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A schematic diagram of a device with a diamond geometry. We consider
this device in 4 regions, L, I, II, and R, which are separated by the soft
boundaries at * = x4, * = zp, and x = z¢. Electrons are injected from
the left lead, undergo scattering in the regions I and II, and scatter into
the regions L and R. We recognize the diamond shaped interior region as a
combination of two wedges as shown in the inset. We calculate the trans-
mission coefficients in the two outgoing leads L and R using the R-matrix
connection formula by connecting the Bloch eigenfunctions of a wedge, but
not using the eigenfunctions of a diamond shaped geometry. . . . . . ..
Transmission and reflection coefficients of the electrons injected to a double-
wedge geometry shown in the figure (4.2). The upper plot is the transmission
coefficients (to the lead R) and the lower plot is the reflection coefficients (to
the lead L) as a function of the energy of the electron. In this calculation
the wedge is defined by w4 = 1 (all the lengths of the system is measured in
terms of the width wy), wp = 2.5. The opening angle of the wedge (inset of
the figure 4.2), 26p = /3. The electron is injected in the first subband and
the transmission coefficients are summed over all the output subbands, so
that this is the state to lead transmission coefficients. We have marked the
anti-resonance (¢ = 6) and the resonance state (¢ = 6.45). The probability
densities at the resonance and the anti-resonance are shown in the figure
(4.4). .
The probability density of an electron traveling in a device with a diamond
shaped geometry at resonances and anti-resonances. The upper figure is the
|W|? at energy, E = 6 (anti-resonance: electron has a minimum amplitude

inside the scattering region.) and the lower figure is the |¥|? at E = 6.45

74

79

(resonance: electron has a maximum amplitude inside the scattering region). 80

Xvi



4.5

4.6

4.7

5.1

A schematic diagram of a 4-terminal wedge junction device. Electrons are
injected from the lead 1 and scatter in the interior region and scatter out
in to leads 1, 2, 3, and 4. We seek for the transmission coefficients of the
electrons to those 4 leads. We calculate the transmission coefficients using
the R-matrix connection formula since the interior scattering region has a
complicated structure. . . . . . . . . . .. ..o
Transmission coefficients of the electrons in a 4-terminal wedge junction.
The stars are the transmission coefficient to the forward lead, open dots are
to the left lead and the solid dots are to the right going lead. The device
used here is symmetric. The specifics of each wedge are such that 6y = 7/4,
w41 = 1.0, and wpy = 1.05, in which the 4-terminal wedge device is turned
onto a 4-terminal square junction device. This results recovers the result we
obtained in the section 3.4. . . . . . .. . ..o
Transmission coefficients of electrons traveling in a 4-terminal wedge junc-
tion device. We use a symmetric wedge that all the four sides are simi-
lar. The opening angle of the wedge is kept constant that 26y = 43° and
w41 = 1.0. The transmission coefficients are plotted for devices with differ-

ent values of wpy as shown in the inset of each plot. . . . . . . . . . ...

A schematic diagram of a T shaped assemble used in the Hilsch vortex tube.
High pressure air is injected from the side arm and separated into cold and

hot parts using the vortex operated in the middle of the T assembly.
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A schematic diagram of a T-shaped assemble of a quantum wire configura-
tion. Electrons are injected from the source and they scatter into all the
output leads. Since the equilibrium electron distribution is disturbed by
scattering, they re-thermalize in the output leads. In the text, we show
how to calculate the new equilibrium temperature for some systems with
particular geometries and show that we can find some geometries and initial
chemical potentials for which the final temperature is less than the initial
temperature which means the cooling of the system. . . . . . . . . . . ..
A quantum wire T junction device is divided into regions to explain the
electron cooling behavior. Electrons are injected from the input region, and
undergo scattering in the scattering region. In the ballistic region, electrons
are not in equilibrium, and the electron population is determined by the
product of incoming-electron distribution and the transmission coefficient.
Electrons re-thermalize and come to an equilibrium in the adiabatic region;
however, there is no relaxation with the phonons. In the text we show
how to calculate this new equilibrium temperature and the new chemical
potential. . . . . . .. L L
Upper plot is a graph of cooling parameter, n = T/T; as a function of the
chemical potential y;. The initial temperature T; = 0.25 for this calculation.
This variation of 1 shows that, for some chemical potentials, n < 1, which
means we get cooling. Also there is a significant minimum in the cooling
parameter when p; = 3; the reason for this behavior is explained in the text.
The lower plot is the variation of the cooling parameter a function of the
initial temperature, T} = kT; /53. The initial chemical potential is kept at
the edge of the second subband, which is the optimum value from the upper

plot . This shows a maximum of 30% cooling. . . . . . . ... ... ..
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The upper plot is the transmission coefficients of electrons to the output lead
in a T-junction device with w; = ws = w, = 1. The different curves are for

different subband index of the incoming electron. The x axis is the energy

2

of the incoming electron which is measured in terms of £ = h%7?/2m*w;
and is measured from &}. We calculate the cooling parameter using these
transmission coefficients. Since there are some higher subband electrons lost
from the input distribution, we expect n < 1. This graph shows that the
cooling parameter > 1 which means 7, > 7;. Even though we lose higher
subband electrons from the system, it does not achieve cooling. . . . . .
The cooling parameter 7 as a function of the initial temperature T; when the
initial chemical potential u; = 0 for different w; values. This graph shows
that the cooling parameter 7 is always larger than 1 for some wg values
and 1 < 1 for some w; values. This says that by changing the transmission
coefficients we can change the cooling parameter. . . . . . . . . . . ..
The state to state transmission coefficients of electrons to the output lead
in a T-junction device with w; = w, = 1.0 and ws = 0.4. The data in table
(5.1) shows that this transmission coefficients gives 0.05% of cooling.

The cooling parameter as a function of the initial temperature for the T-
junction device with w; = w, = 1.0 and ws = 0.4. We calculate the cooling
parameter using the transmission coefficients shown in the figure (5.7) at
different initial chemical potentials, p; = 0.0, 3.0, 6.0. The results show

that we achieve the best cooling when p; =0. . . . . . . .. ... ...
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5.9

5.10

6.1

6.2

Upper plot is the transmission coeflicients of electrons to the output lead
in a plus-junction device with we = 0.4. The different curves are for dif-
ferent subband index of the incoming electron. The x axis is the energy
of the incoming electron which is measured in terms of & = h%7?/2m*w?
and is measured from £}. We calculate the cooling parameter using these
transmission coefficients and the result is shown in the lower plot. It shows
n ~ 0.85 which means more than 15% of cooling. . . . . . . .. ... ..
This graph shows a summary of the cooling calculations we have done in
this chapter. The solid line is the cooling parameter for the T-junction
device with w; = ws = w, = 1.0, open dots are the cooling parameter for
the T-junction device with w; = w, = 1.0 and ws = 0.4. The solid dots are

for the plus junction device with w; = w3 = 1.0 and wy = wy = 0.4. All the

calculations are done when the initial chemical potential pu; =0. . . . . .

2 as a function of the

The unit of quantum confinement energy, i%n?/2m*w
well width, w. The solid dots are for InSb and the empty dots are for GaAs.
The straight line is the room temperature thermal energy. . . . . . . . .
An image of a typical 4-terminal device [32]. The interior region of this de-
vice is square-shaped and all the outgoing leads are rectangular. A sketch of
this figure with the coordinates used for the calculation is shown in the figure

(3.6). In the text we explain how to calculate the transmission coefficients

of electrons in such a device. . . . . . . . . . ...
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6.3

6.4

6.5

An image of the 4-terminal device designed on InSb quantum well used for
the bend resistance experiment [10]. In the bend resistance experiment, a
current 14 is injected from lead 4 to lead 1 and the voltage created between
the leads 2 and 3, Va3 is measured. The bend resistance, Rp = Va3/I14
is measured. The experiment is done in the presence of a perpendicular
magnetic field. Goel et. al has reported a negative bend resistance as
shown in the figure (6.7). This is a signature of the ballistic transport. In
the text we explain how to calculate the bend resistance of such a device.
The real part of the transverse eigenfunction in a lead in the presence of a
perpendicular magnetic field B = 15. The width of the lead w, = 1.
Transmission Coefficients for the electron injected to the 4-terminal square
junction device shown in the (6.2). Electrons are injected from the lead 1.
We have calculated the transmission coefficients for 4 different cases, B = 0,
B =6,8=—6and B = 12. When there is no magnetic field, since the device
is symmetric both T5; and Ty are equal and 73 is always larger than the
sidearm transmissions. This zero field result correctly recovers the result we
obtained with zero-field RMT. This figure also shows that when you increase
the magnetic field, the transmission coeflicient to the lead 2 increases and at
some energies it is even higher than the forward transmission. Also the two
plots relevant to B = 6 and B = —6 show that by changing the direction of
the magnetic field, the transmission coeflicients to the left and right leads

interchange as one would expect. . . . . . . .. ..o
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6.6

6.7

The probability density of a positively charged particle injected to the 4-
terminal junction. The left figure shows the probability density of the parti-
cle when there is no magnetic field and the figure to the right is the probabil-
ity density when the applied perpendicular magnetic field B = w% /1% = 20.
Both the probabilities are calculated when the scattering energy, £ = 25
in the dimensionless units as described in the text. Note that the sidearms
have similar probabilities for the left figure, but not for the right figure.

The upper plot is the bend resistance, Rp of a 4-terminal square junction
device as calculated using the magnetic-field RMT and the LB formula.
The lower plot is the experimental observation for Rp as a function of the
magnetic field for a device with a geometry shown in the figure (6.3). Note
that two geometries are different. In the theory, we have calculated Rp
at different Fermi energies, which means that we have calculated the Rp at

different sizes of the devices (see appendix B). The results have a qualitative

agreement to conclude that the InSb device has a coherent electron behavior.
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6.8

6.9

6.10

Transmission Coefficients for the electrons injected to the 4-terminal wedge
junction device shown in the figure (6.3). The device is specified by wq =
1.0, wp = 1.5, and 26y = 43° according to the figure (4.5). Electrons are
injected from the lead 1. We have calculated the transmission coefficients
for 4 different cases, B =0, B =6, B = —6 and B = 8. Since the device
is symmetric both T5; and Tj; are equal and T3; is always larger than
the sidearm transmissions when there is no magnetic field. This zero field
result correctly recovers the result we obtained with zero-field RMT. This
figure also shows that when you increase the magnetic field, the transmission
coefficient to the right lead increases and at some energies it is even higher
that the forward transmission. Also the two plots relevant to B = 6 and
B = —6 show that by changing the direction of the magnetic field, the
transmission coefficients to the left and right leads interchange as one would
expect. . ... oL e e e e e
Bend resistance of a four-terminal wedge junction device (fig.4.5) as a func-
tion of the magnetic field, B. We have calculated the bend resistance at
different values of Fermi energies which is for different values of device sizes
(wy). For a conversion of the Fermi energies to the device sizes at a given
carrier concentration, see appendix (B). . . . .. ..o
Bend resistance, Rp as a function of the magnetic field for the four terminal
square junction device when the dimensionless Fermi energy equlas to 40.
The different curves are for different temperature as shown in the inset.
This graph shows that the bend resistance decreases as you decrease the
temperature. However, that behavior breaks down after T' = 100K. We

discuss this in the text (see section 6.6). . . . . . . ... ... ... ..
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C.1 A schematic diagram of a wedge geometry. In this appendix, we discuss how
to calculate the Bloch eigenfunctions in the wedge geometry which is used
in the chapters (4) and (6). The mesh in the figure shows a new coordinate
system (z,t = y/x). In the text we explain how to use both the (z,y)
and (z,t) coordinate systems to calculate the Bloch eigenfunctions in this

geometry. . . ... Lo oL e e e e e
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Abstract

Novel experimental techniques allow us to fabricate very small semiconductor devices
such that the electron mean free path is larger than the size of the device. The macro-
scopic properties of these quantum mechanical devices can be calculated using the
Landauer formula, which requires as input the transmission coefficients of electrons in
the device. We mainly focus on InSb-based devices in which the effective mass is very
small (m* = 0.0139mg, where my is the free electron mass). Since the gaps between
electron subband levels in such devices are large that these devices are more likely to
behave in a fully quantum mechanical fashion. Thus it is important to calculate the
transmission coefficients of electrons in such a device quantum mechanically.

To calculate the transmission coefficients, we use R-matrix theory (RMT), a tech-
nique that was first introduced in nuclear physics, and later applied in atomic and
molecular physics, and that has recently been shown to be a useful tool for calcu-
lating the transport properties of solid-state devices. We have improved upon the
existing implementations of RMT in device physics by introducing a procedure that
dramatically speeds the convergence. This approach is called variational R-matrix
theory. Moreover, we have extended the R-matrix formalism to scattering systems
with very complicated device geometries. The new formalism, which we call “the R
matrix connection formula” can be used to calculate the transport properties of prac-
tical solid-state devices. Our variational device R-matrix theory is a very accurate,
efficient way to calculate transmission coefficients of electrons in such a device. We
discuss the applications of RMT to modeling of new experimental devices and explain

existing experimental observations.
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To illustrate the usefulness of this theory, we propose a new device that uses
the evaporative emission of electrons to cool an electron-gas system. Our model is
based on filtering electron subbands in a quantum-wire device. When electrons in
higher subbands scatter out of the initial electron distribution, the system comes to
equilibrium at a different chemical potential and a different temperature than the
initial system. To study cooling in this system, we apply the Landauer formula. To
calculate the transmission coefficients we use RMT. Our calculation shows that we
can find device geometries for which this new equilibrium temperature is about 15%
less than the initial temperature. We present experimental parameters for such a
cooling device with InSb and GaAs.

As our second application, we use RMT to model an experimental observation
of negative bend resistance (NBR) in 4-terminal InSb devices by Goel et al. at
the University of Oklahoma. To model this experiment, we have used the RMT to
calculate the transmission coefficients of electrons in the presence of a magnetic field.
We calculate the magneto-transport properties in a four-terminal device and compare

our results to the experimental observations.
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Introduction

As the size of the semiconductor devices gets smaller they cross over from classi-
cal physics to quantum physics. These devices are sometimes called “mesoscopic”
devices. The prefix “meso” means “in between” in Greek. With that meaning, meso-
scopic physics is the physics of systems which are in the region between classical and
quantum physics. The dimension of these systems can range from a few microns to
few nanometers. These systems are different from the individual atomic systems and
are too tiny to obey the laws of the macroscopic world.

The properties of these small devices are interestingly different from those of
traditional classical devices. For instance, classical electrical conductors obey Ohm’s
law whereas quantum conductors do not. The latter can display ballistic propagation
or conductance fluctuations depending upon the elastic mean free path.

There are different techniques to make these devices. Techniques like Molecular
Beam Epitaxy (MBE) or Metal Organic Chemical Vapor Deposition allows us to grow
thin layers of material that have precise composition and are nearly defect-free. In
particular we can grow a thin layer of a low-band-gap material inside a sandwich of
large-band-gap materials. In this thin layer, an electron at room temperature does not
have enough energy to occupy the higher states in the growth direction, so electrons
live in a two-dimensional world. This is called the “two-dimensional electron gas”
(2DEG). These ultra-thin structures can show quantized properties. For instance,
the quantized Hall Effect was observed [1] in these systems, introducing a whole field
of new physics. Furthermore it is possible to design different devices on these two-

dimensional structures by lithographical techniques that confine the transport in the
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lateral direction. These devices can also be grown by changing the growth conditions
that the system spontaneously forms the desired structures (self-assembly).

We can achieve different transport properties by changing the geometry of the
two-dimensional device. We are mainly interested in their macroscopic properties,
which can be measured in the laboratory. These macroscopic properties depend on
microscopic properties of the system, because as you change the size and the shape
of the system, the internal energy structure will be changed. This feature is similar
to different atoms having different characteristics because they have different energy-
level structures. Technologically it is very interesting that by changing the size and
shape, we can change the internal electronic energy structure of a device and therefore
change the observed properties.

Since it is possible to control the microscopic properties of bulk systems by differ-
ent techniques, it is very important to understand what these macroscopic measure-
ments, which are made using voltmeters or ammeters, mean for a quantum mechan-
ical system. The theoretical understanding will help to design new devices based on
existing experimental observations.

One way to understand of mesoscopic devices is the Landauer formalism, which
was later extended by M.Biitikker to multi-terminal devices. The Landauer-Biitikker
formula basically states that the results of macroscopic voltmeter/ammeter measure-
ments are related to the transmission coefficients of electrons. In this theory, incident
electrons see the specimen as a target and scatter into different leads. The trans-
mission coefficients can be calculated classically (semi-classical model) or quantum
mechanically.

The ultimate goal of this thesis is to explain existing observations and model new
devices, based on InSb, in which the effective mass is small compared to other I1I-V
semiconductors. Due to the small effective mass the electron confinement energies are
large, so these devices are more likely to behave in a quantum mechanical fashion.

We model these devices using quantum mechanical transmission coefficients in the
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Landauer-Biitikker formula. While calculating the transmission coefficients requires
only solving the Schrodinger equation inside the system, this task becomes hard
when the system geometry is complicated. We need a powerful technique to calculate
the transmission coefficients of electrons in a two-dimensional device quickly and
accurately.

There are two main ways to handle this task. In one of these methods, the system
is solved for one energy and the procedure is repeated for different energies to obtain
the transport properties. The recursive Green’s function technique [2, 3, 4] is an
example of this kind. In the second type, the time-consuming energy independent
part of the problem is separated from the rest of the problem, which makes the
method computationally very efficient. The main theory in this thesis, R-Matrix
Theory (RMT), is of this kind.

RMT allows to calculate the transmission coefficients of electrons at various ener-
gies without having to solve the Schrodinger equation repeatedly. RMT was originally
developed in nuclear physics in 1947 (Wigner & Eisenbud) [5]. Later it was widely
used in the atomic and molecular physics community. Recently, device physicists be-
came interested in this technique [6, 7, 8]. We give a detailed background of the RMT
and its applications in device physics in appendix (A) which is an excempt for our
forthcoming paper [9]. In this thesis we improve and extend the RMT for solid-state

devices. This thesis is structured as follows.

e Chapter 1: Transport Properties from Scattering Theory

This chapter includes the basics of the Landauer formula and important re-
sults of this theory. We also explain the extension of the Landauer formula for
multi-lead devices as done by M. Biitikker. We discuss this Landauer-Biitikker
formalism for calculating the transport properties at finite temperature where

we only consider the Fermi distribution broadening.

e Chapter 2: Basics of the Variational R-matrix Theory
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In this chapter we discuss the R-matrix approach using variational basis func-
tions, which is called variational R-matrix theory. We develop the necessary
equations to solve for the transmission coefficients and apply the theory to one-
dimensional systems: electrons traveling in a closed tube, and electrons travel-
ing in an open tube. We discuss the convergence of the variational approach in

detail.

Chapter 3: Two-Dimensional R-matrix Formula

We apply the RMT to a two-dimensional device with an arbitrary number of
leads. We explain the technique using a T-junction device, although the final
formula is general so we can use it for a device with any number of leads.
We show results for the transmission coefficients of electrons traveling in a T-
junction device and in a plus-junction device. We discuss convergence of the

variational approach for two-dimensional RMT.

Chapter 4: Two-Dimensional R-Matrix Connection Formula

Sometimes the geometry of experimental devices is so complicated that it is hard
to apply the R-matrix formula we discuss in the previous chapter to such devices.
We present a new method for calculating the transmission coefficients of such
a device. This new formula is called the “R-matrix connection formula”. We
explain the theory with an application: calculation of transmission coefficients
for electrons traveling in a diamond geometry. Then we use the connection
formula to calculate the transmission coefficients of electrons in a device with
4-terminal wedge geometry. This 4-terminal device is similar to the device made

by Goel et.al [10] for experiments on the bend resistance in InSb devices.

Chapter 5: Evaporative Cooling of Electron in Semiconductor De-

vices

In this chapter, we propose a new device which uses the evaporative emission of

electrons to cool an electron-gas system. This device is based on the selective
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subband filtering. When the higher-subband electrons scatter out of the system,
the rest of the system comes to a new equilibrium. Our calculation is based on
Landauer-Biitikker theory. We calculate the transmission coefficients of electron
using our variational RMT. Our calculation shows that we can find some device
geometries such that the new equilibrium temperature is less than the initial
temperature of the system. This is the desired cooling effect. We explain the
theory with an ideal model, and then calculate the cooling parameter for several

realistic devices. Finally, we calculate device parameters for such a cooling

device with InSb and GaAs.

e Chapter 6: Magneto-Transport Properties of Semiconductor Devices

In this chapter we model the experimental observations of negative bend resis-
tance (NBR) in InSb devices by Goel et. al [11] at the University of Oklahoma.
In order to model this experiment we extend our RMT to include the presence
of an external perpendicular magnetic field. Since the device we are interested
has a complicated geometry, we need to apply the R-matrix connection formula
along with the magnetic-field RMT. We show how to solve for the transmission
coefficients and calculate the magneto-transport properties in 4-terminal square

junction device and in a 4-terminal wedge junction device.

e Chapter 7: Conclusions
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Chapter 1

Transport Properties from

Scattering Theory

In this chapter, we discuss the macroscopic transport properties of a quantum mechan-
ical system, that is, the bridge between classical and quantum physics. This approach
was founded by R. Landauer [12] for explaining the conductance of a two-terminal
quantum mechanical device. The Landauer formula states that the conductance of
a quantum mechanical system is proportional to the transmission coefficient of elec-
trons through the device. Later this formula was extended by M. Biitikker [13] for
multi-lead devices and the new formula is known as the Landauer-Biitikker formula.

