. In this calculation, we have
than the size of the junction, we treat the transport of elecused 100 Gaussian wave packets with different valudg, of
trons ballistically within the structure, but include scatteringuniformly distributed between the first and the second sub-
of the electrons due to the presence of the junction. Sucbands. We see that because of the larghe agreement is
scattering, due to geometric junctions in two dimensionsyery good except at the resonar(ceflection peak?* In Fig.
affects transmission much more significantly than in one di2 we plotT(E) versus incident energi using our method
mension. The quantum wires are modeled in a similar fashédashed ling where we have used only one Gaussian wave
ion to those of Sol®t al* We assume, for simplicity of the packet with the average momentikg=3.0, the width of the
calculation, that the boundaries are hard walls. leada=100 A, and the spatial spread of the wave packet
The time evolution of the electron wave function is gov- =100 A. It agrees with the exact res@olid line in Fig. 2
erned by the time-dependent Sctliryer equation written as very well. The agreement will be better if we increase the
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