This chapter is organized as follows. First, we discuss the origin of the quantum
resistance through a two-terminal system (sec.1.1). There we explain how to apply
the Landauer formula to a device operated at zero temperature. We then discuss how
to calculate the finite-temperature conductance of a quantum mechanical system, and
the important consequences of the Landauer formula.

In section (1.2), we discuss the extension of the Landauer formula to a multi-lead
device. Then in section (1.3), we obtain an expression for a bend resistance, Rg of
a four-terminal device which we will use in modeling the bend resistance of a InSb

4-terminal device in the chapter (6).



1.1 Landauer Formula for a Two-Terminal Device

We will discuss the current through a one-dimensional scatterer. The two reservoirs
are internally connected by an ideal quantum wire and externally connected by a volt-
age source. We consider this conducting wire as a scatterer for the electrons through
which they are transmitted with a probability T and reflected with a probability R
[14].

R
T
v) h
V=0 L l'l R
Reservoir = Reservoir
1 Conducting Wire 2
U Ug

L

Figure 1.1: Two reservoirs are connected by a conducting wire (left figure) which is rep-
resented by a scatterer for the electron’s path (right figure). The edges of the conductance
band in left and right sides are denoted by U, and Ugr. The chemical potentials of both sides
are equal because the applied voltage, V = 0. The net current flow through the reservoirs

is zero.

We assume that the contacts between the conductor and the reservoirs are re-
flectionless so that electrons can enter the reservoirs without any difficulty. When
there is no external voltage applied to the system, the chemical potentials of the two
reservoirs are equal (fig.1.1). There is no net current flow between the reservoirs.

Now we apply a positive bias to the system such that the chemical potential of

both sides differ by eV'. That is,

eV = ur — ug. (1.1)

We are interested in calculating the transport properties through the scatterer.

We need to take two currents into account: the current due to the electrons emerging
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Figure 1.2: A positive bias voltage is applied across the one dimensional scatterer. There

is a gap created between the chemical potentials of both sides such that up — ugr = eV.

from the left reservoir, Iy, and the current due to the electrons emerging from the
right reservoir, Ig.

A particular current I, r depends on:
e the density of states, D(FE),

e the Fermi function, f(E, ur r), the probability that an electron state at energy

FE is occupied or not,

e the velocity of the electron, v(FE),
and,

e the transmission coefficient, T'(E), the probability that an electron is transmit-

ted through the device.

So the currents I, and I are given by

I, = 2e h f(E, u) v(E) T(E) D(E) dE, (1.2)
and
Ip = 2e¢ f(E, ur) v(E) T(F) D(F) dE, (1.3)



where U, and Uy are the edges of the conduction bands in left and right sides respec-
tively. The factor 2 is for the double occupancy due to the spin degeneracy. Using

the two currents, I, and Ir, we can calculate the total current as,

I = Ip—1I;
1= 2 [ 1B - FEw) T(E) D(E) o(B) dB. (14

We consider the one-dimensional devices in which the density of states D(E) is in-

versely proportional to the velocity of the particle [15] that,

D(E) = th@. (1.5)

Therefore the velocity cancels out from the above current equation leaving,

2 °

1
h Ju,

Equation (1.6) gives a general expression for the current through a one-dimensional

device. We consider that the applied bias is such that,
1
pe=pt eV, (1.7)

and,
1
KR = K — 56‘/7 (1.8)

where p is the equilibrium chemical potential when there is no applied bias.
When we expand the Fermi function in a Taylor series and keep only the 1% order
terms, this gives,

FUB 1) — F(B. pm) = —eV & F(B. ). (19)

By plugging the equation (1.9) in the equation (1.6), we get an equation for the total

current through the scatterer,

_ in /: [—%f(E,,u)] T(E)dE. (1.10)

I




1.1.1 Temperature Dependence of the Conductance

The equation (1.10) is true for the current at any temperature. At zero temperature,
the Fermi function is a step function that —-% f(E, u) = 6(E — ). So the integration

will be reduced to,
_2e*V

I . T(u), (1.11)
which gives an expression for the zero temperature conductance G of a two-terminal
device as,

G = 2—ZQT(/UL). (1.12)

This is the well-known two-terminal Landauer formula [14].

At a finite temperature, we use the equation (1.10) to calculate the current through
the device. The Fermi distribution function is no longer a step function, but broad-
ened. It shows that, in order to get the total average transmission coefficient of
electrons we need to integrate it over the broadened Fermi distribution as,

o d
T = ——f(E,n) | T(E)IE. (1.13)
U, dE
In the following subsection, we will discuss some important consequences of the Lan-

dauer formula.

1.1.2 Important Comments on Landauer formula

The two-terminal Landauer formula (eq.1.12) leads to several physical insights such
as, quantum unit of resistance, contact resistance, phase relaxation of electrons at
the reservoirs and the non-locality of quantum resistance as we will describe below.
The Landauer formula states that the conductance is directly proportional to the
transmission coefficient 7" of the electrons, and the proportionality constant does not
depend on the device parameters but on fundamental constants. With this propor-
tionality constant, the fundamental unit of quantum resistance was recognized as

% = 25.8k(2, which is now known as the Klitzing constant [16].



The Landauer formula also states that as the transmission through the scatterer
increases, the conductance of the system will be increased. If we assume that the
conducting wire is a perfect transmitter (7' = 1), then our physical insight is that the
conductance will be infinity. However when we substitute 7' =1 in eq. (1.12), we get
a finite conductance which is puzzling. The reason for this puzzle is that the Landauer
formula can be presented in two forms. In the form we presented here (eq.1.12), we
have not subtracted the resistance due to the contacts between the leads and the
reservoirs [17]. In fact the resistance is measured further away from the scatterer,
the resistance is not solely due to the scatterer. Since the resistance is additive, we
explain more about this in terms of the resistance not in terms of the conductance.
When we have T" = 1, the finite conductance is due to the contacts that the contact
resistance is given by,

h

Rcontact E— 1.14

If we measure the resistance across the scatterer, we get the resistance due to the
scatterer, Rs@"erer  However, when me measure the resistance further away from the
scatterer, we get the resistance due to the scatterer and the contacts as well, which

can be mathematically written as,

R — Rscatterer + Rcontact

h 1 h
- Rscatterer 7 115
2e2T + 2e2 (1.15)
h |1-T
Rscatterer - .
2e2 [ T ]
Therefore the Landauer formula is sometimes written in the form,
2e2 T
G=———. 1.16
h 1-T ( )

For a perfect scatterer, the equation (1.16) correctly shows infinite conductance.
One should be aware of these two forms of the Landauer equation. In our calculation,
we use the earlier form in which the resistance is measured away from the scatterer.

Another important consequence of the Landauer formula is that it shows the

phase relaxation of the electrons. As we proved the Landauer formula, we considered



the perfect elastic collisions that there is no energy dissipation through these events.
However, the final result is the resistance which is a dissipative quantity. The question
is, if the electron collisions are elastic, where does this dissipation come from? If the
resistance is defined just across the scatterer, there is no energy dissipation. So
we cannot define the resistance of the scatterer as a local quantity. In order to
explain the dissipation, we need to consider the motion of the electrons out side the
scatterer. The Landauer model assumes that all the electrons enter into a reservoir
from the conductor never reflects back to the conductor. That is, there is no phase
relation between the incoming and outgoing electrons in a particular reservoir. When
electrons enter into a reservoir, they relax at a equilibrium temperature and a chemical
potential. All the dissipation occurs due to this phase relaxation of electrons in the
reservoirs. This highlights two important concepts, the phase relaxation of electrons
and the non locality of the quantum resistance. The resistance cannot be defined for

the scatterer itself, but for the system.

1.2 Landauer-Butikker Formula

The Landauer formula was originally developed for a two-terminal device [14]. This
formula was extended to a multichannel and multi-lead device by M. Biitikker [13] and
it is called the Landauer-Biitikker formula. In this section we discuss this extension
in detail and apply it to a 4-terminal device to obtain an expression for the bend
resistance, Rp [15], which we will discuss in detail in the thesis (ch.6).

In a multi-lead device some leads are used to inject currents (current probes) and
some leads are used to measure the voltages (voltage probes). We assume that the
voltage probes draw zero net current as they have infinite resistance. A finite current
is passed only through the current probes.

We shall consider an arbitrary device (fig.2.1) which has N leads. Each of these
leads has a number of transverse channels (subbands) which we will discuss in detail

in the chapter (3). These leads are connected to electron reservoirs. Each of these



reservoirs injects electrons into the system. According to Landauer formula, the
current is proportional to the transmission coefficient from one lead to another. The

current in lead ¢ due to the electrons injected from the lead p,

o2 Ng Np
Iop = -y Vp Z Z T, (1.17)

where we have use the equation (1.12). Here 7.7, is the transmission coefficient of
electrons from the nl* subband of the p™ lead to the n!" subband of the ¢" lead and
V, is the applied voltage. There are N, number of open subbands in each ¢ lead.
The negative sign in the current expression is due to our convention that, the incident
current in each lead is positive.

The equation (1.17) has the current in the ¢'* lead due to the lead p. The ¢
lead injects current to the system in N, subbands. A fraction of this injected current
reflects back to the ¢'* lead. The current in the lead ¢ due to the electrons emerging

from the lead ¢,

o2 Ny Ng .
lyg = Th Vg | Ny — Z %q}n; J (1.18)

where 7% , is the probability that the electrons reflect back to the n!" subband in

ng,ng

the ¢'* lead. Hereafter we use only the transmission coefficients from one lead to

another, T,,, which is defined as,

Nq NP
r,=3 Y T, (119
With this notation the total net current in the ¢** lead is,
02
Iy = ﬁi (Nq - qu) Vo — ZquV;? ) (1-20)

p7q
which is called the Landauer-Biitikker (LB) formula. The LB formalism can also be

written in terms of the conductance matrix as,

Iy = ZquVm (1.21)
p



where |

62

qu = % [(Nq - qu) 5qp - qu] . (1-22)

Here we discuss how to obtain the experimentally significant quantities through the
LB formula. We start with the conductance matrix [15]. The conductance matrix, G
obeys some specific properties due to some physical conditions as we describe follows.

The conservation of current gives the relation,
Ny =Ty =Y Thp (1.23)
p

This states that the sum of elements in a column of the conductance matrix equals
zero, which makes the conductance matrix singular.

We can also simplify the conductance matrix because, if there is no voltage dif-
ference between the leads, there is no current flow which makes the sum of all the
elements in a row of the conductance matrix equal to zero. Since both the sums in

the rows and in the columns are zero, we get the relation

Y Tp=> Ty =0. (1.24)
q p

With these relations the total current in the ¢'* lead of the system can be written as

Z quVZ; - Z quvp

q#p P#q

. (1.25)

2
(&
=T

Now we will consider the sum rule (eq.1.24) for the rows and columns of the conduc-

tance matrix. We can subtract the diagonal term from the eq. (1.24) which gives

Y Tp=> T (1.26)
q7#p P#q
Now the current in the ¢ lead is given by

2
e
]q = % E [quVq - qu‘/;?] . (1-27)
q#p



1.3 Bend Resistance from the Landauer Butikker
Formula

We are mainly interested in measurements taken in 4-terminal devices, since we ul-
timately model the experimental observation made in those 4-terminal devices. We

will consider one such experimental quantity, the bend-resistance.

Figure 1.3: A schematic diagram of a 4-terminal device used in the bend resistance exper-
iment. A current I14 is injected from the lead 4 to 1 and the voltage created between the
leads 2 and 3, Va3, is measured. There is a magnetic field perpendicular to the device. The
bend resistance, Rp = Va3/I14 is measured as a function of the strength of the magnetic
field [10].

In the bend resistance experiment (fig.1.3), a current [4 is injected from the lead 4
to 1, and the voltage, V53 is measured between the leads 2 and 3. The bend resistance

is defined as,
Vas

T T

We can use the Landauer-Biitikker formula to get an expression for the bend-resistance

Rp (1.28)

in terms of the transmission coeflicients of electrons in the device.
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We can write the conditions for the electron flow in this system as,

L = I,

—_ =
w W
- O

~—  ~— ~— =

(

L = 0, (1.
I, = 0, (
(

I, = —I

Since the leads 2 and 3 are voltage probes, there is no current through those leads
(eq.1.30 and 1.31) and a similar current passes through the leads 1 and 4 (eq.1.29
and 1.32). This experimental information together with the equation (1.27) can be

put in a matrix form as,

Tio +Ti3+ Ty —T1o —T1s —Ty %1
—Tn To1 +Togz +Toy —To3 —Toy Va
—T31 —To Tor+ T30+ T3 —T3a V3
—Tn —Tyo —Tys3 Ty + Tao + Tas Vi

I

O N

€ 0
—1I

This set of equations is linearly dependent. One of the equation is redundant. We
eliminate one equation (we choose to eliminate eq.1.32) out of the set since it does

not carry any new information. Now the equation becomes,

Vi
Tio+Tizs+Ta —Ti2 —Ti3 —T14 I
Va 7h
-T21 To1 4+ Tog + 1oy —Ths —Toy - = 67
3
—T3; —T39 T31 + 139 + T34 —T34 - 0
4

Our goal is to find an expression for the experimentally measured quantity, the bend

resistance Rg = (Vo — V3)/1. We choose to measure all the voltages with respect to

11



the voltage of the lead 3, and make V3 = 0, which reduces the above equation to,

Tio+Tis+ Ty —Tio T4 Vi 0
wh
-T21 To1 + Tos +Toy —Toy Vo | = )
—T31 —T39 —T34 Vi 0

This is a set of linearly independent equations which we would like to solve for V5/1.
This gives an equation for the bend resistance, Rp as,

Ry — h TnTo, — T,

=sa— (1.34)

where S is given by,

S = (Ty1 + 1) [(Tm + T31)2 + (T + T31)2} . (1.35)

1.4 Conclusion

We have discussed Landauer and Landauer-Biitikker formulas to explain the trans-
port properties of two-dimensional devices. In the Landauer approach, the transport
properties are explained in terms of the transmission coefficients from one lead to an-
other. We discussed how to calculate the temperature dependent transport properties
and obtained an expression for the bend resistance measured in a 4-terminal device.
In the later chapters of this thesis we explain one efficient technique, R-matrix the-
ory, to calculate the transmission coefficients of a multi-lead device. Then we apply
the Landauer theory to model devices (ch.5) and explain the existing experimental

observations (ch.6).
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Chapter 2

Basics of the Variational R-Matrix

Theory

2.1 Introduction

In the previous chapter we learned about the importance of scattering theory in solid
state devices and in the introduction we mentioned about the standard techniques
used to calculate the transmission coefficients of electrons in solid-state devices. In
this chapter we discuss one such technique, the R-matrix theory (RMT) in detail.
Our goal is to develop this technique to calculate the transmission coefficients in
two-dimensional devices such as quantum wire configurations. A schematic digram
of such a device is sketched in figure (2.1). In this two-dimensional device, there
are several leads attached to an interior region “A”. In the one-dimensional case
(sec.1.1), we called the interior region as the “scatterer”. In particular it is part of
the device where the scattering occurs. Reservoirs and the interior region “A” are
connected with the leads as shown in the figure (2.1). Electrons are injected into the
system by an external source through these leads. Electrons scatter in the interior
region and emerge through the leads. We need to find the transmission coefficients

of the electrons in each lead at a given energy, E when only one incoming subband
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is occupied.

Figure 2.1: A schematic diagram of a two-dimensional device for the scattering calculation.
The surfaces Si,S5s2, -+, Sy separate the interior region A from the leads. We seek the
transmission coefficients of outgoing electrons in the leads when one incoming subband is

occupied.

R-matrix theory is a way to calculate the transmission coefficients of such a device
without having to calculate the total scattering wave function of the system. Our

theoretical model is based on several assumptions:

e The electron transport in the device is ballistic; there is no electron-electron
scattering or electron-phonon scattering, all the scattering occurs due to the
boundaries. The transport of electrons is independent of the other electrons
and phonons, thus we can use the single electron model. In the single electron
model, the properties of the system can be obtained by solving the single particle

Schrodinger equation.

e These two-dimensional devices are lithographically designed on a periodic crys-
tal potential (the lattice of the material of which the quantum well is made). We
assume that this periodic potential can be represented by the effective mass ap-

proximation [18]. In the relevant equations the free electron mass m is replaced
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by the effective mass m*. The values of m* are known for different materials

[19]

e The leads of the device (fig.2.1) have Cartesian symmetry. The ¢** lead can be
described by (z,,y,) coordinates. The transverse confining potential energy of
the lead ¢, V,(y,) in each lead is an infinite square well whose width w, equals

the separation of the (impenetrable) walls of the lead:

Valyg)) = 00 yy < wy/2 (2.1)
= 0 —w/2 <y, <wy/2 (2.2)
= 00 Y; > W,/ 2 (2.3)

Due to these boundary conditions, electrons are confined to the leads in the
transverse direction and we assume that the longitudinal potential energy V' (z,)

in each lead is a constant whose value we shall take as zero.

With these assumptions, one could calculate the transmission coefficients of elec-
trons in a device at a given energy E by solving the Schrodinger equation to get the
total scattering wave function of the system. Knowing the scattering wave function,
we could calculate the electron flux going through each lead.

However, when the system geometry becomes complicated, it is hard to solve
the Schrodinger equation in the device. If we need to calculate the transmission
coefficients at many energies, this would require solving the Schrodinger equation
many times making the calculations even slower.

On the other hand, we need the transmission coefficients in the leads, not in the
interior region. In fact we do not need to solve for the total scattering wave function
in the device at all.

In RMT, in order to get the transmission coefficients in the leads, we do not solve
for the scattering wave function in the device. The basic idea is that we divide the

system into two parts, the interior scattering region and the outgoing leads. The
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interior region is where all the scattering occurs and the leads are uniform regions by
which electrons enter and leave the system (fig.2.1).

We expand the scattering wave function in the leads in a linear combination of the
lead eigenfunctions. With the hard wall boundary conditions (eq.2.3) and Cartesian
symmetry, the lead eigenfunctions are the product of plane waves along the wire and
the infinite well wave functions in the transverse direction. In the interior region,
the scattering wave function can be expanded as a linear combination of the interior
region eigenfunctions. Then we match these two types of solutions on the boundaries
where the leads meet the interior region (hereafter we call those boundaries the “soft
boundaries”) to calculate the transmission coefficients in the leads.

In this chapter we explain the procedure for R-matrix theory in devices in detail.
This chapter is structured as follows.

Section (2.2) introduces the basic concepts and develops the necessary equations
for the R-matrix formula. To develop the basic equation, we mainly need to solve the
interior region problem. In explaining the interior region problem, we introduce the
Bloch Hamiltonian, one of the key points in the R-matrix theory.

After explaining the R-matrix formula in sec (2.2), we proceed to the rest of the
details of the RMT using two simple examples; the scattering of electrons traveling
in a closed tube (sec.2.3) and the scattering of electrons traveling in an open tube
(sec.2.4). These are the simplest examples one could think of. The answers to both
these problems are straight forward. In the closed tube, the electrons have reflec-
tion amplitude —1, and in the open tube, electrons have transmission amplitude 1.
However, we solve these systems as scattering problems to explain all the details of
the technique. In particular, the closed tube problem has similarities to the spher-
ical R-matrix theory which is popular in nuclear/atomic/molecular physics. When
extending the technique from closed tube problem to the open tube problem, we can
observe the difference in R-matrix theory from nuclear/atomic/molecular physics to

device physics.
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Both these sections of RMT applications (section 2.3 and 2.4) are structured in a
similar fashion. However, some common techniques such as the generalized eigenvalue
problem, are described only in the first application (sec.2.3). In those two sections,
we explain the interior region problem and show the calculation of R-matrix elements
using different methods. We discuss the advantage of variational RMT in handling
the interior region problem through convergence studies of R-matrix elements. Use
of variational RMT is one of the main innovations of this research. Then we show
how to connect the outgoing lead solutions and the interior region solutions and how
to calculate the transmission coefficients of the electrons.

Concluding that the variational R-matrix theory achieves faster convergence that
the Wigner-Eisenbud calculation (by the results of sections 2.3 and 2.4), in section(2.5)
we discuss the reasons for this convergence. While our analysis shows that convergence

is non-uniform, the mathematical explanation for this property remains unexplained.

2.2 R-Matrix Formula

In this section, we develop the mathematical equations to formulate the R-matrix
equation and give the physical conditions in which it is applicable. For simplicity, in
this chapter, we explain the theory in one dimension. In later chapters, we extend
the theory to more dimensions and more complicated geometries.

We consider an electron injected to the device (fig.2.1) at an energy E, where
E' is the total energy of the incoming electron. We look for a solution to the time

independent Schrodinger equation,

H|Vg)=E|Vg), (2.4)
where the Hamiltonian H is given by,
h? 9?
=— — T). 2.
H o D72 +V(z) (2.5)

We consider two types of solutions for the equation (2.4), the interior region

solution and the lead solution, and match these solutions on the soft boundaries to
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get the transmission coefficients in the leads. These boundaries are marked as S; in
the fig. (2.1), and we call the interior region “A”.

Below we discuss the interior region solution and later in the sections (2.3 and
2.4) we discuss the lead solution using some examples.

We need to expand the scattering state |V g), in terms of |(;) which are eigenvectors
of the interior region Hamiltonian. We shall consider the eigenstates in the coordinate
space.

These eigenfunctions |(;(Z)) are obtained by solving the equation,
H[G(@) = E51¢(2)) (2.6)

where 7 is the spatial coordinate of the system.

Can we expand the scattering wave function |Vg(Z)) in terms of |(;(Z))? Is this
set of eigenfunctions |(;(Z)) complete?

Bloch [? ] found that even though the Hamiltonian in equation (2.5) is Her-
mitian in infinite systems, the Hamiltonian is not in general Hermitian in a finite
system unless certain boundary conditions are specified. For instance, if we solve the
Hamiltonian inside the interior region with zero value or zero derivative boundary
conditions, the Hamiltonian will be Hermitian as we will describe below. We will
show the non-Hermiticity of the Hamiltonian inside a finite system below.

We consider a one-dimensional finite region defined by —a/2 < Z < +a/2, where
7 is the space coordinate and a is the length of the system. We start with the single
particle Hamiltonian (eq.2.5).

Before explaining any details of the problem, we make the Hamiltonian dimen-
sionless. First we scale the position variable by some arbitrary convenient length

a. Changing the variables to z = &/a,

n: 02
= . 2.
H a2 O + V(x) (2.7)
Now we scale the energy by E, = h*/m*a*. We get

H 1 0%
H = E = —5@ —+ V(x) (28)
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Hereafter we work with these dimensionless energies and lengths. For instance now
our finite system is defined as —1/2 < z < 41/2. The computation is easier when
done with dimensionless parameters. We change these dimensionless parameters to
real parameters when we apply these models to experiments.

Here we explain why the Hamiltonian (here the kinetic energy operator) is not
Hermitian inside a finite region. If the Hamiltonian were Hermitian in the finite

region, two eigenfunctions of ‘H, f and g, should satisfy

19%g\ 10%*f
(#-359) = (-3309) 29

where the parenthesis, () denotes the volume integration in the finite region. In one

dimension the volume integration becomes an integration over the length. Then the
LHS of the eq.(2.9) becomes,

1 82 g +1/2 1 32

I = - d 2.10

(1=35m) == [ 1) § grastonis (210)

We have assumed a free particle so that the potential V(x) = 0. The above equation

(2.9) means that if the kinetic energy operator were Hermitian, it could act on the

function as a left handed operator and a right handed operator. We will consider

the left hand side (LHS) and the right hand side (RHS) of eq.(2.9) to check for the

Hermiticity of the kinetic energy operator.

The left hand side (LHS) of the equation (2.9) is,

19%g
LHS = <f,—§@> . (2.11)
Doing the integration by parts we get,
1, 0 ¢ 210, 0
Similarly, we can write an equation for the RHS of eq.(2.9),
10, ° 210, 0
RHS = {—gg(x)a—xf(fc)}% +f 307 @ g0 (2.13)



It is clear that the LHS and RHS in eq.(2.9) are not equal unless the first terms in
equations (2.12) and (2.13) are equal, which is in general not true. For example, those
two terms will be equal if the interior region eigenfunctions satisfy special boundary
conditions (zero value or zero derivative boundary conditions) on the soft boundaries.
However, our final scattering wave function does not obey any specific boundary
conditions on the boundaries of the interior region. It is not convenient to solve the
interior region eigenfunctions with specific boundary conditions. If the Hamiltonian
does not satisfy the Hermiticity (eq.2.9), its eigenfunctions are not complete. The
eigenfunctions of the Hamiltonian, |(;(z)) could not be used to expand the scattering
wave function.

In a finite region, the Hamiltonian is not Hermitian because of the boundary
terms in (eq.2.12). If we subtract the boundary terms, the rest will be Hermitian.
This Hermitian operator is called the Bloch Hamiltonian and the boundary terms we

add to H are called the Bloch operators. The new Bloch Hamiltonian takes the form,
Hp = Hy+ L. (2.14)

For example, for the kinetic energy operator defined in the finite region —1/2 < z <

1/2, the Bloch operator takes the form,

L— % [-5@%)%@-%) %. (2.15)

The Bloch operator is a sum over all surfaces. In general the Bloch operator has the
form,
1 Iy =
5252(5(:v—s))n VA (2.16)

The unit vector n is perpendicular to each of the soft boundaries and points outward
from the interior region “A”.

The Bloch Hamiltonian Hp has a set of eigenfunctions |¢,(z)) defined by,
(Hp — Ej)¢;(x) =0, (2.17)
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where the spatial coordinate x is defined only inside the interior region “A”. As we
have proved, since the Bloch Hamiltonian is Hermitian inside the interior region, this
set |¢;(z)) is complete and orthogonal inside the interior region.

This set of eigenfunctions (which we call the Bloch eigenfunctions) |¢;(x)) can be

used to expand the scattering wave function inside the interior region as
V(2 ZC Ene: (2.18)

This expansion is valid only inside the interior region, since the set |¢;(x)) is de-
fined only in the interior region. We need to find the expansion coefficients, C; =
(9j(z)|¥p(z)) in eq. (2.18). Below we explain how to obtain an expression for these
coefficients.

We rearrange eq.(2.4) as
(H+L—-E)|Yp) = L|VE), (2.19)

with the goal of obtaining the expansion coefficients C;. By rearranging eq.(2.19),

1

W) = 5 V() (2.20)
we get C; as
C; = (5@ (2)) = 7 (03()| £ |V(0)), 2.21)
which reduces to
C; = g (@) £1Te(a)). 2:22)

where E;’s are the eigenvalues of the Bloch Hamiltonian corresponding to the Bloch
eigenfunction |¢;(x)).

Substituting the expression for C; in equation (2.18), we get,

Z'gbﬂ < /)L‘\IJE(x/)>. (2.23)
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Note that z" lies on the surface of the interior region and it goes over all surfaces as it
is required by the Bloch operator (according to the delta function in eq.2.16) and the
point x can be anywhere inside the interior region. The point x is always inside the
interior region “A”. In order to calculate the transmission coefficients in the leads,
we need to relate the interior region and the leads. So we consider the equation (2.23)
on the soft boundary on the lead ¢ (r = s,, where s, is a point on the boundary q).
We denote ' = s, where s, is a point on the soft boundary p, since the point z lies

on the soft boundaries. So with this we write the equation (2.23) on a point s, as,
U |¢] L 2.24
Wk Z (sp) Lk (sp)) - (2.24)

We rearrange the equation (2.24) as

Z |¢] ¢] SP)|£ ’\IIE(Sp» ' (225)

This is the R-matrix equation. We identify the term,

R(E, S Sp) _ Z % |¢j (%j>£¢é(sp>’ ’ (226)

as the R-matrix which simplifies the equation (2.24) to
W p(s,)) ZR (B, 54,5,)V |[Vg(sp)) . (2.27)

Note that the summation over p comes in the equation (2.27) is due to the summation
appear in the Bloch operator (eq.2.16). Also note that the equation (2.27) is true if
there is no potential in the system since we have considered V() = 0 when obtaining
the equation (2.16). If there is a potential term we have to find out whether it is
Hermitian or not. If the potential takes the typical form V' (x), then it is Hermitian. If
the potential energy Hamiltonian does not contribute to the Bloch operator, eq.(2.27)
is still valid. If the Hamiltonian contains derivatives, it is not Hermitian and we have
to find out the relevant Bloch operator term. This issue is addressed in the chapter

(6) where we study the magneto-transport properties of solid-state devices.
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We use equation (2.24) to calculate the transmission coefficients of the system. In
this chapter we consider only the one-dimensional problems. We use the technique for
two-dimensional devices in the chapter (3). We explain the total procedure of the R-
matrix theory with two applications, the electron transmission through a closed tube
(section.2.3) and the electron transmission through an open tube (section.2.4) . Both
these problem are very simple problems, however they are important. The closed
tube problem has direct relation to the spherical problem in content and having two
soft boundaries, open tube problem shows the application of RMT in a non-spherical

device.

2.3 Application of the R-Matrix Theory to Elec-
tron Transmission through a Closed Tube

We consider an electron moving through a closed tube, (fig.2.2). We call it a tube,
however, we consider it completely as a one-dimensional problem suppressing the
transverse degree of freedom. Even though the answer to this problem is straight-
forward, we do it as a scattering problem to explain the technique. This problem is
analogous to the spherical R matrix problem in atomic and nuclear physics in that
they both have one soft boundary. Since we know the exact answer to this scattering
problem (all the electrons will reflect back to the right hand side region with a reflec-
tion coefficient 1), we can study and analyze the technique by solving this problem. In
the following section, we calculate the required R-matrix elements and in the section

after, we use the R-matrix elements to calculate the transmission coefficients.

2.3.1 Calculation of the R-Matrix Elements

The first steps of the R-matrix theory are to identify the interior scattering region,
find the Bloch Hamiltonian, and calculate the Bloch Hamiltonian eigenfunctions in

the interior region. We define a interior region 0 < x < L which is the shaded region
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Figure 2.2: A schematic diagram of a closed tube for the R-matrix theory calculation. We
artificially divide the system into two parts defining the interior region as A. Electrons are
injected from x > L. Supposing that electrons undergo scattering in region A, we seek the

transmission coefficient in the region, x > 0.

in fig.(2.2) where L is dimensionless. According to eq. (2.26), the R-matrix depends
on two points in space, s, and s,. However, in this problem, we have only one soft
boundary so the R-matrix is a single value or a 1 x 1 matrix. It is easy to show how
this single R matrix element is related to the scattering wave function |Ug(z)). The

Bloch operator for this system takes the form,

1 0
Lp=—-0(x—L)—.
L (@ )81‘
Note that we work in the dimensionless uints. By putting the Bloch operator in the

eq. (2.24),
9]

[Wp(L)) = R(E,L,L)glIIE(L). (2.28)
That is, the R-matrix,
_ |ve(L)
R(E,L,L) = % W a(L)) (2.29)

is the inverse of the logarithmic derivative of the scattering wave function evaluated
at the soft boundary. This is equivalent to the result we see in the conventional
spherical R-matrix theory. Since we have only one soft boundary, some times it is
denoted as R .

We calculate the R-matrix elements using the interior region Bloch eigenfunctions

according to eq. (2.26). However for a general scattering problem, it is not possible
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to perform the infinite summation as given by eq. (2.26). We have to truncate the
summation. If one could perform the infinite summation as required, we would get
the exact answer without depending on the numerical methods we used. Since we
can only do a finite summation, the way we calculate the Bloch eigenfunctions plays
an important role in the convergence of the R-matrix calculation.

However for this simple problem, we can perform the infinite summation over j
as in eq. (2.26) and we get the exact result. We compare this exact result with
the result we obtain by truncating the summation at 7 = jy.x. Then we discuss
another approach, the variational basis approach, to approximately calculate the

Bloch eigenfunctions and find out the advantages of this approximation.

Exact Bloch Eigenfunctions

Now we need to calculate the interior region Bloch eigenfunctions. In order to calcu-
late the Bloch eigenfunctions, we need to specify some kind of boundary conditions.
When R-matrix theory was first founded by Wigner and Eisenbud [5], it was for-
mulated in a way that the interior region eigenfunctions satisfy a specific boundary
conditions; the logarithmic derivative boundary conditions on the soft boundaries.
The logarithmic derivative boundary condition is that the interior region eigenfunc-
tions satisfy,

d

@gb = bo, (2.30)
on the soft boundaries. Here b is a constant typically chosen to be zero and the set
of interior region eigenfunctions are denoted by |¢). We call these interior region
eigenfunctions the Wigner-Eisenbud (WE) functions. Considering the soft bound-
ary conditions at x = L and hard wall boundary conditions at x = 0 the Bloch

eigenfunctions with b = 0 take the form,

é;(z) = \/%sin [(2;’ - 1)%4 j=1,2..., (2.31)
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and the Bloch eigenvalues are,
2

Ei= 32

Z_(25-1?%  j=1,2... (2.32)
Note that we use the dimensionless units as explained in eq. (2.8). We also call these
eigenfunctions, “the exact Bloch eigenfunctions” as they are in a closed form which
perfectly satisfies the given boundary conditions.

According to eq. (2.23), we calculate the R-matrix value R(E, L, L) as

Jmax

RVE(E,L,L) Z |¢J )|. (2.33)

Note that we have truncated the summation at j = jn.x and we call the R matrix

value, the RVE(E, L, L).

Exact Result

Since the exact Bloch eigenfunctions take the analytic form,(eq.2.31 and eq.2.32) for
this simple case, we can perform the infinite summation as eq. (2.26), and get the

exact form for the R-matrix element as,

1
RSB, L, L) = - tan(kL), (2.34)

where k = +/2FE according to our dimensionless units. To avoid confusion, with

dimensions we define k = e E_ Note that we call this result R™%(E, L, L).

We plot the value of the exact R-matrix as a function of the energy in the figure
(2.3).

We can see that at some energies, the R-matrix diverges. By looking at this
graph and the list of eigenvalues of the interior region Bloch eigenfunctions ( list
of (2:1)%n? which are 1.23,11.10, 30.84...etc), we find that these divergences occur
when the scattering energy equals to one of the eigenenergies of the interior scattering
region. The scattering energies which are equal to the Bloch eigenenergies (where the
R-matrix diverges) are normally called the R-matrix poles. In the next section we

calculate the Bloch eigenfunctions numerically with variational basis functions.
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Figure 2.3: The exact R-matrix for the closed tube problem, R&*Y(E L[, L) = %
dx

as a function of the scattering energy. The R-matrix diverges at R-matrix poles. R-matrix
poles are the scattering energies which equal to one of the Bloch eigenenergies of the interior

region A.

Variational Approach

Here we explain the variational R-matrix theory, one of the main parts of this the-
sis. In the variational approach, we do not solve for the exact Bloch eigenfunctions.
Instead the Bloch eigenfunctions are expanded in terms of a variational basis set.
What is this variational basis set? The important thing about the variational basis
functions is that they do not obey any particular conditions on the soft boundaries.
They only satisfy the physical hard wall boundary conditions.

We choose the variational basis functions as,

2
Na(x) = \/;sin %x, (2.35)

to expand the Bloch eigenfunctions |¢;), where A is larger than the width of the
interior region, L. Figure (2.4) shows the boundary conditions of the variational

basis functions and of the logarithmic derivative (Wigner-Eisenbud) basis functions.
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This figure shows that the Wigner-Eisenbud basis functions has a zero derivative
where as the variational basis functions have arbitrary derivative on the boundary.
Since the scattering wave function does not obey any particular condition on the
boundary, the variational basis functions make a better set to expand the scattering

wave function.

(a) Logarithmic Derivative Basis Functions

Fix ve/¢ =0

at the boundary kS

(b) Variational Basis Functions

No Fixed ~

Boundary Conditions

Figure 2.4: A diagram of exact WE basis functions (upper) and the variational basis
functions (lower) in the interior region of the closed tube. Note that the WE wave functions
have a particular boundary conditions while the variational basis functions have different

values and different derivatives on the soft boundary.

This variational basis set is not orthogonal in the interior region. However we
choose A > L so that these functions are complete inside the interior region. Since
this is not an orthogonal set, we have to find the eigenfunctions of the interior region
Bloch Hamiltonian with these basis functions as a generalized eigenvalue problem.

The process is slower than diagonalizing the Bloch Hamiltonian with an orthogonal
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basis set, however we get better solutions for the extra effort.

The Generalized Eigenvalue Problem

Below we explain the generalized eigenvalue problem that we solve to obtain the
Bloch eigenfunctions in terms of the nonorthogonal variational basis function as in

eq. (2.35). The Bloch Hamiltonian has the form,
Hp =Ho+ L. (2.36)
We need to find |¢;) and E; such that,
(0;| Hp — Ej[¢;) = 0. (2.37)
We expand |¢;) in terms of the variational basis functions as,
2) = 3 dyana(e). (2.33)
Using equations (2.37) and (2.38), we get a generalized eigenvalue equation as,

D O Hy o djr = Ej djg =0, (2.39)

where H, ,» = (| Hp|n,) and O, , = (n,[n.). This equation can be solved for the
expansion coefficients d; ,’s and the eigenvalues F;’s. With this expansion coefficients,
we get the R-matrix,

| jmax

Rvar<E L L szjad* |77a [é» <77‘¢g( )| (240)

<.

Here we call the R-matrix as R*(FE, L, L).
In the next section we compare the values we obtained for the R-matrix in the

three methods as explained by eq. (2.33), eq. (2.34) and eq. (2.40).
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Convergence of R-matrix elements: Exact Result, Wigner-Eisenbud Ap-

proach and Variational Approach

We have discussed different methods to calculate the R-matrix element for the one-
dimensional closed tube problem according to the equations 2.34 (exact result) , 2.33
(Wigner-Eisenbud result), and 2.40 (variational approach). We now calculate it as
a function of the number of basis functions in the latter two cases and compare the
result with the first. These answers depend upon how many basis functions we use in
the calculation and we plot the result as a function of the number of basis functions
used in the calculation. The result is shown in the figure (2.5).

The straight line is the exact value for the R-matrix, R™**(E, L, L). Since it is
calculated by doing the infinite summation analytically, it does not depend on the
number of basis functions. The solid dots are the R (FE, L, L), the value of the
R-matrix calculated by the variational basis functions and the open dots are the
RVE(E, L, L), the value of the R-matrix calculated by the Wigner-Eisenbud basis
functions.

This result shows that R (E, L, L) reaches the exact value with far fewer basis
functions when compared to the RVE(E| L, L). From such results, we conclude that
the variational basis functions works better in the R-matrix calculation when com-
pared to the Wigner-Eisenbud basis. We further use these two methods to calculate

the transmission coefficients in the following section.

2.3.2 Calculation of the Transmission Coefficients

In the previous section, we calculated the R-matrix elements for the closed tube
problem. In this section, we calculate the transmission coefficients for the electron
using the R-matrix elements.

As we have discussed, the R-matrix equation (eq.2.23) gives an expression for
the scattering wave function |¥g(z)), inside the interior region. We use that to find

the transmission coefficients in the leads. The concept here is that in order to get
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Figure 2.5: Graph of the R matrix as a function of the number of basis functions used in the
calculation of electron scattering in a closed tube. We have only one soft boundary so there

is only one R matrix element. In this problem R- matrix element relates to the scattering

wave function as, R(F,L,L) = %\P. The value is evaluated at energy £ = 100 x mh*—iz

dx
Solid dots are the result obtained by variational basis functions and the open dots are the
result obtained by using the Wigner-Eisenbud (logarithmic derivative) basis functions. The
straight line is the exact result. This typical case shows that the variational basis functions

achieves faster convergence when compared to the Wigner-Eisenbud basis functions.

the information in the leads, we apply the R-matrix formula on the soft boundaries
which are common to both the leads and the interior region. We consider a plane wave
incident from the right (x > 0) traveling to the left. There will also be a reflected
wave for (z > 0) traveling to the right. Because of the hard wall at x = 0, there is no
transmitted wave: |Wg(x)) = 0 for z < 0. We define the wave number corresponding

to kinetic energy ' > 0 as k = V2F.
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We define the incident and reflected energy-normalized traveling waves as,

1

w(_)(E, z) = o ik
2k
1 .
(+) _ ikx
w (B, x) = e, 2.41
(Boo) = = (2:41)

With this, we can write the scattering wave function in the leads as,

Up(2) = w (B,a)+p(E) wh(Eix) x>0

= 0 z<0, (2.42)
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Figure 2.6: Graph of the reflection amplitude of the electron as a function of the number of
basis functions used in the calculation of scattering in a closed tube as evaluated at energy
E =100 x mfj—; Solid dots are the result obtained by variational basis and open dots are
the result obtained by using the Wigner-Eisenbud basis. The straight line is the exact result
(reflection amplitude = -1). This result shows that the variational basis functions achieves
faster convergence when compared to the Wigner-Eisenbud basis functions confirming the

conclusion made in section (2.3.1).
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where p is the reflection amplitude. Substituting this form of the wave function in
the R-matrix equation (eq.2.23), doing some algebra, we get,

o 2kL 1 +ikR(E, L, L)
1 —kR(E,L, L)

p= (2.43)

This equation correctly implies the unit reflection coefficient (|p|* = 1) of electrons
as we expected. Also for this problem we expect the reflection amplitude, p = —1.
Note that the negative sign is for the phase change due to the reflection. We calculate
this answer using the R-matrix value and compare the answers obtained by variational
basis functions and the Wigner-Eisenbud basis functions. The result is shown in the
figure (2.6).

This graph again shows that the reflection amplitude converges to the exact answer
with a small number of basis functions, compared to the Wigner-Eisenbud basis
functions confirming our conclusion in the previous section, that the variational basis
functions work better than the Wigner-Eisenbud basis functions in the R-matrix

calculation.

2.4 Application of the R-Matrix Theory to Elec-
tron Transmission Through an Open Tube

We learned about the R-matrix theory in devices and the advantage of using the
variational RMT in the previous section. For electron scattering in a closed tube
(2.3), we have only one soft boundary so that the R-matrix is a single value or a 1 x 1
matrix.

In this section, we simply extend the theory for electrons scattering through an
open tube. We do this to demonstrate the technique in a case that is more relevant
to device physics, where the R-matrix is really a matrix rather than a single number.
This problem will help understanding the more complicated 2-dimensional scattering

problem in chapter (3). We explain the calculation in detail only when it differs from
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Figure 2.7: A schematic diagram of an open tube for the R-matrix theory calculation.
We artificially divide the tube into three regions, regions I, Il, and III. FElectrons are
injected from region I. Supposing that electrons undergo scattering in region 11, we seek
the transmission coefficient in regions I and I1I. The answer is known for this problem:
The transmission coefficient is 0 in region I and the transmission coefficient is 1 in region
III. We look at the convergence of this result as a function of number of basis functions

used in calculating the R-matrix elements, in order to study the convergence.

the closed tube case, otherwise we show the results. A schematic diagram for the
open tube calculation is given in the figure (2.7).

We assume an imaginary interior scattering region, (—L/2 < x < L/2) as shown
in the fig. (2.7). We consider the problem in three regions,/, I, and I1I. Region I
and III are outgoing leads while region II is the interior scattering region. Electrons
are injected from the region I, and undergo scattering in region /1. We seek the trans-
mission coefficient in regions I and I11. Again this probelm has a straightforward
answer: The electron will transmit to the region /7] with a transmission coefficent
1 and there is no transmission to the region I. We solve this problem with the R

matrix theory to demonstrate the technique in detail.

2.4.1 Calculation of the R-matrix Elements

The interior scattering region is the shaded region in fig. (2.7). The exact Bloch

eigenfunctions satisfy the boundary conditions, (eq.2.30) on the soft boundaries at
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r = j:%, thus take the form,

1

¢; = N

-
- \/;sin‘%x =13 .. (2.44)

5 .
= \/;cos‘%a: J=2.4,...

The exact Bloch eigenvalues for this case are,
WL o
According to eq. (2.26), the value of the R-matrix depends on two points in the sys-
tem, s, and s,. In the one-dimensional open tube problem, we have two boundaries,
in that s, and s, can be either £L/2. That is we have 4 possible R-matrix elements.
In particular those are, R(E,+L/2,+L/2), R(E,+L/2,—L/2), R(E,—L/2,+L/2)
and R(E,—L/2,—L/2). We use shorthand notation to denote them as, Rg(+,+),
Rg(+,-), Rg(—,+) and Rg(—, —) respectively.
In the convergence study, we consider only one of these R-matrix elements, Rg(+, +),

which takes the explicit form,

Rp(+,+) = % Z ‘qﬁj(L/é?_%(L/z)‘. (2.46)

Using the exact Bloch eigenfunctions and Bloch eigenvalues, (eq. 2.44 and 2.45), and
performing the infinite summation over j analytically, Rg(+, +) reduces to,

—cotkL/2 +tankL/2
2k ’

RN (4, +) = (2.47)

where k = v/2F.

Convergence of R-Matrix Elements : Exact Result, Wigner-Eisenbud Re-

sult and Variational Result

We calculate RE*Y(+,+), R¥E(+, +) and RE"(+,+) as a function of the number of

basis functions as shown in the graph (fig.2.8). The corresponding equations for the
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case of a closed tube can be found at eq. (2.33),eq. (2.34), and eq. (2.40). We do

not describe those equations in detail here.
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Figure 2.8: Graph of the R-matrix, Rg(+,+) at energy, E = 100 x mh*—; as a function of
the number of basis functions used in the calculation. Solid dots are the result obtained
by variational basis functions, open dots are the result obtained by using the logarithmic
derivative boundary conditions. This graph shows that the variational basis functions give

a faster convergence in the R-matrix calculation as we concluded in the section (2.3).

This graph shows that variational basis functions give faster convergence than the
Wigner-Eisenbud basis function. We further use these two types of basis functions to

calculate the transmission coefficients of an electron being transmitted through the

open tube.
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2.4.2 Calculation of the Transmission Coefficients

In the previous section we have calculated the R-matrix elements for the open tube
problem. In this section, we need to calculate the transmission coefficients for the
electron using the R-matrix elements. This calculation is different from the calculation
done in the closed tube problem since the open tube problem has two soft boundaries.
This calculation shows how the technique changes from a spherical problem to a non
-spherical problem.

We consider a plane wave incident from region I (z < 0) traveling to the right.
Those electrons undergo scattering in the region /1 and electrons will transmit to the
region 111 and reflect back to the region I. We define the wave number corresponding

to the incident kinetic energy (F > 0) as k = vV2E. We get the incident and reflected

1 .
+ _— ik
v V 27Tk€

1 'k:
T o= ——e M 2.4
w 27Tk:€ (2.48)

traveling waves as,

The scattering wave function in those two leads can be written as,
Ug) = w'(E,z)+ p(E)w (E,z); Region I (2.49)
= 7(E)w"(FE,z); Region III, (2.50)

where p(E) is the reflection amplitude and 7(E) is the transmission amplitude. We

expect the solution to be

p(E) =0
T(E) =1 (2.51)
We apply the R matrix equation (eq.2.23) on the boundaries at z = —L/2 and

x = L/2. The Bloch operator for this problem is,

0 0
Lp= %H:Lﬂ - %L@z—L/?' (2.52)
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Notice that we get a term for the Bloch operator at each boundary. The negative sign
in the second term is because at the x = —L/2 boundary, the perpendicular-norm

points to the negative direction.

We will consider the R-matrix equation at the two boundaries, x = —L/2 and
x=—L/2 as,
V(o= L) = Ry +)a Wl =1/2)) - Ro(—~) o [0z = ~1/2))
Ox Ox
U(r=+4L/2) = Rg(+, +)% |W(x=L/2)) — Re(+, —)% |V (x =—L/2))
(2.53)

Now we write the scattering wave function |W) and its derivative using eq. (2.49).

1.00 + o000
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Figure 2.9: A graph of transmission amplitude of the electron as a function of the number
of basis functions used in the calculation in the open tube problem as evaluated at the
energy E = 100 x mh*—zz Solid dots are the result obtained by variational basis functions
and the open dots are the result obtained by WE basis functions. The straight line is the

exact result.
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This will lead to two equations and two unknowns which can be written in the matrix

form as,

lk’RE("‘, +) —1 lkRE(+, —> T ’LkRE(—f—, —)e*"kL

ikRp(—,+)  ikRp(+,+) —1 p (14 ikRg(+, +))e k-
(2.54)

which can be solved for the unknown scattering amplitudes 7 and p. Note the differ-
ence of eq. (2.54) from the eq. (2.43). When we have more boundaries, the equations
get a little complicated. However, the concepts remain the same. We calculate p
and 7 using the R-matrix elements calculated from different methods. The values
obtained for the transmission coefficient, |p|? is plotted in the figure (2.9). The result
again confirm our conclusion that the variational approach is better in the R-matrix
calculation.

In the next section we investigate the reasons for the faster convergence when

using the variational basis functions.

2.5 Convergence Studies of the Variational R-Matrix
Theory

According to the results obtained for the electron scattering in a closed tube (sec.2.3)
and in an open tube (sec.2.4), we found that the variational basis functions give a
faster convergence. In this section, we investigate possible reasons for this faster
convergence.

When we calculate Bloch eigenfunctions we have to truncate the Hilbert space.
We first diagonalize the Bloch Hamiltonian in N,.., the number of basis functions. In
the Wigner-Eisenbud calculation, the Bloch Hamiltonian is diagonal since WE basis
functions are the solutions of that Hamiltonian. However, the Bloch Hamiltonian is
a full matrix for the variational calculation.

When we do the summation over eigenfunctions as in eq. (2.26), we do the sum-
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Figure 2.10: The value of the R matrix, Rg(+,+) as a function of the number of eigen-
functions used in the summations. The straight line is the exact result. Solid dots are
the result obtained using the variational basis functions and the open dots are the result
obtained using the WE functions. In this calculation, the Hilbert space consists of only 12

basis functions and the electron scattering energy is 100 in dimensionless units.

mation as a function of the quantum number j. The result is plotted in fig. (2.10). In
this result, we have diagonalized the Bloch Hamiltonian in 12 basis functions. For the
plotted result, (fig.2.10) the electron scattering energy £ = 100 in the dimensionless
units (eq.2.8). The solid dots are the result obtained in the variational calculation
and the open dots are the result obtained in the Wigner-Eisenbud calculation.

The graph (fig.2.10) shows some interesting behavior. There are two main features

one observes in this graph.

e There is a significant dip when there are 4 basis functions included in the sum-
mation. This feature is common to both the variational approach and the

Wigner-FEisenbud approach.
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e There is a non-uniform behavior in the convergence in the variational basis
function calculations; The answer suddenly jumps to the exact value when we

include the last eigenfunctions in the summation.

The first feature, a dip in the convergence result, can be explained as follows. We

will consider the first few eigenvalues of the interior region (Table 2.1).

The Quantum Number | Eigenvalue

(in Dimensionless Units)
0

4.93

19.73

44.41

78.96

123.37

177.65

241.80

O I O U = W N ==

Table 2.1: The eigen-energies E; of the interior scattering region for different quantum

number j for the open tube problem.

The scattering energy for our calculation is £ = 100. According to the equation
(2.26), the largest contributions to the R-matrix come from those eigenfunctions which
have the eigenvalues close to the scattering energy. In this particular calculation, the
scattering energy is close to the eigenenergy of the 5 and the 6" eigenfunctions.
That is why the result start to converge to the exact value only after we include the
5t eigenstate.

The second feature is that the convergence is not uniform: the last eigenfunctions
in the summation put the value at the exact answer. One might conclude that this
feature is unique to the number of basis function we used in this calculation. We find
that this is not a feature that depends on the number of basis functions used in the
calculation. In order to demonstrate this statement, we show a similar graph (in fig.

2.11) which was obtained using 10 basis functions in the calculation.
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Figure 2.11: The value of the R matrix, Rg(+,+) as a function of the number of basis
functions used in the summations. The straight line is the exact result. Solid dots are
the result obtained using the variational basis functions and the open dots are the result
obtained using the WE functions. In this calculation, the Hilbert space consists of only
10 basis functions and the electron scattering energy is 100 in dimensionless units. The
features are the same as the features we observed in the graph (fig.2.10) confirming that

this feature is independent of the number of basis functions.

This graph shows the same dip at the 4" eigenenergy and the same kind of
nonuniform behavior as we observed with 12 basis functions. It demonstrates that
this behavior is common to all the variational calculations, the last elements of the
basis put the value exactly at the right answer. This nonuniform feature of the
convergence does not have a deep mathematical explanation yet.

According to the above results, a reasonable question to ask is if this faster con-
vergence of the variational RMT occurs only at particular energies. We calculate the
R-matrix, Rg(+,+) for the open tube by the two methods as a function of energy.
We use 10 basis functions in this study. The figure (2.12) is a plot of the relative
error, (Rpmeric — Rexact) / Rexact a5 a function of the energy, E. The solids dots are

the values obtained for the variational calculation and the open dots are the values
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Figure 2.12: Variation of the relative error of Rg(+,+) as a function of scattering energy
for both the variational and the Wigner-Eisenbud calculation. Solid dots are for the varia-
tional calculation and the open dots are for the WE calculation. The dotted straight lines

are the Bloch eigen energies.

obtained in the Wigner-Eisenbud calculation. The dotted straight lines are the Bloch
eigenenergies. This result shows that the variational calculation has a small error at
all the energies, the WE calculation has a large error at most energies, and the WE
answer is exact when the scattering energy, E equals to one of the Bloch eigenener-
gies. We explain this as follows. The failure of the Wigner-Eisenbud method is that
those basis functions have a zero slope where as the scattering wave function does
not have any particular condition at the boundaries. However if you think about the
one-dimensional R-matrix equation (2.23) the R-matrix is inversely proportional to
the logarithmic derivative of the scattering wave function. So Wigner-Eisenbud basis
functions do satisfy the boundary conditions for the scattering wave function when
the scattering energy equals to the Bloch eigenenergy. That is why we get converged
results using the WE basis functions only when the scattering energy equals to one

of the Bloch eigenenergies.
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2.6 Conclusion

To conclude this chapter,

e We have improved the existing R-matrix theory calculation in device physics

by using the variational approach to achieve faster convergence,

e We have applied this variational R-matrix technique to electron scattering in
one dimensional problems and demonstrated that the variational technique gives

a faster convergence

e We observed the non-uniform behavior of this faster convergence of the varia-
tional R-matrix theory, however a deep mathematical explanation for this non-

uniform convergence is not yet clear.
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Chapter 3

2-Dimensional R Matrix Formula

3.1 Introduction

In the previous chapter, (2), we discussed the basic concepts of the R-matrix theory.
We applied the technique to one-dimensional devices and demonstrated the advantage
of using the variational basis functions in the R-matrix calculation.

We also discussed the possibility of making different structures in a two-dimensional
system. Therefore it is important to know how to apply the variational RMT in a
two-dimensional device with many leads. As we learned from the one-dimensional
calculation, (sec.2.3 and sec.2.4), when the system geometry becomes complicated
the R-matrix gets larger and the calculation becomes little involved. Thus it is very
important to have a generalized formula with a systematic notation.

According to eq. (2.23), the R-matrix elements depend on two points, s, and s,
on the soft boundaries. In the one-dimensional case, the soft boundaries are points.
These soft boundaries are surfaces in two-dimensional devices. In applications to
atomic and molecular systems, where the soft boundaries are always a spherical sur-
face, this is a minor complication. Unlike the atomic and molecular problems, device
problems will typically have several leads. Thus the boundary of the interior region

consists of several segments of surfaces some of which are impenetrable walls (hard
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walls) and others open to leads (soft boundaries). We symbolically represent them as
S=8,+S,, (3.1)

where S,, are the hard walls and S, are the open or soft boundaries. There are number

of soft boundaries depending on the number of leads that,

NP
S=Y_6, (32)
p=1

where p denotes the lead.

There is another complication in the two-dimensional problem. The two-dimensional
leads add an extra degree of freedom since the electron can occupy in different sub-
bands depending on the total energy. During the scattering, electron can change
its subband index. In atomic physics such a transition would be called “inelastic”
even though in our case the total energy is conserved. The electron can gain or lose
longitudinal kinetic energy by changing the subband state.

Due to this complication of the problem, it is necessary to devise a general formula
which can be used for devices with different geometries. Though the concept is the
same as in the one-dimensional theory, more systematic notation is required when
adding extra degrees of freedom.

When we consider the transmission coefficients of electrons from one lead to an-
other, how many fundamental quantities do we need to calculate? To answer that
question, we need to define the incoming state of electrons. How many quantum num-
bers are required to define the state? How many of these quantum numbers can be
changed due to the scattering? We need to calculate the probability of each of these
scattering events. The matrix which contains all the information of the probabilities
is called the scattering matrix. In this chapter, we generate a formula to calculate the
scattering matrix for a two-dimensional device with an application to the scattering
of electrons in a T-junction device (fig.3.1). Our formula is generic that it can be used

to a device with many number of leads. We discuss the application of this formula to
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a plus junction device (fig.3.6) in section (3.4). Finally we discuss the convergence of

the 2-dimensional RMT with the T-junction results.

3.2 R-Matrix Formula for a T-Junction Device

We consider electrons traveling in a T-shaped device. Electrons are injected from the
lead 1 (input lead) and scattered in the interior region. We seek the transmission

coefficients in the lead 1 (reflection), lead 2 (sidearm) and the lead 3 (forward lead).

Llead 2
S, w
ﬁ S3
P yﬁ“ﬁJ
leadl %1 ¥ )« leads
'Y,

Figure 3.1: A schematic diagram of a T-junction device for the two-dimensional R-matrix
formula calculation. Electrons are injected from the lead 1. We seek the transmission

amplitudes in lead 1 (reflection), lead 2 and the lead 3.

First we define some notations to explain the device geometry and the electron
state. We define a local coordinate system for each lead and we assume that each
lead has a Cartesian symmetry (fig.3.1). Each of these coordinate system is explained
by two orthogonal coordinates (z,,y,) where x, is the longitudinal coordinate and
Yp is the transverse coordinate. We choose x, = 0 where the leads meet the interior
region (on the soft boundaries). Another set of coordinates is chosen for the interior
scattering region. For the T-junction device, we choose the (x,y) coordinate system

for the interior region as shown in the figure.
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As explained in the previous chapter, the idea of the RMT is to divide the sys-
tem into parts, the outgoing leads and the interior scattering region. We solve the
Schrodinger equation in these two parts and match them on the soft boundaries to
calculate the transmission coefficients. In the following sections we consider these two

types of solutions and explain how to calculate the scattering matrix.

3.2.1 Lead Solution

In general there are several leads in the device. We denote the leads by the index
p=1,2,...,N where N is the total number of leads. We denote the lead, where
the electrons are injected from, as p = pg. For the present problem, we consider the
electrons injected from the lead 1 that po = 1 and there are 3 leads that N = 3. Each
of these p™ leads has transverse quantum channels, n, = 1,2, .... We assume that the
potential V' = 0 inside the device, although that is not essential to the calculation.
The hard walls confine electrons to the system though the exact confining potential in
an experimental device may be less abrupt. The potential energy in the longitudinal
direction is a constant which we choose to be zero. Now the longitudinal wave function
in the leads are traveling waves whereas the transverse wave functions are infinite well
wave functions.

Depending on the energy of the incoming electron, these transverse channels will
be open (current carrying) or closed (evanescent) states. This can be determined by
the energy consideration as follows. The longitudinal and the transverse energies of

the electron in lead p can be obtained by the relation,
E=e¢yn, +Epn,, (3.3)

where £ is the total energy, €, ., is the transverse energy and £, ,,, is the longitudinal
energy of the n;h subband. The wave vector of the electron occupy in the n;h subband

can be calculated by, )

Ep,np = o : (34)
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Note that we are using the dimensionless units that all the lengths are measured by
a characteristic length of the system which we choose to be the width of the lead
where the electrons are injected from, w,,. The energy is scaled by h?/ m"‘wﬁ(J thus
the energy of the nfoh subband is given by,

7T2n

—?’, (3.5)

i = 22

where w, is the width of the p™ lead in terms of w,,. For the open channels the
wave vector, ky,,, is real and for the closed channels, the wave vector is imaginary.
For the real wave vectors, if k,, is positive (+), it is a scattering electron (traveling
away from the interior region) and if k,, is negative (—), it is an incident electron
(traveling towards the scattering region). We need three quantum numbers to specify

an electron in a lead which we will denote by (p,np, kpy,). With these quantum

numbers, we can write the lead eigenfunctions in the ¢** lead as,

’Up,n,, (xlh yp)> = {Xp,np (yp)> eikp’np%‘ (36)

Here | Xp,np(yp» is the transverse wave function of the n;h subband which takes the

2 . n,mw
[Xpm, (0p)) = 4 [ - sin ==y, (3.7)
p p

With the lead eigenfunctions, we can define the asymptotic behavior of the electron.

form,

The asymptotic states are defined at a position sufficiently far from the boundary
between the lead and the scattering region that all the evanescent waves in the lead
have effectively decayed to zero. These asymptotic states carry all the information
about the scattering state.

We can expand the asymptotic form of the scattering wave function in the ¢*

lead as,

Ngpen (E)
‘\D%ﬁ?po> = [Xana (¥a)) €058 Gy g + Z Tt ming [Xagong (4g)) €™0mae. (3.8)
Tq
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This is the asymptotic state of the wave function in the ¢* lead for an electron in-
jected to the device from the n subband in the pf lead. The first term in this
equation is the incident electron wave function. The sum in the second term contains
the scattering wave functions. At the scattering energy FE, there are NI, (F) number

of open channels in the ¢ lead. Our goal is to calculate the scattering amplitudes,

T e which is used to calculate the transmission coefficients. These transmission co-

efficients make the scattering matrix of the system. It should be noted that |7,27; |2
does not give the transmission coefficient since we have not normalized the incident
electron wave to unit flux. We calculate the transmission coefficient from the scat-

1 1 a,P0
tering amplitudes T e 35

k

gpo _ 9" | -qpo |2

Ng,Npy L an,np0| ) (39)
P0;Tpg

where the denominator is proportional to the incoming flux and the numerator is
proportional to the scattering flux. The proportionality constants in the numerator
and the denominator are equal to each other and cancel from the equation. The
quantity 7,250 o is the probability that the electron from the n}" " subband of the p§

lead to transmit to the n " subband of the ¢'" lead. So the elements of the scattering

Sty =\ Tnaiing (3.10)

Since each element of the 7 matrix in equation (3.8) corresponds to an open channel,

matrix are,

the dimension of the & matrix is determined by the total number of open subbands

in all the leads at energy E,

open Z open (3 1 1)

We calculate the number of open channels in the p!* lead using the condition, the

wave vector kj,n, has to be real by using the equations (3.3), (3.4) and (3.5) as

w?
_ p
N?. .(E) = Integer Part (\/ 2EF> (3.12)
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In equation (3.8), we have a finite number of basis functions. However, when we
do the expansion we should include an infinite number of transverse functions which
means the dimension of the 7 matrix is infinite. However, for practical purposes,
we truncate the summation at a finite value, Np.y, so the 7 matrix is finite. The S
matrix is a Nopen X Nopen Subset of the 7 matrix. Even though all the elements in
the 7 matrix do not have a physical meaning, the elements of the S matrix gives the
transmission coefficients of the system. In this calculation, one should use enough
basis functions to achieve convergence to a desired precision and get only the open
channels to calculate the physical & matrix. This issue is addressed in detail in the

implementation section (3.2.3).

3.2.2 R-Matrix Formula and the Interior Region Problem

We start with the R-matrix equation that we developed in the previous chapter

(eq2.23),

i, () = S b Gl [ug (). 19
J

The notation remains the same as in the one-dimensional formula (eq.2.23), however
now we have two coordinates to describe the system. Here the |¢;(z,y)), the Bloch

eigenfunctions are solutions to the equation,

Hp|o;(x,y)) = Ejlo;(x,y)), (3.14)

where the Bloch Hamiltonian, Hp = —4(V2 4 V2) + Lp.

First we have to identify the Bloch operator, Lg of the system. In the T-junction
device we have three boundaries which we denote as Sy, S; and S3. For the T-junction
device, w; = ws. Following the equation (2.16), we can write the Bloch operator for

this system as,

—6(x+—)g+6(x—%)i—l—(ﬂy—wl)% : (3.15)

1
2
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The interior region Bloch Hamiltonian Hp is separable in x and y coordinates and
|¢j(x,y)) takes an analytic form. We discuss the form of these Bloch eigenfunctions in
the implementation section (3.2.3). Now the scattering wave function in the interior

region relates to the R matrix as,
\I/%pvgpo(xquq > ZR (E; 24, Yg; T, Yp)V ‘\Ij%pr?p x;myp)>- (3.16)

The R-matrix is,

Z |5 (2q: Yq)) ¢J'(xp’yp)|‘ (3.17)

R(E; g, Yg; Tp, Yp) E,—F

This equation is valid only for the interior scattering region. The point s, = (z,, y,)
can be any where inside the scattering region and the point s, = (z,,y,) lies on the
boundaries of the interior region as it is forced by the Bloch operator.

We need to determine the elements of the scattering matrix (scattering amplitudes,
T ) in the leads using the equation (3.16). We use eq. (3.16) to write down the
scattering wave function on the boundary of the interior region. That is, we choose
s, to lie on a soft boundary which is common to both the ¢ lead and the interior

»PO

scattering region where the scattering wave function ‘\Ifq 0> can also be written as

q. (3.8).
On all the soft boundaries the value of the longitudinal coordinate x, = 0. This

simplifies the R-matrix equation as,
VI (3= 0.5)) = D R(Eiw, = 0.y,5w, = 0,9,)V |8 (0, =0.3,)) , (3.18)
p

where R-matrix is given by,

9i(q = 0,Yq) (0(2p = 0,y
R(E;xy=0,y512, =0,y,) = Z|] q><E];(p p|. (3.19)

]

On the soft boundaries, the expansion of the scattering wave function (eq.3.8) reduces

to,
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’\Ij%pnopo O yq > - ’Xq,nq yQ)> 4q,P0 nqynpo + Z n:f%po |XQ7nq (yQ)> . (320)

In this case the summation runs from n, = 1 to N,. As we have discussed earlier,
only the open channels will contribute to the S matrix, however we include a number
of evanescent channels as required for numerical convergence.

Note that our choice of coordinates is facilitated by the fact that, on the soft
boundaries where we apply the R-matrix equation, the longitudinal coordinate, z, =
0, hence all the complex harmonic wave factors disappear from the equation.

At the boundary s,, the normal derivative of the scattering wave function is,

Vv ‘Il%{)nopo (zq =0, yq)> = —ikgn, ‘X‘an (yq)> Og,p0Ong,npy T Z i kgn, nf%po |Xq,nq (yq)> .

ng=1

(3.21)
Now we can plug this form of the scattering wave function (eq.3.20) and its normal
derivative (eq.3.21) in the R-matrix equation (eq.3.18). This was the same in the
one-dimensional case. However in the two-dimensional system, since we have the
transverse degree of freedom, s, is not a value on a particular boundary but a function
of the transverse coordinate y,. To overcome this problem, we project the scattering
wave function and the interior region eigenfunctions on to the transverse state vector
}Xq,nq (yq)> in the particular lead, g. We write the R matrix in terms of the transverse

state vector, |Xq,nq (Yq) > :

R(E;zy = 0,yg;2, = 0,y,) = Z Z Z 5, qnq%,p,np }X‘lv”q (yz?])A>_<XEZ;np (yp)‘ , (3.22)
J

Ng MNp
where,

Yiamng = (052, 9) |Xama (¥a)) - (3.23)

We project the scattering wave function and its derivative on to the transverse state

vector as,

oy (a) [WER, (g = 0,0) ) = gy, + 743, (3.24)
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and,
<Xq,nq (Yq) ‘V‘P%ﬁgpo> = _ikq,nqéq,po(an,npo + ikgn, n;p%po (3.25)

We can write the scattering wave function on the ¢** boundary with the projected R

matrix (eq.3.22) as,

1 % Xgng\Y Xp,np \Y.
W (o= 0.0)) = XS by, R0 ol G g (1, ).
J

J pnp ng

(3.26)
This can be projected on to the transverse state vector as,
1 YjamqVj, n
<Xq,nq (Yq) ’\Ijépgp (g =0,9,) > ZZ 2 E - jg - < Xp,np (Yp ‘V’ Epr(z)p = O>yp)>'
J pnp
(3.27)

Plugging the projection of the scattering wave function and its derivative in the

equation (3.27) we get,

1 %j,a,nq 7] pn ) i
5q,p05nq,np0+ T({;I?%po = Z Z 2 E E — <_/Lkp,np5p,p05np,np0 + Zk 7in£;7p$Lp0> (328)

J pnp

We write this equation as,

q,P0 — E _ 4 y P;Po
5‘]71’067”«17'”«100 + ’qu,?’LpO - qunQ7p7np ( ka:”péplpo(;npanpo + ka TLanp nPO) ? (3'29)

p7np

where,

17anq,yjpn
—— P 3.30
M=2 575k (3:30)

Equation (3.29) gives a set of linear equations which can be solved for the unknown
scattering amplitudes, 7,07 . There are different ways to calculate the elements of M
matrix. We can follow the conventional R-matrix theory or we can use the variational
R-matrix theory. We discuss these two methods with the implementation to the T-
junction device. After explaining the variational and conventional R-matrix theory
using the T-junction device we show the results and discuss the faster convergence of

the variational R-matrix theory.
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Note that even though we use the T-junction to explain some of the details of
the above calculation, the equation (3.29) does not have any notation specific to the
T-junction device. That is the equation (3.29) can be used to calculate the scattering
amplitudes of electron in a device with many leads. In section (3.4), we use the
same equation to calculate the transmission coefficients of electrons traveling in a

plus-junction device.

3.2.3 Implementation of the Device R-Matrix Formula for a

T Junction Device

In order to calculate the scattering amplitudes, Tgfgpo, we need to simultaneously
solve the set of equations given by eq. (3.29). It requires the quantities v;,,, for
each of the p" leads as defined by equation (3.23). Those are the projection integrals
of the Bloch eigenfunctions, |¢;) at the boundary p on to the transverse state vector,
} xp7np>. We need to find out the Bloch eigenfunctions and then do the projection. The
Bloch operator L is given by eq. (3.15). The Bloch eigenfunctions are the solutions
to the equation (3.14). The Bloch Hamiltonian is separable in z and y coordinates

that we need to solve for,

Hp, |9n(2)) = Enldn(z))
Hp, |05 (y)) = Enld},(y)) (3.31)

In the following three subsections we explain different approaches to calculate these
Vjpm, values.
Bloch Eigenfunctions from Wigner-Eisenbud Method

For the T-junction problem Bloch eigenfunctions take an analytic form. The x and y
dependent Hamiltonians are similar to the closed tube (2.3) and the open tube (2.4)

problems we discussed in chapter (2). We here repeat the form of these functions.
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The x dependent Bloch eigenfunctions take the form,

62(@) = 4/ —

W2

2
= w/—sinn—ﬂx for n=1.3,... (3.32)
W2 W2
2 nmw
= 4/—cos—zx for n=24,...,
W2 Wao

(3.33)

with the eigenvalues,

n2n?

2
2w;

E, = n=0,1,2.3.... (3.34)

Here ws is the width of the lead 2 (sidearm). Now the y dependent Bloch eigenfunc-

_1\2
O (y) = \/wz s 21T (3.35)

(2m — 1)2r?
8w? ’

tions take the form,

with the eigenvalues,

E,, = (3.36)

where w; is the width if the lead 1. The total eigenfunctions are |¢, m,(x,y)) =
|oF (x)) x |¢¥,(y)) with the eigenvalues E,,, = E, + E,. With these values, we

calculate the projection of the Bloch eigenfunctions to the transverse state vectors

’Yj,p,np :

Variational R-matrix Theory

As explained in the previous chapter, we use a set of variational basis functions to

expand the Bloch eigenfunctions. That is we write,
[Onn(2,9)) = Y it [1a(2)) [Go(1)) (3.:37)
a,b

which is analogous to the one-dimensional equation (2.38). We solve the generalized

eigenvalue problem (eq.2.39) to find out the expansion coefficients, d,, ;4. Then we
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can calculate the required quantities 7;, ,,. We use a variational functions as follows.

The x dependent functions take the form,

() = %

2

= 1/>\—msini—:x for a=1,3,... (3.38)
[ 2

= /\—Icos%x for a=2,4,...,

And the y dependent basis functions, ,(y) takes the form,

Gy) = \/Az an 20T, (3.40)

The Bloch eigenfunctions obtain from this method are approximate solutions to the

(3.39)

equation (3.14). We also calculate the corresponding approximate eigenenergies.

An Alternate Approach

Here we present an alternative approach to calculate the R-matrix elements. We start

with the equation (2.19),

’\I/E,npo (l’, y)> = gB£ |\IIE,npO (.177 y)> s (341)

where we have defined,

Gp=(H+L-E)". (3.42)

We now insert a unit operator I = > 1Y@, y)) (¥;(x,y)| before and after the Green’s

operator,
Wi, ) = D> 152, 9)) G2 (B) (Wy (2, 9)| £ [V, ) - (3.43)
i 4

where ;(x,y) is a complete set of basis functions defined in the interior region. We

consider this equation on the ¢ boundary where the longitudinal coordinate z, = 0
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(yq>> as,
<Xq,nq (yq)| \Ij(lgﬁgpo (xq =0, yq)> = Z Z Z <Xq,nq (yq)‘ w9> gﬁ’<E) <2/)j| Xp.np (yp)>

(Xpann () | E‘If%’ﬁipo> : (3.44)

By defining <Xq,nq (Yq) [¥j(zg = 0,y)) = Bjqm, and plugging the form of the Bloch

operator,

1 *
<Xq7nq (yq)| ‘Ij(llfr?po (zq =0, yq>> = Z éﬁjv%nqgfj/(E)ﬁj/,p,np <Xp,np (yq)‘ \Y \D%ﬁ?po (xp =0, yp)> :

(3.45)
We identify the M matrix as,

B(8p, 8 Z ~Biama G2 (E)Blpn (3.46)

where the matrix for the Green’s operator is evaluated in the basis |¢;(z,y)). If we
choose |;(z,y)) to be the exact Bloch eigenfunctions |¢;(x,y)), the Green’s operator

is diagonal that,
1

0;
E; - F

G2 = (¢ \ 7 15 = (3.47)

It recovers the previous result (eq.3.22). Now this equation is similar to the eq. (3.29)
which can be solved for the unknown transmission coefficients 7/7°. The advantage of
calculating the R-matrix elements (or the M matrix elements) from equation (3.46)
is that we do not need to solve for the Bloch eigenenergies.

For the T-junction problem, we follow this alternative method. The M-matrix
elements are calculated according to the equation (3.46) and then we solve the set of
linear equations (3.29) to calculate the transmission coefficients of the system. We

have chosen the variational basis set as,

Wi, y) = 1a(2) G (y)- (3.48)

The form of these variational basis functions is given in the previous section (eq.C.4).
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It is important to note that these variational basis functions are not orthogonal
inside the interior region even though they are complete. When we put the basis
functions in the Green’s operator, we have to make them orthogonal by the Gram-

Schmidt orthogonalization, or else the Green’s operator takes the form G ]]',3]" =HB,
EO;  where O, v = (¥; |1/1j/> is the overlap matrix. In the variational method,
this second method is more effective in that we do not need to explicitly solve the
generalized eigenvalue problem (eq.2.39) and we do not have to keep track with the
eigenvalues.

In the results section (3.3), we show the values of the transmission coefficients for
a range of energy. We study the convergence of these results as a function of the
number of basis functions used in the calculation. The behavior is studied for both
the variational and Wigner-Eisenbud calculations. When doing the projection on to
the transverse state vector, we have to choose how many transverse state functions we
use. In performing the summation in the equation (3.29), we truncate the summation
at a finite value. In this calculation we have found that we need to include a number
of evanescent waves to achieve convergence. The number of transverse functions used

in this calculation, N should always be larger than the number of open channels

N ..(E) at that energy. In our calculation we included 10 closed channels so that,

N =N%_ (E) + 10. (3.49)

open

However this number, 10 is not an optimized value. We simply wanted to make sure
that we have enough closed channels. Then our results will not depend on the closed
channels. We study the convergence of the result with respect to the number of basis

functions we used in the interior region calculation.
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3.3 Results of the Scattering of Electrons in the
T-junction Device

When we look at the transmission coefficients, there are several quantities one can
think of. The fundamental quantity is the transmission coefficient from a n,, sub-
band in the pf* lead to a n}* subband in the ¢ lead, T,r which can be calculated
according to the equation (3.9). We call this “the state to state transmission coef-
ficient”. However when we want to calculate most physical quantities, we have to
sum over all the output subbands n,. That is, the transmission coefficient from the
input subband n,, in the lead py to the output lead ¢ equals Zf”e"w) ’]:ff,?po which
we call the “state to the lead transmission coefficient”. In order to calculate the most
relevant quantity, we need to add all the possible input subbands in a given lead
which equals fop‘m(E) qué’pen(E) 7,0, which we call the “lead to lead transmission

coefficient”. We denote this as Tj,. The transport properties depend on the lead to

2.0 g X T T T e

Transmission Coefficient

Energy (E-E,)/E,

Figure 3.2: Transmission coefficients of electrons traveling in the T junction device. The
electrons are injected from the lead 1. The plotted quantities are the lead to lead trans-
mission coefficient. The dotted lines are the threshold energies of the input lead. For this

device w1 = wy = w3z = 1.
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Figure 3.3: A plot of the probability density of electrons traveling in a T-junction device.

The energy of the scattering electron, £ = 26 in the dimensionless units.

lead transmission coefficient 7}, which appears in the Landauer equation (eq.1.12).

In the T-junction device we calculate the lead to lead transmission for an electron
injected from the lead 1 as shown in the figure (3.1). We show the result (fig.3.2)
obtained by 8 x 8 basis functions. In this case we used the variational parameter
Az = Ay = 1.3. This result agrees with the result obtained by John L. Bohn[21] by
a different method. In the Bohn’s method, he added extra set of basis functions to
achieve faster convergence. Our method is easy to code and we need fewer number
of basis functions to achieve the convergence. Most importantly, our method is easy
to extend for more complicated geometries as we will discuss in the following chapter
(ch. 4).

The results in the graph (fig.3.2) also show that the flux is conserved that,

ngen (E

3 )
> i (B) =1, (3.50)

g=1 ng=1
for all energies.

The probability density for the electron traveling in the T-junction at energy,
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Transmission Coefficient: T31

Energy (E-E)/E,

Transmission Coefficient: T,

Energy (E-E,))/E,

Figure 3.4: Graph of the lead to lead transmission coefficient 731, that is the transmission
coefficient of electron to the lead 3 when the electrons are injected from the lead 1. The
upper plot is the result obtained using the Wigner-Eisenbud (WE) basis functions and
the lower plot is the result obtained using the variational basis functions. In the WE
calculation the results are not converged even with 100 (10 x 10) basis functions. In this
variational calculation, there is no graphical difference between the 36 (6 x 6) calculation
and 100 (10 x 10) calculation which means that the result is converged with 36 (6 x 6) basis

functions. The dotted lines are the threshold energies for the incoming lead.
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Figure 3.5: The forward lead transmission coefficient calculated using the Wigner Eisenbud
(open dots) and the variational (solid dots) basis functions. In both the calculations, we
used 100 (10 x 10) basis functions.

E = 26 is shown in the figure (3.3). The calculation parameters for obtaining this
plot is as same as that used in the fig.(3.2). Here the wave function is calculated in
different segments using the calculated Tg(’ﬁ?po quantities. Each of these segments are
plotted together. This diagram (fig.3.3) shows that the probabilities are conserved
confirming the accuracy of the technique.

Now we study the convergence of the result shown in the fig. (3.2). In the
convergence study, we compare the number of basis functions (nyax X Mmax), where
Nmax 1S the number of horizontal basis functions and M. is the number of vertical
basis functions used in the calculation. The transmission coefficients are calculated
for the forward lead using different numbers of basis functions in the interior region
calculation. We do the calculation with the Wigner-Eisenbud calculations and with
the variational basis functions. In the variational method, we used the variational
parameters as A\, = A, = 1.3. The result is shown in the fig. (3.4). This result

shows that the variational calculation achieves the convergence with 36 (6 x 6) basis

functions for most of the energies where as the Wigner-Eisenbud calculation does not
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achieve convergence even with 100 (10 x 10) basis functions. The dotted lines in
the figure are threshold energies of the incoming lead. We discuss more about this
convergence in the conclusion (sec.3.5).

In the figure (3.5) we plot the results obtained for the transmission coefficient to
the lead 3 calculated using the variational and Wigner-Eisenbud basis functions with
10 x 10 basis functions. It shows that both the results are converged to the same
answer. The results in the figure (3.4) shows that the variational basis functions are
surely a good set of basis functions to do the calculation. We discuss more about the

convergence results in the section (3.5)

3.4 R-Matrix Formula for a Plus-Junction

Lead 2

*3 Lead 3

Y1
Llead 1 S L
1

Y3

Ya

Xy

Lead 4

Figure 3.6: A schematic diagram for the plus junction device geometry. We calculate the

transmission coefficients of electrons traveling in this device.

As we have mentioned, the equation (3.29) is a common equation that we can
use for a device with any number of leads. We use the same formula to calculate
the electron scattering in the device sketched in the figure (3.6). The electrons are
injected from the lead “1”, undergo scattering in the square type scattering region
and we are looking for the transmission coefficients in all the 4 outgoing leads.

The only difference between this problem and the T-junction problem is the inte-
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Figure 3.7: Lead to lead transmission coefficients of electrons traveling in the plus junction
device (fig.3.6). Electrons are injected from the lead 1. For this device w; = wy = w3 =

wyq = 1.0.

rior region. The Bloch operator takes the form,

w9 8 Wo 8 w1
—6(z + 7)8_15 +0(x — _)_x —0(y+ —

1
L(z,y) = 2
We use a set of variational basis function and then diagonalize the Bloch Hamiltonian
for the interior region and find the Bloch eigenfunctions. Then we calculate the M
matrix elements and solve the resultant set of linear equations from (eq.3.29) for
the unknown transmission coefficients. In this calculation we used 8 x 8 variational
basis functions for the interior region calculation and 10 non-propagating modes as
described in the section (3.2.3). We study the case for a symmetric plus junction for
which all the leads are equal in width, however the codes are written for the general

case wy # wy. The figure (3.7) shows the transmission coefficients of electrons in the

plus-junction device.
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3.5 Conclusion

We have devised a generic R-matrix formula for calculating the transmission coeffi-
cients of two-dimensional multi-lead devices. According to the convergence studies
of the T-junction results, the transmission coefficients achieved a faster convergence
with the variational basis functions. It is important to note that we achieve the con-
vergence with variational basis functions using 36 (6 x 6) basis functions where as the
Wigner-Eisenbud basis functions do not converge the result even with 100 (10 x 10)
basis functions.

Recall that, in the one-dimensional RMT, we found that the Wigner-Eisenbud

(1,3) (3,1) (3.3)
1.0 : / :/
- / ' / Y s
c o\ £099F9g s i :
q') : ] : ’ ’ ‘\\A X i;;;" ".': :’*’* ,O,o x;:’/
6 / \ ( ’OO-* H-k . \o
b A, Yo00p®
8 s*; :
4\ a4
(é | --a16
9O 0.5 é i | —o0—36
= : : | ——64
= y| |10
n : h )
= 1 :
E \‘A
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: S A e “‘
0.0 : ; : — S S—
0 20 40 60 80
Energy

Figure 3.8: State to state transmission coefficient of electrons traveling in the T-junction
device. Electrons are injected from n; = 1 and transmit to n3 = 1. The solid straight
lines are the Bloch eigenenergies and the dotted lines are the threshold energies of the lead
1. The Wigner-Eisenbud result does not converge at every Bloch eigenenergy as in the

one-dimensional case.
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calculation does converge to the correct answer when the scattering energy equals to
the Bloch eigenenergies (fig.2.12). In the 2-dimensional case, we see the same sort of
behavior, the WE basis functions achieve convergence at certain scattering energies
but not at all the scattering energies like the variational approach. The question is do
these converging energies equal to the Bloch eigenenergies as in the one-dimensional
case?

We find that the quantity we should look at is the state to state transmission
coefficient, but not the state to lead or lead to lead transmission coefficient because
state to state transmission coefficient is the raw outcome of the R-matrix calculation.
We plot the state to state transmission coefficient, n; = 1 in the lead 1 to the ny = 1in
the lead 3 in the T-junction device as shown in the figure (3.8). The solid straight lines
are the Bloch eigenenergies of the system where as the dotted straight lines are the
threshhold energies of the input lead. The result clearly shows that the convergence
of the WE calculation occurs at some Bloch eigenenergies but not at all the Bloch
eigenenergies. This is clear that unlike in the one-dimensional case not all the Bloch
eigenenergies have the correct symmetry as in the scattering wave function. Even
though the scattering wave function has the zero derivative boundary conditions at
the Bloch eigenenergies, it can have different symmetries than the Wigner-Eisenbud
basis functions. In the graph (fig.3.8), we mark arrows where we see the convergence
behavior in the Wigner-Eisenbud calculation. Those converged points correspond
to some Bloch eigenenergies (n,m) as marked in the figure. Here n and m are the
quantum numbers corresponding to the horizontal and vertical directions respectively.
According to these results, we conclude that when the quantum number of the Bloch
eigenenergy in the vertical directions is an odd number, we get maximum convergence

in the Wigner-Eisenbud calculation.

67



Chapter 4

R-Matrix Connection Formula

4.1 Introduction

In the previous chapter (ch.3), we formulated a generalized R-matrix equation which
can be used to calculate the transmission coefficients of a multi-lead device. The
main requirement of RMT is to calculate the interior region Bloch eigenfunctions. At
the least, it is required to find a set of basis functions that satisfy the physical hard
wall boundary conditions of the interior scattering region. Then we can use either
the Green function equation (3.43) or directly diagonalize the Bloch Hamiltonian to
calculate the R-matrix elements. We have demonstrated the technique for calculating
the transmission coefficients of electrons in devices such as the T-junction and the
plus junction.

However due to some experimental settings and physical advantages, experimen-
talists often design devices in which the interior region geometries are more compli-
cated. In such cases it is hard to calculate the Bloch eigenfunctions and it is hard to
find a set of basis functions that satisfies the physical boundary conditions. While it
is still possible to calculate the Bloch eigenfunctions by discretizing real space, the
process will be computationally slow. Therefore it is important to develop a method

to calculate the transmission coefficients of such a device without having to consider
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the solutions in the total interior region.

We have developed a technique which we call “the R-matrix connection formula”
to calculate the transmission coefficients of electrons in such a device with a compli-
cated interior region geometry. The basic idea of this technique is that we divide the
complicated interior scattering region into parts such that the interior region can be
identified as a combination of some simple geometries. For instance, we shall con-
sider the device shown in the figure (4.2). The interior region (shaded region) does
not have a simple geometry. It is hard to find a set of basis functions which satisfy
the physical boundary conditions that confines the electron to the shaded region. In
our new technique, the R-matrix connection formula, we identify the shaded region
in the figure (4.2) as a combination of two wedge geometries as shown in the inset
of the same figure. We can find a set of basis functions to satisfy the boundary con-
ditions for electrons confined in a single wedge. Even though the basis functions for
a single wedge is not obvious, we can find such a set as we describe in the appendix
(C). Knowing the Bloch eigenfunctions in a single wedge, we combine two wedges to
calculate the transmission coefficients.

The technique we use is similar to the R-matrix propagation technique that is
used in atomic and molecular physics [22]. We extend this idea to two-dimensional
devices. The main goal of this chapter is to explain the procedure for calculating the
transmission coefficients for electrons in a two-dimensional device with a complicated
geometry without considering the total scattering region as a whole, but considering
it as a combination of several simple geometries. This chapter is structured as follows.

First we will explain the basic concept for a one-dimensional tube (sec.4.2) where
we follow the calculation done by Light et al. [22]. In the section (4.3), we extend this
propagation technique to a two-dimensional device. There we develop the mathemat-
ical equations to connect two interior regions in two-dimensions with an example, the
electron scattering in a diamond-shaped device (fig.4.2).

Then we discuss the application of this theory to a four-terminal wedge geome-
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try (fig.4.2). This geometry is similar to the geometry of the device made by Goel
et al. for an experiment on ballistic transport in InSb quantum wells. In this ex-
periment, the transport properties are measured when there is an applied magnetic
field perpendicular to the device. However in this chapter we study the scattering of
this geometry with no magnetic field. We develop the technique here to handle this
complicated geometry. In the chapter (6), we show how to study the scattering of

electrons in the presence of an applied magnetic field.

4.2 One-Dimensional R-Matrix Connection Formula

The goal of this section is to discuss the basics of “R matrix connection formula” . We
start with a one-dimensional device. We explain the technique with an application,
electrons traveling in an open tube. It is the same problem we discussed in the

previous chapter (sec.2.4), however here we use two interior regions.

So Se
e [ |
[—
Region L k Region IK RegionII /Region R

X=X, X=Xp X=X,

Figure 4.1: A schematic diagram of an open tube with two interior regions. Electrons
are injected from the region L, undergo scattering in the regions I and II. We seek the
transmission amplitude in the region R which we solve using the R-matrix connection

formula.

We consider the tube in four different regions as shown in the figure (4.1), where
regions [ and I are the interior regions for an electron injected from region L. We
seek the final solution, the transmission amplitude in the region R. This problem has
a known answer: the electron will have unit transmission amplitude in the region R.

We use this problem to explain the basics of the R-matrix connection formula.
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The four regions, I, I1, L and R are separated by the boundaries S4, Sp and S¢
(fig.4.1). We avoid using the character B in the notation as we need to save that for
denoting the magnetic field in the chapter (6). To clearly understand the algorithm,
we define the R-matrices R!, R and R'*'%!. The matrix, R’ relates the scattering
wave function in the regions L and I, R relates the scattering wave function in
regions I and R, and R'"%! relates the scattering wave function in regions L and R.
Our goal is to find out the components of R**! knowing the components of R and
R,

We apply the R-matrix equation (eq.2.27) to relate the scattering wave function
in different regions and then apply the boundary conditions to connect the matrices
which we will describe here.

Using the R-matrix, R! we can write the scattering wave function in the region L
and in the region I which takes the matrix form as,

UE(z = x4) _ Rl R} —Ll(z =1y) . (41)
Uz =xp) RY R! Lyl (y =ap)

The superscripts on the wave functions are to denote the region where the function
is defined. For instance U*(z = zp) means that the scattering wave function defined
in the region L and evaluated at the boundary D. The R-matrices also have super-
scripts, R! is the R-matrix evaluated in the region I using the Bloch eigenfunctions of
the interior region I. Now using the R-matrix R/, we can relate the scattering wave
function at the boundaries D and C,

Uiz =xp) _ RIT R — Lyl (z =xp) (4.2)
UE(x = 20) R RH LYR(z = zc)

Since we are not interested in the scattering wave function in the interior region,
we want to eliminate the terms W/ and W/ from these equations. We want to write
an equation which relates the scattering wave function in the incoming and outgoing

regions (L and R) only. Mathematically this can be written as,
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Ul (z = 24) _ Riotal  Rotal _%@L(w = 24) @3
V(3 = 2¢) Rictal  Rtotal %WR@ = 2¢)

However, since the Bloch eigenfunctions of the total interior region are assumed
to be hard to calculate, the elements of the matrix R**! are not known. Our goal is
to find out the elements of the matrix R*'! in terms of the elements of R/ and R!!
using the boundary conditions.

The scattering wave function should satisfy the physical boundary conditions, the

continuity of the wave function,
Uz =a2p) =0 (2 =zp), (4.4)

and the continuity of the derivative of the wave function,

d d
%\Pl(x:x,j) = E\PH(&:::UD), (4.5)
at = rp. Invoking these boundary conditions, the terms W/ (z = zp) and

Lyl (g)],—p, can be eliminated from (4.1) and (4.2) and then we get an equa-
tion of the form (4.3).
This yields,

R = R{ — Ry ZR; (4.6)
RY™ = Ry Z Ry (4.7)
RY™ = R Z R} (4.8)

RP™ = —RY ZR) + R} (4.9)

where, Z = (R} + RIT)™!

The elements of the two R-matrices R! and R!! can be calculated exactly following
the method described in the section (2.4) and then calculate the elements of the
matrix, R Once we know the elements of R*°**! we can calculate the transmission
amplitudes following the procedure explained in the section (2.4). We can numerically

calculate the transmission amplitude.
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By looking at the above procedure, a reasonable question arises. Why cannot we
use only the equation (4.1) to calculate the transmission coefficients on the region
L and likewise use only the equation (4.2) to find the transmission coefficient in the
region R? In particular, one can use the equation (4.1) and write U* in terms of the
transmission coefficients in the region R and write U!! in terms of the Bloch eigen-
functions in the region /7. We found that when we take the derivative of the Bloch
eigenfunctions, the scattering amplitudes does not converge to the correct answer.
In fact, the value of the scattering wave function matches, but the derivative of the
scattering wave function does not match in this approach. So it is important to avoid

taking the derivative of the Bloch eigenfunctions.

4.3 2-Dimensional R-Matrix Connection Formula:
Application to the Electron Scattering by a
Diamond-Shaped Device

Here we extend the one-dimensional connection formula described in the section (4.2)
to a two-dimensional device using the example of the scattering of electrons in a
diamond shaped geometry (fig.4.2). Electrons are injected to the system from the
region L, undergo scattering in the shaded region, then reflect and transmit into the
regions L and R.

If we were to solve this problem using single interior region R-matrix theory (ch.3),
we would have to first find out a set of basis functions which goes to zero on the edges
of the diamond structure and then using these basis functions to calculate the elements
of the R matrix (or M matrix eq.3.29). It is possible to find a basis set to satisfy
the hard wall boundary conditions of the diamond-shaped geometry by discretizing
the real space, however the process will be computationally slow. We would rather

use a set of analytic basis functions, then most of the overlap integrals can be done
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Region L. qu% RegionI | Region II 'WC Region R

Figure 4.2: A schematic diagram of a device with a diamond geometry. We consider this
device in 4 regions, L, I, I1, and R, which are separated by the soft boundaries at x = x 4,
x = xp, and x = x¢. Electrons are injected from the left lead, undergo scattering in the
regions I and II, and scatter into the regions L and R. We recognize the diamond shaped
interior region as a combination of two wedges as shown in the inset. We calculate the
transmission coefficients in the two outgoing leads L and R using the R-matrix connection
formula by connecting the Bloch eigenfunctions of a wedge, but not using the eigenfunctions

of a diamond shaped geometry.

analytically. Since it is hard to find such a set of analytic basis functions for the
diamond geometry, we identify this diamond-shaped interior region as two wedge
geometries (inset of fig.4.2) connected together. We find a set of basis functions to
satisfy the physical boundary conditions for a single wedge and then connect them
to solve for the transmission coefficients. The Bloch eigenfunctions of a single wedge
are also not obvious, however we find a way to do this analytically. The calculation
of the Bloch eigenfunctions is explained in the appendix (C). Knowing the Bloch
eigenfunctions in a wedge, we explain the procedure for calculating the transmission
coefficients of electrons traveling in a diamond shaped geometry.

Our starting point is the single interior region R-matrix equation (eq.3.27). This
wlt > and |\IIR>
in four different regions. In detail |\IJL > and ‘\IIH > are related by R!, the R-matrix

equation is used to relate the scattering wave function |\IJL>, }\PI >,
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in the interior region I which is defined in terms of ‘¢§ >, the Bloch eigenfunctions in

U’ and |UR) are related by R/, the R-matrix defined

that region. In a similar way,
using ‘gb]H >, the Bloch eigenfunctions in the interior region /1. We call the three soft
boundaries as A, D and C. Again, we avoid using “B” to prevent confusion with the
symbol for the magnetic field in chapter (6).

As we have proved in the previous chapter (eq.3.27), we can write the scattering
wave function on the ¢*" boundary projected on to the transverse state vector ‘ Xq7nq>
as,

<Xq,nq (?/q) ‘\I’E,npo (xq =0, yq)> = Z Mg,nq.p.m <Xp,np ‘EwE,npo<xq =0, ?/q)> , (4.10)
Py
where,

,y]'»%" ’7*7 Mp
Myngpny = D~ 5=t (4.11)
: J
J

Note that the matrices M (eq.3.30) and M only differ by a factor 2. That is because
we here choose to keep the Bloch operator as £ without substituting the explicit
form. For simplicity, we shall use the notation f], == (Xana (Yq) “Iﬂé,nm (xq,yq)>.
The superscript j denotes the region where the function is defined. Also note that
po is the lead where the electrons are injected from that for this problem py = L.
However, throughout this calculation, we keep it as py. Now we write the function

gn in different regions. First we use the equation (4.10) to write down fin , and

[ np Using the interior region I as,

fj’"A(x - $A Z MA na,A, nA <XA nA (yA)‘ ﬁA E,npq (i[) = $A,yA>> +

Z MAnA,D np XD D yD ’»CI \II (I = ZED,yD)>, (412)

and,
Fhinp (@ = 2p) ZMDnD,AnA XAna(Ya ‘5 By (le‘A,yA)>+

Z MID,nD,D,n,D <XDn YD) ’ED E.ming (x = xD,yD)> (4.13)

I
"p
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Note that when compared to the single interior region problem, we have an additional
superscript to specify the region. For instance qu pmp 18 the Mgy, o0 evaluated
according to the equation (4.11) using the basis functions defined in the interior region
I. Similar to the equations (4.12) and (4.13), we can write another two equations for

fémD and fgnc using the interior region /1,

Thp(® = 0) = ZMSHDM (Xpat, 00) [EB WL, (2 = 20,y0)) +

Z M3 . cine (XCino (e ‘/JH‘I’ (= xCayC>>7 (4.14)
and

[B ol =20) = D MUy o [LH T, (@ = op,yp)) +

np

Mg,nc,c,n’c <ch Yo ’EH\IJE% (x = zc,yc)>. (4.15)

o

Now we introduce the physical boundary conditions, the wave function and the flux

are continuous across the boundary D,
‘\I/{Enpo(:c:xD,yD)> = ‘\I/gnpo(:v—:cl) yD)> (4.16)
£h ’\I/Enpo x = mD,yD)> = LU “IfEnp x = xD,yD)> . (4.17)
It is important to note that the second boundary equation is the continuity of the
derivative of the wave function, or in a more physical sense the continuity of the
momentum or the flux through the boundary. The negative sign indicates that flux
going out from the surface D of interior region I is injected into the interior region
IT from the surface D. The Bloch operator turns out to be the flux operator through

the surfaces of the finite region.

In two dimensions, the boundary conditions become functions of the transverse
coordinate yp. These boundary conditions can also be projected on to the transverse
state vector |Xp.., (yp)) of the surface D, that the equations (4.16) and (4.17) reduced

to,

f[[),nD fD np’ (418)
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and

(D (U0) [ EHUH,,, (0 = D)) = = (D (u0) [EH VL, (2 =2p)) . (419)

For simplicity we use the symbol D,, = {(xp.n,(yp) ‘Eg\llgnm (x = xD,yD)>. We
apply the boundary condition, eq.(4.18) and eq.(4.19) in the equation (4.13) and
(4.14) which gives,

LV Enpg x_$A> E:MDnD,DnD ny T

II
Z MD,nD,D,nD + Z D np,Cine XC nc

!
"p

§ :MDTLD,ATLA XAnA

/;g B (o= xg)> (4.20)

Also with the new notation D,,,, the equations (4.12) and (4.15) are reduced to,

- > § MA na,Dnp nD’

(4.21)

L _ o I
o= ="M (v
'y

and,

fg’,nc($ = xC) = Z MCnc7D nD nD +Z C’nc,CnC <XC',n/ “Cg gnpo ([IZ’ = $C)> .
np

(4.22)

Our system of equations now consist of eq.(4.20), eq.(4.21) and eq.(4.22). Since
these equations have the Bloch operator term L1411 we will write the explicit form
of them. Note that the Bloch operator term in these final equations acts on the

scattering wave functions in the outgoing leads L or R. It is convenient to write the

Bloch operator in the lead coordinates. The Bloch operators take the form,

1 0
I =-_— 4.2
‘CA 28$L’ ( 3)
and
1 0
n—_-_— 4.24

where x; and xgr are the longitudinal coordinates which are defined in the similar

way as the lead coordinates in the T-junction problem (sec.3.2).
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Also note that we can use the equations (3.20) and (3.21) to simplify the equations
(4.20), (4.21) and (4.22) which gives our final system of equations as,

L,L I II
}:MDnDAnA( B anabnam + Kanamib )+ § (M +ME VD,
/

ZMD nD,CnCZkC'nC TIL%CLTLP (425)

2 L,L §
5nA’nPO nA Tpg MA na,A, "A (_ZkA n;l 6”24?”170 + Zk :4Tni4,np0 ) + MA ma,Donp nD’

(4.26)

and,
R,L _ I R L
7—ncﬂ"bzoo Z MC nc,D, TLD "D + Z MC ne,C, n, ch nc nc:”p (427)
np

We have substituted M = M/2 and define a new symbol D = D/2. Now this
set of equations (4.25, 4.26 and 4.27) can be solved for the unknown transmission
amplitudes 7. ALn v ch’%po and the unknowns, D,,, related to the boundary surface
D.

It is possible to eliminate the unknowns D,,,, from the above equations and solve
only for the transmission amplitudes. However it is simpler and convenient to keep
D,,,,’s as unknowns and solve the above three equations simultaneously. Calculation
of the elements of matrix M is explained in the appendix(C).

Knowing the M matrix elements, we can simultaneously solve the set of equations

(4.25, 4.26 and 4.27), for the transmission amplitudes. With the transmission am-

plitudes, we calculate the transmission coefficients, ’Z;R L L,L
R,Np, nL,Npg

using the eq.(3.9).
These are the state to state transmission coefficient as we explained in the chapter
(3). That is 7% %L »o 1s the transmission coefficient of electrons from the n" subband
of the lead L to the nf? subband of the lead R. The graph (fig.4.3) shows the state
to lead reflection and transmission coefficients, 3, T/t ~and 37, T.0% = of the

nR,Mp nLn

electrons traveling in a double-wedge geometry when the incoming electron is in the

first subband.
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Figure 4.3: Transmission and reflection coefficients of the electrons injected to a double-
wedge geometry shown in the figure (4.2). The upper plot is the transmission coefficients
(to the lead R) and the lower plot is the reflection coefficients (to the lead L) as a function
of the energy of the electron. In this calculation the wedge is defined by ws = 1 (all the
lengths of the system is measured in terms of the width wy), wp = 2.5. The opening
angle of the wedge (inset of the figure 4.2), 26y = 7/3. The electron is injected in the first
subband and the transmission coefficients are summed over all the output subbands, so
that this is the state to lead transmission coefficients. We have marked the anti-resonance
(e = 6) and the resonance state (¢ = 6.45). The probability densities at the resonance and

the anti-resonance are shown in the figure (4.4).
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Figure 4.4: The probability density of an electron traveling in a device with a diamond
shaped geometry at resonances and anti-resonances. The upper figure is the |¥|? at energy,
E = 6 (anti-resonance: electron has a minimum amplitude inside the scattering region.)
and the lower figure is the |¥|? at E = 6.45 (resonance: electron has a maximum amplitude

inside the scattering region).

The transmission through a diamond-shaped device has interesting resonance be-
haviors. For instance, in the graph (fig.4.3), at the energy ¢ = 6, we get maximum
transmission that the system is at anti-resonance as shown in the upper plot of the
figure (4.4). The electron state has a minimum amplitude in the scattering region
at the anti-resonance state. At energy ¢ = 6.45 we get the maximum reflection that
the system is at resonance as shown in the figure (4.4). At this resonance state, the
electron state has a higher amplitude inside the scattering region. These resonances

should be due to the eigenstates of the interior region. At such resonances in atomic
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systems the electron has a large amplitude at the location of the scatterer. We can
find that from the scattering wave function in the device. We calculate the scattering

wave function in the device using the transmission amplitudes and the coefficients

Dy, -

Even though the unknowns, D,,,, do not lead to physical quantities such as the
transmission coefficients in the out going leads, we need those coefficients to calculate
the scattering wave functions inside the interior region. The figure (4.4) shows the
probability density of the electrons traveling in a double wedge geometry at resonances

and anti resonances. We see that in resonances, the probability for the electron to be

found within the diamond is maximum. For an anti-resonance this is reversed.

4.4 Scattering of Electrons in a 4-Terminal Wedge
Geometry

In this section, we apply the 2-dimensional R-matrix connection formula to devices
with many leads and more complicated interior regions. This is very important since
most of the experimental devices have more than two outgoing leads.

We consider a 4-terminal device which has a more complicated interior region
than the 4-terminal square junction device which we discussed in the section (3.4).
We sketch the device in the figure (4.5) which we refer to as the 4-terminal wedge
junction device.

This geometry (fig.4.5) was initiated by the geometry of the device that was made
for the bend resistance experiment by Goel et. al [10]. Our ultimate goal is to
simulate the transport properties of such a device via Landauer-Biitikker theory. In
the mentioned bend resistance experiment, the transport properties were measured
in the presence of a magnetic field. In this chapter we do not address this exact
experimental observation with the magnetic field, however we develop the technique

for handling the complicated geometry. In the chapter (6) we use the connection
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Figure 4.5: A schematic diagram of a 4-terminal wedge junction device. Electrons are
injected from the lead 1 and scatter in the interior region and scatter out in to leads 1,
2, 3, and 4. We seek for the transmission coefficients of the electrons to those 4 leads.
We calculate the transmission coefficients using the R-matrix connection formula since the

interior scattering region has a complicated structure.

technique with the magnetic-field RMT to model that experimental observation.

We recognize the interior scattering region of this device as a combination of 4
wedge geometries attached to the central square region. There are 5 interior regions
which we call region I, I, III, IV and C. So we need to write 5 sets of equations
corresponding to each interior region. There are four internal boundaries that we
name as Spi, Sp2, Sps and sps. We call them internal boundaries since they are not
attached to an outgoing lead. We need to invoke the boundary conditions similar to
eq.(4.16) and (4.17) at all of these 4 internal surfaces.

We have 4 sets of unknown transmission amplitudes corresponding to the 4 out-

D2 D3 and D4

going leads and another 4 sets of unknowns, D1 npas P3nps _—

Ny cor-
responding to the 4 internal boundaries which do not carry physical information.
However, we solve for all of these 8 sets of unknowns and calculate the transmission
coefficients by the first 4 sets of unknowns. The algebra is quite involved and we

explain it in detail in the appendix (D).
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In this calculation, we have used 10 x 10 basis functions to diagonalize the Bloch
Hamiltonians in both the square type central interior region and the wedge-shaped
interior regions. We use 10 non-propagating channels in each of the out going leads.
More about the calculation can be learned from the appendix.

We can transform the 4-terminal wedge geometry to a 4-terminal square device by
adjusting the dimensions of the wedge (we use wa; = 1.0, wp; = 1.05 and 6y = 7/4).
The result is shown in the figure (4.6). It correctly recovers the result for the 4-

terminal square junction device.

Transmission Coefficient

Energy (E/E))

Figure 4.6: Transmission coefficients of the electrons in a 4-terminal wedge junction. The
stars are the transmission coefficient to the forward lead, open dots are to the left lead and
the solid dots are to the right going lead. The device used here is symmetric. The specifics
of each wedge are such that 0y = 7/4, w1 = 1.0, and wpy = 1.05, in which the 4-terminal
wedge device is turned onto a 4-terminal square junction device. This results recovers the

result we obtained in the section 3.4.

We calculate the transmission coefficients of the electrons in this 4-terminal wedge
device with different specifics of the wedge geometry. We keep the opening angle
20 = 43° | wa; = 1.0 and calculate the transmission coefficients for different values
of wpy. The result is shown in the figure (4.7).

This value of opening angle is similar to that of the experimental device [10] that
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Figure 4.7: Transmission coefficients of electrons traveling in a 4-terminal wedge junction
device. We use a symmetric wedge that all the four sides are similar. The opening angle of
the wedge is kept constant that 26y = 43° and w1 = 1.0. The transmission coefficients are

plotted for devices with different values of wpy as shown in the inset of each plot.

we will compare our results with. However for the experimental device wp, = 4.0. We
have not calculated the transmission coefficients for that specific device as it requires
more basis functions for convergence. This is because the energy of the states is
h*m?n? /2m*w?, so that large wp requires a large quantum number n to reach the

same energy.
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4.5 Summary

Since the R-matrix connection formula is algebraically complicated, we here present

a bulleted summary of the procedure as follows.
e Identify the interior scattering region.

e Break the interior scattering region into parts such that it can be recognized as

a combination of simple geometries.
e Find a good set of variational basis functions for each of the interior region.
e (Calculate the Bloch eigenfunction in each interior region.
e Calculate the M matrix elements, M . ,n, for each ¢,ng, p,n,.

e Write down the R-matrix equation (eq.3.16) to relate the scattering wave func-

tion in each different region.

e Apply the boundary conditions at each internal boundary to eliminate the scat-

tering wave function ¥ defined in the internal regions

e Simultaneously solve the resultant equations to find the unknown scattering

amplitude

e (Calculate the transmission coefficients from the scattering amplitudes according

to the eq. (3.9).

4.6 Conclusions

We have developed a method to calculate the transmission coefficients of electron in
a device with a complicated scattering region. However, one of the drawbacks for
this technique is that we have not formed a generic expression like the one we have

derived for two-dimensional single interior-region RMT (eq.3.29). We believe that
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we can develop this formula and obtain a generic equation that can be deduced for

different geometries which is not included in this thesis.
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Chapter 5

Evaporative Cooling in

Semiconductor Devices

5.1 Introduction

As electronic devices become smaller, they cross over between classical physics to
quantum physics. Many classical quantities (eg.resistance) must be reinterpreted
when they are examined on a mesoscopic level. One such classical concept is that of
the refregirator - a device that uses an external source of work to cool a gas. It is
interesting to ask if this classical concept can be applied to an electron gas so that
by applying a voltage we get cooling in the system.

There are many ways to achieve electron cooling in condensed matter systems.
For example, thermoelectric coolers based on the Peltier [23] effect are available com-
mercially. A different kind of electron cooling mechanism in semiconductor devices is
presented by G.Rego et.al [24] based on the quasi-static expansion of a two dimen-
sional electron gas. Still other possibilities include taking advantage of many-body
effects that can lead to liquid/gas phase transitions in the electron populations in
semiconductor quantum wells [25].

In this chapter we investigate the theory of cooling electrons in solid state devices
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via evaporative cooling. Evaporative cooling is the removal of the higher energy
particles in a system and the subsequent relaxation of the remaining system to a
temperature lower than the temperature of the initial system. Evaporative cooling is
widely used in bosonic systems [26]. However it is harder to implement for fermionic
systems, as we will discuss below. Our approach has simple analogs in classical
refrigeration [27, 28] which is called the Hilsch vortex tube. A Hilsch vortex tube
uses a T-shaped assembly of tubes to separate high pressure air into a higher and
lower energy parts. A diagram of a Hilsch vortex tube is shown in the figure (5.1).
A high pressure air is injected into the vortex from the side arm of the T-shaped
assembly of tubes. Air molecules rotate around the vortex and the hot and cold
parts are separated by this vortex. This process does not violate the second law of
thermodynamics since the system is obviously driven by an external force.

We use the same concept to achieve cooling an electron gas system. A T-shaped
assemble of quantum wires is used to separate high energy and low energy electrons. It
should be noted that when the electron gas injected into the system, the total energy

is same for all the electrons. However, since we use a 1-dimensional wire system, even

high-prasavre

inpuvt \‘“

Figure 5.1: A schematic diagram of a T shaped assemble used in the Hilsch vortex tube.
High pressure air is injected from the side arm and separated into cold and hot parts using

the vortex operated in the middle of the T assembly.
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though the total energy of the electrons is the same, the energy associated with the
longitudinal direction or the kinetic energy of the system is different.

In this chapter we prove in principle that we can achieve cooling by the evaporative
emission of the higher subband electrons from the system. This chapter is structured
as follows. In section 5.2, we develop a theory and a simple design for the evaporative
cooling of electrons via subband filtering in quantum wires. First we consider ideal
subband filtering which means that we start with an equilibrium system of electrons
and then all the second subband electrons are scattered from the system. Since the
system is disturbed from the equilibrium, electrons rethermalize to a new equilibrium.
Since the higher energy electrons are evaporated, the rest of the system will equilibrate
at a lower temperature. We demonstrate this in the section (5.2).

In a real system, not all the higher subband electrons are evaporated from the
system. Not all the lower subband electrons stay in the system. We use the Landauer
formula (ch.1) to analyze the cooling characteristics of the system. The Landauer
formula was originally developed to explain the transport properties of a quantum
mechanical system. It describes how the transport properties of a quantum mechan-
ical system relate to the transmission coefficients of electrons that pass through the
system. We extend this idea to explain the cooling properties of a device. To get
the transmission coefficients that the Landauer formula requires, we use a variational
RMT, which we have developed in the chapter (3). We then examine several more
realistic device geometries and discuss their cooling properties. Our calculations show
that for naive designs we might get electron heating, and we discuss the reasons for
this flaw. However, when we optimize the system we can get cooling. We conclude

with a discussion of applications as well as realistic device parameters.

5.2 Theory: Ideal Model

We propose a theory for cooling which has a classical analog to the working principle

of the Hilsch vortex tube. The Hilsch vortex tube uses a T-shaped assembly of pipes
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to separate high pressure air into high temperature and low temperature systems. We
apply a similar idea to cool electrons in a quantum mechanical system. A T-shaped
assembly of a quantum wire configuration is used to evaporate high energy electrons
out of the system. A schematic diagram of the proposed T shaped quantum wire

configuration is shown in the figure (5.2).

Output Lead

Source

Figure 5.2: A schematic diagram of a T-shaped assemble of a quantum wire configuration.
Electrons are injected from the source and they scatter into all the output leads. Since
the equilibrium electron distribution is disturbed by scattering, they re-thermalize in the
output leads. In the text, we show how to calculate the new equilibrium temperature for
some systems with particular geometries and show that we can find some geometries and
initial chemical potentials for which the final temperature is less than the initial temperature

which means the cooling of the system.

Electrons are injected into the system from the source region where those electrons
are in thermal equilibrium at a temperature, 7; and a chemical potential p;. These
electrons scatter into all the output leads. Since the initial equilibrium electron
system is disturbed by scattering, at the exit of the scattering region electrons are
not in equilibrium and they re-thermalize in the output leads. Below we show how
to calculate the new equilibrium temperature 7, and the new chemical potential, u,
in the output lead. We denote the three leads as i, s and o which stand for the input
lead, sidearm and the output lead respectively. In order to ease the explanation of

the calculation, we divide the T-junction into parts as shown in the figure (5.3).
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Figure 5.3: A quantum wire T junction device is divided into regions to explain the electron
cooling behavior. Electrons are injected from the input region, and undergo scattering in
the scattering region. In the ballistic region, electrons are not in equilibrium, and the
electron population is determined by the product of incoming-electron distribution and
the transmission coefficient. Electrons re-thermalize and come to an equilibrium in the
adiabatic region; however, there is no relaxation with the phonons. In the text we show

how to calculate this new equilibrium temperature and the new chemical potential.

In the input region, electrons are in thermal equilibrium at temperature 7; and
chemical potential p;. All filtering occurs in the scattering region. Electrons scatter
into the input lead (reflection), sidearm, and the output lead. We concentrate on
the electrons scattering into the output lead. In the ballistic region, the electron
population is entirely determined by the product of the incoming electron distribution
and the transmission coefficient to the output lead. At this region, electrons are in
a highly non-equilibrium state and cannot be characterized by a temperature and a
chemical potential. In the adiabatic region, we consider only the internal relaxation of
electronic distribution because by that time electrons have traveled a distance that is
of the order of electron-electron relaxation length /... Usually this distance is shorter
than the electron-phonon relaxation length, l._,,. In the internal relaxation of the
electron distribution, there is no heat transfer from the phonons in the lattice; hence

the term “adiabatic”. Electrons will transfer heat among themselves and relax to a
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different temperature T, and a chemical potential u,. In principle, T, and u, can be
found using the particle and energy conservation. Our calculation shows that for some
device geometries this equilibrium temperature 7, is less than the initial temperature
T;. This is the desired cooling effect. We characterize the cooling property by a
dimensionless parameter nn = T,/T;, where n < 1 means the cooling.

In order to understand the cooling phenomenon, we first discuss an ideal two
subband model. We consider a T-shaped quantum mechanical device designed on
the two-dimensional electron gas system. We assume that the width of the input
quantum wire, w;, is so small that the incoming electrons can only occupy the first
subband or the second subband in the wire. In the ideal two band case, all of the
electrons in the second subband scatter into the sidearm, whereas those in the first
subband scatter forward to the output lead (fig.5.2).

The particle number and the energy are conserved between the ballistic region and
the adiabatic region because there is no external field acting on the system. As we have
explained earlier, the electron distribution in the ballistic region cannot be explained
in terms of a temperature and a chemical potential since the electron distribution
in the ballistic region is out of equilibrium. We can find the particle number in the
ballistic region of the output lead as the product of the incoming electron distribution
and the transmission coefficient of electrons from the input to output lead. We use
the symbols N and E for the particle number and the energy. Since the electrons in
the ballistic region are out of equilibrium, we will use the symbols N°¢ and E®* for
the particle number and the energy in that region. The superscripts are to denote
the transmitted electrons from the input lead (7) to the output lead (0). We use the
symbols N* and the E* for the particle number and the energy of electrons associated
with an equilibrium distribution in the ¢** lead.

Now we need to find out the total number of electrons and the energy associated

with an equilibrium electron distribution in a lead /. We need to consider each
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subband. The density of electrons associated with the n!" subband in each lead ¢ is,

prZ<E7 Tﬁalué) = f(E7T€7,u€)szg(E)‘ (51)

In this equation, the one dimensional (it is one-dimensional since two degrees of

freedom are confined) density of states (D%) is given by [18],
~1/2
Dy—0[E-¢g )", (5.2)

where £ is the energy of the n" subband of the ¢ lead which is given by (nf/wi—1)
in our dimensionless units. The step function © indicates that the n}" subband is
occupied only if the total energy is higher than the subband energy. In this chapter
we scale all the lengths by w;, the width of the input lead, and all the energies by
&L, the first subband energy of the input lead, and we measure all the energies from
the first subband energy. Note that in the other chapters we scale the energies by
h?/m*w?, while in this chapter we have scaled the energy by h?m?/2m*w?.

With these units, the energy, the chemical potential, and the temperature are scaled

as, ~ .
E:E%%, (5.3)
u=128, (5.4)
and, ~
T:%; (5.5)

where the tilded symbols are the dimensional quantities and the un-tilded quantities
are dimensionless. In the equation (5.1), f(E, e, Ty) is the Fermi-Dirac distribution

function at a temperature 7, and the chemical potential p, which is given by,

1
S e, Ty) = ——5= - (5.6)
1+e ™

Now we can calculate the number of electrons and the energy associated with the ni"

subband in the /" lead as,

o

Nﬁg(Teuﬂﬁ) = / prg (E7T€7M€) dE7 (57)
&

%
ng
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and,

B!, (T ) = [ 04, (B.Toup) E dE. (5.8)

K
&,

With this we can calculate the total number of electrons and the total energy associ-

ated with the electrons in the ** lead as,

Tg, /Lg Z N Tg, ,u[ and E Tg, ,ug Z E T[, ,U,g (59)

ne=1 ng=1

Now we will proceed the calculation for the ideal two-subband model. At the
entrance to the conductor, the total number of electrons, N¥(u;, T;) is equal to the
sum of the number of electrons in the first and second subbands. Similarly, the total
energy, E'(u;, T;) is equal to the sum of the energies of the electrons in first and second

subbands. We write this as:

N'(pi, T;) = Ny (ps, T3) + Ny(ps, T3), (5.10)
and,

E'(ni T3) = By (s, T3) + By, T). (5.11)
We explicitly write the above equations, since it might help to understand the calcu-

lation more clearly, as,

N ) = [ DUE) B + [ DUE)—mmdE . (512)
1+6( Ti2> & 1—|—e< T@'l)

and

. > . 1 > ) 1

1—0—6( T; i 1+€<ETZ_;L1)

where D} (F) and Di(E) are defined as,
Di(E) = B2, (5.14)

and,

Di(E) = (E — 3&)~1/? (5.15)
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Figure 5.4: Upper plot is a graph of cooling parameter, n = T¢/T; as a function of the
chemical potential u;. The initial temperature T; = 0.25 for this calculation. This variation
of n shows that, for some chemical potentials, 7 < 1, which means we get cooling. Also
there is a significant minimum in the cooling parameter when p; = 3; the reason for this
behavior is explained in the text. The lower plot is the variation of the cooling parameter
a function of the initial temperature, T; = kT} /EL. The initial chemical potential is kept at
the edge of the second subband, which is the optimum value from the upper plot . This

shows a maximum of 30% cooling.

95



since £ = 0 and & = 3&].
In the ideal model only the lower subband electrons N (y;, T;) scatter forward into
the output lead. The total energy in the output lead after scattering is E(u;, T;).

We mathematically write this as,
N*' = Nj (i, T)), (5.16)

and,

B> = E! (s, T;). (5.17)

Now the electrons are not in the equilibrium. These electrons will come to an equi-
librium distribution as,

N°(pto, Tp) = N, (5.18)

and,

E°(pto, T,) = E". (5.19)

We numerically solve the equations (5.18) and (5.19) along with the equations
(5.16) and (5.17) at a fixed initial temperature for a range of values of the chemical
potential. Figure (5.4) shows the variation of cooling parameter n as a function of
the initial chemical potential y; when the initial temperature 7; = 0.25. Upper plot
of the figure (5.4) shows that we get maximum cooling when the chemical potential,
i = 3. Note that we work in units of the first subband energy and the energy is
measured from the first subband energy. So the minimum of this plot corresponds to
the edge of the second subband. At this chemical potential, electrons populate the
higher subband only because they are thermally excited in that range thus all of the
evaporated electrons are “hot” electrons. This gives the maximum cooling.

We repeat the above calculation at a fixed chemical potential which equals to the
optimum chemical potential in the previous calculation. The lower plot of the figure
(5.4) shows the variation of the cooling parameter n with the initial temperature ;.

The graph (figh.4) shows a maximum of 30% decrease in the temperature (n ~ 70%).
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5.3 Applications to Real Devices

To achieve optimum cooling, the higher subband electrons should scatter to the
sidearm and the lower subband electrons should scatter forward into the output lead.
In a real device not all the higher subband electrons scatter out of the system, and not
all of the lower subband electrons will stay in the system. The scattering of electrons
depends on the system properties such as the geometry and the scattering potentials.
We consider pure samples in which we assume there are no scattering potentials and
all the scattering of the system occur due to the boundaries. Even though the theory
presented here has a flexibility to include a non-zero scattering potential, this present
calculation considers zero potential energy in the device. We can alter the scattering
of electrons in this system by changing the ratio of the width of the sidearm to that
of the main lead (fig 5.2). The higher subband electrons scatter preferentially to the
sidearm because they have a higher transverse momentum.

To calculate the cooling parameter n we need to know how the electrons scatter in
the system. That is, we need to know the electron population in each subband which
requires the transmission coefficients from state to state. To calculate the transmission
coefficients of the system, we use variational RMT which we have discussed in the
chapter (3). We first present the calculation of the cooling parameter in general and
then apply it to some devices.

In the earlier section we showed how to calculate the cooling parameter in an ideal
device. The procedure is the same for a real device, however, in order to calculate the
electron and the energy density in the ballistic region, we need to use the transmission
coefficients.

Now we have to change the equations to calculate the electron population and the
energy density in the output lead using the transmission coefficients. In particular,
the equations (5.16) and (5.17) do not hold for the real device. We can write the

density of electrons transmitted from the subband n; of the i*" lead into the subband
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ng of the £t as,
bt (B, Ty ) = oy (B, Tous) T (E). (5.20)

With this we can calculate the number of electrons from all the subbands in the input
lead into all the subbands in the lead ¢ as,

Z Z/ P (B, Tiy i) dE, (5.21)

max
ne=1n;=1

where the lower limit of the integration,

ENY = max {& &} (5.22)

n;? TNy

ensures that both the incoming and outgoing subbands are open.
In the similar way we can calculate the energy of the electrons in the ballistic
region of the lead ¢ as,

Z Z/ Priens (B, T, i) E dE. (5.23)

max
ng=1n;=1 R

Now this amount of electrons and the energy is redistributed in the adiabatic
region of the output lead and we can simultaneously solve the equations (5.18) and
(5.19) along with the equations (5.21) and (5.23) to find the 7, and p,. We are

interested in the equilibrium quantities in the output lead that ¢ — o.

5.3.1 T-junction as a Cooling Device

We calculate the cooling parameter 7 using the real transmission coefficients in the
T junction device for certain ratios of the widths of the sidearm, w, and the input
lead, w;, We always keep the width of the input lead, w; equal to the width of the
output the lead, w,. We use the equations developed in the chapter (3) for solving
the transmission coefficients of electrons in the T-junction device. In the equation

(3.29), electrons are injected from the lead pg that for our present problem py = i
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Figure 5.5: The upper plot is the transmission coefficients of electrons to the output lead
in a T-junction device with w; = ws = w, = 1. The different curves are for different
subband index of the incoming electron. The x axis is the energy of the incoming electron
which is measured in terms of & = A?r%/2m*w? and is measured from &;. We calculate
the cooling parameter using these transmission coefficients. Since there are some higher
subband electrons lost from the input distribution, we expect 7 < 1. This graph shows that
the cooling parameter > 1 which means T, > 7;. Even though we lose higher subband

electrons from the system, it does not achieve cooling.

T-junction Device with w, = w; = 1.0

First we will consider a T-junction devices where w; = wy, = w, = 1.0. The transmis-

sion coeflicients for such a T-junction device are shown in the figure (5.5).
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The graph (5.5) shows the transmission coefficients of electron into the output
lead when the electron is in different subbands in the incoming lead. This graph
shows that there are some higher subband electrons lost from the input distribution.
According to the ideal model we discussed, we would expect 1 < 1 for this device.

The cooling parameter is calculated for different values of initial temperatures
keeping the initial chemical potential y; = 0. Note that we measure the energy in
terms of &}, and all the energies are measured from &). So y; = 0 means that the
external potential of the system is set such that the Fermi energy, Er = h*n?/2m*w?.
The lower plot of the figure (5.5) shows the cooling parameter for this device as a
function of the initial temperature. This graph shows that for all the initial temper-
atures the cooling parameter n > 1. We do not get cooling as we expected, instead
these transmission coefficients result in heating. The reasons for this flaw can be

explained as follows.

1.50

1.25 4

Cooling Parameter (1)

1.00

Initial Chemical Potential (w,)

Figure 5.6: The cooling parameter 7 as a function of the initial temperature T; when the
initial chemical potential p; = 0 for different w; values. This graph shows that the cooling
parameter 7 is always larger than 1 for some w; values and 7 < 1 for some w; values. This

says that by changing the transmission coefficients we can change the cooling parameter.
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Losing high energy electrons can produce cooling. But losing the low energy
electrons heats the system. The loss of low energy electrons opens gaps in the electron
population at low energies in the electron distribution. The higher energy electrons
can then relax to low energy states liberating the energy difference as thermal energy.
Thus losing low energy electrons heats the system. Even if the distribution has a
small dip at low energies, it will have large effect in the final temperature. The naive

T junction does not produce cooling.

Different T-junction Geometries

We alter the T-junction geometry by changing the width of the sidearm, ws. The

transmission coefficients are calculated using the variational RMT and the cooling

ws | i | T T, fo | M
1.0 10.0]14.65| 535 |-6.24|1.15
3.0 585|706 |-5.63]1.21
6.0 6.77 | 869 |-5.06| 1.28
09 00568634 |-6.27]1.11
3.01652| 758 |-497|1.16
6.0 | 7.63 | 9.33 -4.31 | 1.22
0.7510.0 | 4.18 | 4.463 | -3.68 | 1.07
3.0 536|601 |-258]|1.22
6.0 659|784 |-1.8011.19
0.6 |00|1.79 ]| 1.84 -1.09 | 1.02
3.016.00 653 |-1.8411.09
6.0 739|840 |-0.77 | 1.14
0.5 {0018 |17 |-0.75 | 0.96
3.0 3.62| 3.86 0.38 | 1.06
6.0 | 6.52 | 7.35 0.58 | 1.13
04 |00 |289]|273 |-0.7110.95
3.0 328 | 3.25 1.54 | 0.99
6.0 | 547 | 5.74 2.75 | 1.05

Table 5.1: The cooling parameter of the T-junction with different width of the sidearm.
We have also tabulated the input chemical potential, output chemical potential and output

temperature at the maximum cooling parameter.
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parameter is calculated as discussed above. We tabulate the minimum cooling pa-
rameter for T junctions with different width of the sidearm. The table (5.1) shows
the initial and final chemical potentials (u; and u,), the initial and final temperatures
(T; and T,) at the maximum cooling parameter, 1 for different widths of the sidearm,
W.

We can see that as we change the geometry, the cooling parameter changes. The
graph (fig.5.6) shows the variation of 7 vs. the initial temperature 7T; when the initial
chemical potential p; = 0 for T-junction devices with different widths of the sidearm,
w;s as shown in the inset of the figure. These results show that we can achieve n < 1
for some T-geometries and n > 1 for some other geometries. The only difference for
these geometries is that they have different transmission coefficients. That means
by changing the scattering in the device we can achieve cooling. The device with
ws = 0.4 gives around 0.05% of cooling. Following we show the details for the device

with w, = 0.4.

Transmission Coefficient

0.0

0 10 20 30 40
Energy (E-E)) / E,

Figure 5.7: The state to state transmission coefficients of electrons to the output lead in
a T-junction device with w; = w, = 1.0 and ws = 0.4. The data in table (5.1) shows that

this transmission coefficients gives 0.05% of cooling.
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T-junction Device with w, = 0.4

The graph (fig.5.7) shows the state to lead transmission coefficients of electrons in
the T-junction device with wy = 0.4. The different curves are for the electrons in

different incoming subbands.

v !

| —

o —0o—pu =30
E 1.2—.\ \ — =60
g }
(0]
5 \
& ISURN
©
L O . B
(&) eV T
c \ Y Oomoooooogooooo
S % 0000000
8 1.04 .\'\ DOOOOocmoomOCDOOOOOO “...nﬁ“‘"'“m“
o ¢ 0!

..'.nouﬂ'cl".w

0 4 8 12

Initial Temperature (T)

Figure 5.8: The cooling parameter as a function of the initial temperature for the T-
junction device with w; = w, = 1.0 and ws = 0.4. We calculate the cooling parameter using
the transmission coefficients shown in the figure (5.7) at different initial chemical potentials,

w; = 0.0, 3.0, 6.0. The results show that we achieve the best cooling when p; = 0.

Using the transmission coefficients as shown in the figure, we calculate the cooling
parameter for the device. The graph (fig.5.8) shows the variation of the cooling
parameter as a function of the initial temperature for three different initial chemical
potentials, p; = 0.0, 3.0, 6.0. This graph shows that we get maximum cooling when
the initial chemical potential equals to 0. At this chemical potential all of the lost
electrons were in the thermally activated region of the Fermi Distribution. Even
though, we get cooling from the T-junction with wy = 0.4, the maximum cooling is at
1 = 0.95%. This certainly proves the principle that we can achieve cooling. However
it is not enough to make experimental devices. We change the device geometry to a

plus junction device and calculate the cooling parameter, 7.
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5.3.2 Plus Junction as a Cooling Device

Since the cooling we achieve with the T-junction device was not very significant, we
try other geometries as cooling devices. Here we try a device with a plus junction as
shown in the figure (3.6). Since we achieve cooling with ws; = 0.4 in the T-junction

device, we use a plus junction with wy; = ws = 1.0 and ws = wy = 0.4. The
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Figure 5.9: Upper plot is the transmission coefficients of electrons to the output lead
in a plus-junction device with wy = 0.4. The different curves are for different subband
index of the incoming electron. The x axis is the energy of the incoming electron which is
measured in terms of & = h?7?/2m*w? and is measured from £}. We calculate the cooling
parameter using these transmission coefficients and the result is shown in the lower plot. It

shows 1 ~ 0.85 which means more than 15% of cooling.
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transmission coefficients for this device is shown in the upper plot of the figure (5.9)
and the resultant cooling parameter as a function of the initial temperature is shown
in the lower plot of the figure (5.9).

The graph (fig.5.9) shows around 15% of cooling. This is a single unit of plus
junction. The cooling can be further enhanced by cascading these units together.

In order to summarize the cooling devices we discussed, we plot the cooling pa-
rameter for three different devices together. The graph (5.10) shows the variation of
the cooling parameter, n as a function of the initial temperature T; keeping the initial

chemical potential p; = 0.

— T-junction with w =1.0
—O— T-junction with w_=0.4
—&— Plus-junction with ws=0.4
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Figure 5.10: This graph shows a summary of the cooling calculations we have done in this
chapter. The solid line is the cooling parameter for the T-junction device with w; = ws =
w, = 1.0, open dots are the cooling parameter for the T-junction device with w; = w, = 1.0
and ws = 0.4. The solid dots are for the plus junction device with w; = ws = 1.0 and

wy = wyq = 0.4. All the calculations are done when the initial chemical potential u; = 0.

In the following section, we calculate the experimental device parameters for Insb
and GaAs for the optimum cooling properties we have obtained with the plus junction

device.

105



5.4 Considerations for experiment

As it was explained earlier, we have done all the calculations in dimensionless units.
In this section, we convert our results to real units and present the parameters for
the cooling devices with two materials, InSb and GaAs.

All the material properties depend on the Fermi energy, Er of the system. The
Fermi energy EF is inversely proportional to the effective mass of the electrons in the
material and is set by the density of electron in the electron reservoir (see appendix
B). For our device we set the initial chemical potential (which is approximately the
Fermi energy) equal to zero. Since we have scaled the energy in the problem by &
and measured from the &, the initial chemical potential equals zero means that,

22

2m*w?’

where w; is the width of the input lead of our quantum wire plus-junction device
shown in the figure (3.6). The condition (eq.5.24) allows us to determine the width
of the quantum wire as a function of the electron density.

Different materials are characterized by the effective mass of electrons in the sys-
tem. The condition to calculate the width of the wire is given by equation (5.24).
In the appendix we have shown that the Fermi energy is inversely proportional to
the effective mass of electrons. Since both the Fermi energy and the subband energy
depend on the effective mass in the same fashion, the width of the quantum wire in
our device is independent of the material.

If we assume a sample with the density of electrons is n, we combine the equation

(5.24) with the equation (B.4) as,

2 2.2
LU U (5.25)

m* 2m*w?’

which gives the width of our quantum wire as,

w; = \/g (5.26)
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For instance, if we assume n = 1.0 x 10em™2, w; = 39.6 nm. This is quite a small

value. However, lowering the density of electrons makes the device larger.

We get maximum cooling with the plus junction when the initial temperature ~ 2
in the dimensionless units. We will convert the dimensionless temperature back to
the real temperature using the equation (5.5). That is, at the optimum temperature
Topt.

kT = Tope & (5.27)

With the equation (5.24), this reduces to,
kT = T,y Er. (5.28)

In the appendix (B), we calculated the Fermi energy for InSb and GaAs (eq.B.5
and B.6). We obtain the initial temperature of the system at the optimum cooling
parameter (for a sample with n = 1.0 x 10"em™2) as, T ~ 82K for GaAs and
T ~ 399K for InSb. Room temperature, (300K) corresponds to T" ~ 1.5 for InSb,
allowing substantial cooling due to quantum effects in a room temperature device.
Even a cooling parameter 7 ~ 0.9 means that the electron population would be cooled
by 30K . This would be useful to produce a population of electrons that could then
be used for photo detection of frequencies near room temperature.

The above results also only have one unit of a cooling device. If multiple plus-

junctions are connected in series, we may be able to get greater cooling.

5.5 Conclusions

A variety of photo detection applications require a cold detector. We have presented
a prototype device which cools electrons in a single particle picture. Such a device
could be used to cool the photo detection electron population. We have shown that
while a naive design produces heating, by a slight change in geometry we can get

cooling of at least 10%. Future studies will allow this to be maximized.
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Chapter 6

Magneto-Transport Properties in

Semiconductor Devices

In the introduction we discussed the existence of interesting magneto-transport prop-
erties such as negative bend resistance (NBR) and the quantum Hall effect in two-
dimensional devices. NBR is a signature of ballistic electron transport in two-dimensional
devices and has been observed in different materials such as InSb [10] and GaAs
[29]. In this chapter we will discuss how to calculate the bend resistance of a two-
dimensional four-terminal device. This research is motivated by the experimental
observation of NBR in two-dimensional InSb devices by Goel et.al [10] at the Univer-
sity of Oklahoma.

In previous chapters we learned that the transport properties of a quantum me-
chanical device can be studied as a scattering problem according to Landauer theory.
The Landauer-Biitikker [13] formula is still valid for magneto-transport. The LB for-
mula requires the transmission coefficients from one lead to another in the device.
Sometimes these transmission coefficients, (i.e. the probabilities) are calculated using
a classical billiard ball model [30] in the case of ballistic transport which is called the
semi-classical model. However, as we will explain below, the effective mass is very

small for InSb so that only a few quantum channels are occupied in the narrow InSb
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Figure 6.1: The unit of quantum confinement energy, A%72/2m*w? as a function of the

well width, w. The solid dots are for InSb and the empty dots are for GaAs. The straight

line is the room temperature thermal energy.

devices (see appendix B).

The effective mass of InSb is very small (m* = 0.0139 x mg, where my is the free
electron mass) so that the confinement energy of InSb is larger than the other I17—V
semiconductors for comperable size structures. The figure (6.1) shows the variation of
confinement energy, (h?72/2m*w?, where w is the width of the sample in the confined
direction) as a function of the width of the quantum well, w. The solid dots are for
InSb and the empty dots are for GaAs. The straight line is the room temperature
thermal energy, k7T where we use Ty = 300K. It shows that the confinement energy
of InSb is larger than that of GaAs. We will consider devices that have feature size in
the order of < 0.2um so that the quantum confinement energy is comparable to the
thermal energy. In such a device only a few quantum channels are occupied. Since
the effective mass is small, the energy gap between two adjacent quantum levels are
large compared to that of other I1] — V semiconductors. Actually these devices

are on the border between quantum and classical limits. It is not clear which way
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the device transport will behave. In order to understand the device properties, it is
very important to treat the transport of the devices both quantum mechanically and
classically. Then only we can decide whether the transport properties are due to the
classical effects or quantum mechanical effects. This understanding is very useful to
improve experimental features. Our goal in this chapter is to model the transport
properties of these devices in a quantum mechanical fashion.

We will again use RMT to calculate the transmission coefficients. In the previous
chapters, we discussed RMT for two-dimensional devices with no external magnetic
field. In this chapter, we extend this technique to calculate the transmission coef-
ficients of electrons in two-dimensional devices in the presence of a magnetic field.
This chapter is structured as follows:

First we will recall some aspects of magneto-transport in semiconductor devices.
We will also briefly explain the details of the experiment we are going to model as it
was carried out by Goel et. al. [10].

In the section (6.2), we explain the basics of the magnetic-field RMT. We introduce
a new Bloch operator and explain how to set up the equations to solve for the unknown
scattering amplitudes which will give the transmission coefficients of the electrons in
the system. Then in section (6.3), we apply the magnetic-field RMT to calculate the
transmission coefficients in a 4-terminal device. An image of such a device is shown
in the figure (6.2) [32]. We show the transmission coefficients and the resultant
magneto-transport properties of this 4-terminal square junction device.

As we have discussed in the chapter (4), for some experimental devices the interior
region is not very simple and it is hard to calculate the interior region Bloch eigen-
functions. An image of the device we are concentrated on is shown in figure (6.3) and
sketched in figure (4.5). Since the interior region of this device is not simple, we need
the connection formula to calculate the transmission coefficients in such a device. We
did this exact problem with no external magnetic field in the section (4.4). In section

(6.4), we discuss the application of magnetic-field RMT with the connection formula

110



and show the results of the magneto-transport properties of 4-terminal devices with
wedge geometries (fig.6.3).

In calculating the transport properties as discussed above, we assume the zero
temperature limit. In the section (6.5), we discuss the effect of finite temperature on
the transport properties as we discussed in the section (1.1.1).

Finally we draw some conclusions related to experiments.

6.1 Magneto-Transport Properties of Electrons in
Two-Dimensional Devices

First we will consider a two-dimensional electron gas in a magnetic field. In the
classical limit, electron transport in a magnetic field shows the classical Hall effect
which creates a transverse voltage drop for an applied longitudinal bias voltage [18].
The same sort of observation was made in the two-dimensional electron gas at high
temperature. However many features show interesting quantized effects at low tem-
perature due to the confinement in the growth direction. When there is a magnetic
field, the electrons are deflected by the Lorentz force. In the two-dimensions the elec-
tron’s path is circular. In the quantum limit the same thing happens, however only
certain radii will be allowed. That is because when there is a magnetic field, the po-
tential can be represented as a simple harmonic potential where the electron energies
are given by the discrete Landau levels. Only orbits with the Landau energies are
allowed.

The density of states of a two-dimensional electron gas (at zero field) is a constant
as you change the energy. When there is an external field, the density of states will
fall into a discrete set of delta functions located at (n + 1/2)hw,., where w. = eB/c is
the cyclotron frequency and n is the Landau level index. The spacing between any
two adjacent energy levels is equal. In the simplest picture, this discrete density of

states give rise to the quantum Hall effect, Shubinikov De Haas oscillations etc. For
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a complete explanation of these quantized effects, one should take the delocalization
of these delta function states in to account. This field has been widely studied [34]
and we will not discuss about these effects further in this thesis. We concentrate on
the devices designed on the two-dimensional electron gas instead.

In these devices electron motion is further confined in the lateral direction in
addition to the growth direction. The electron motion is confined by lithographically
designed insulating layers. In this model we treat these lithographic boundaries as
hard wall potentials even though this may not be the experimental case. The Landau
level discreteness does not exist in these devices because of the hard wall boundary
conditions. When the cyclotron radius is larger than the width of the lead, those
Landau levels cannot exist in the system. However when the magnetic field is so
large that the cyclotron radius is smaller than the width of the lead, Landau levels
start to appear. Shubinikov De Haas like oscillations have been observed in such

devices at a large magnetic field [31].

. 2 4
|

Figure 6.2: An image of a typical 4-terminal device [32]. The interior region of this device
is square-shaped and all the outgoing leads are rectangular. A sketch of this figure with the
coordinates used for the calculation is shown in the figure (3.6). In the text we explain how

to calculate the transmission coeflicients of electrons in such a device.
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Figure 6.3: An image of the 4-terminal device designed on InSb quantum well used for the
bend resistance experiment [10]. In the bend resistance experiment, a current I14 is injected
from lead 4 to lead 1 and the voltage created between the leads 2 and 3, Va3 is measured.
The bend resistance, Rp = Va3/I14 is measured. The experiment is done in the presence
of a perpendicular magnetic field. Goel et. al has reported a negative bend resistance as
shown in the figure (6.7). This is a signature of the ballistic transport. In the text we

explain how to calculate the bend resistance of such a device.

We are particularly interested in the following experimental observation made on
bend resistance, Rp in InSb 4-terminal devices. A typical four-terminal device has a
4-terminal square geometry as shown in the figure (6.2) [32]. This geometry is similar
to the geometry we studied with no magnetic field which is sketched in the figure
(3.6). The device of Goel et. al has a 4-terminal wedge geometry (fig.6.3) [11] which
is sketched in the figure (4.5).

In the bend resistance experiment, a current [4 is injected from lead 4 to lead 1.
The voltage created between the lead 2 and lead 3, V53 with respect to the injected

current, I14 is measured. The bend resistance is defined as,

Vag

Rp = .
P

(6.1)

There is an applied magnetic field, B perpendicular to the device. The bend resis-

tance, Rp is measured as a function of the applied magnetic field, B. Goel et. al has
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reported a negetive bend resistance at zero magnetic field [10]. If the electrons travel
ballistically, they will tend to overshoot lead 1 and travel to lead 4. This contains
with a charge accumulation in lead 2 giving a negative voltage. A magnetic field
deflects charge into lead 2 decreasing this voltage.

Our goal in this chapter is to model this experimental result. We develop a method
in general so that it can be applied to study the magneto-transport properties in gen-
eral. It is easy to model the device in the figure (6.2) than the device sketched in
the figure (6.3). We first explain the technique for modeling the 4-terminal square
junction device and then we show how to extend the technique for complicated ge-
ometries. At the end of this chapter, after explaining all the computational details,
we will show the results of magneto transport properties of a 4-terminal square device

and a 4-terminal wedge device.

6.2 Two-Dimensional R-Matrix Formula with an
Applied Perpendicular Magnetic Field

The notations in this section is similar to that of the zero-field RMT and we will note
when it is different.
We start with the time-independent Schrodinger equation for a single electron in

an applied perpendicular magnetic field,
H|Ven, ) =E|Yen, ), (6.2)

where ‘\If E7np0> is the scattering wave function. The subscript E is the total energy
and n,, denotes the quantum number of the incoming electron in the lead py. The

Hamiltonian H is given by,

. | 2 Yy

where A is the vector potential. We have chosen V() = 0 inside the device.
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We will first make the Hamiltonian dimensionless. We measure the lengths in
terms of a characteristic length in the device (typically we choose wy, the width of
the input lead), and energies in terms of Fy = h*/m*w? and define ¢ = E/FE, and
I3 = h/eB. This new quantity, Iz has the units of length and is called the magnetic
length of the system. The magnetic length, [ is the average radius of the lowest
Landau level of the system.

With this notation, the Schrodinger equation (eq.6.2) becomes,

2 2 . 2 . 2 2
l_% < 0 0 )+ ] 'IUOA 0 4 ] w()A 0 +L% (A§+A32/):| ‘\Iijnp0>:€“I]E,np0>a

02 o) TBR Mo "B My T B

(6.4)
where x and y are the dimensionless coordinates. Now we perform the calculation
with two different gauges, the symmetric gauge, Asymm — (—By/2,Bxz/2,0) and the
asymmetric gauge, A*¥™™ — (—By,0,0). With the symmetric gauge, the equation
(6.4) becomes,

1/0* & iywd 0 dxwi 1wy, 5,

— =t ===+t ==+ == Upn )=€|Vg, ).
{ 2<83§2+8y2) 2 2 0z 2l?30y+8l43 ( —l—y)}‘ By ) = €|V, )
(6.5)

With the asymmetric gauge, the equation (6.4) becomes,

1[0 0 w0 1wy,

S (T e (R 1Y N R S 6.6
{ 2<ax2+ay2) g ZZBax—{_lelBy}‘ E,p0> E‘ E,p0> (6.6)

Note that the quantity w2/I% is dimensionless and it is a measure of the strength
of the magnetic field, B [35]. Hereafter we use the notation, B = w2 /% which further
simplifies the above equations. The Schrodinger equation with the symmetric gauge

(eq.6.5) becomes,

L(& P\ iy,0 w0 B, _
=3 (5 )~ 38+ By s ) ) = ).
(6.7)

and the Schrodinger equation with the asymmetric gauge (eq.6.6) becomes,
1 [ 02 0? 0 B*,
3 (g o)~ B+ 5 ) =) (69
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Both these equations, eq.(6.7) and eq.(6.8) have the same mathematical meaning,
however choice of the gauge is important when we solve the problem approximately.
We have to choose the gauge such that the solution will satisfy the boundary condi-
tions of the system. An appropriate choice of gauge will achieve faster convergence
of the results.

In solving the magnetic scattering problem, similar to what we did in the zero-
field problem, we divide the system into two parts, the interior scattering region and
the leads and then match the two solutions on the soft boundaries to solve for the
transmission coefficients. We choose the symmetric gauge (eq.6.7) for the interior
region. The asymmetric gauge (eq.6.8) is convenient for the leads as it correctly
reduces the problem to give a traveling wave solution in the longitudinal direction
[40]. As we described in the zero field RMT, since we use the solutions of equations
(6.7) or (6.8) as a set of basis functions to expand the final scattering wave function,
we do not need to transform the gauges from one region to the other. In the following
sections we consider these two solutions, the interior region and the lead solutions,
and develop the necessary equations to calculate the transmission coefficients.

We do not examine multiply connected structures and thus do not enforce any

global phase relationships.

6.2.1 Lead Eigenfunctions

In the present application, the leads have a Cartesian symmetry and we use the
notation described in the section (3.16). In the absence of a magnetic field, the lead
eigenfunctions have a full symmetry in the transverse direction and take the form
of the sine functions with a wave vector equals (2F — %)1/ 2 where E is the total
energy, n, is the quantum number and w,, is the width of the p" lead. However, the
applied magnetic field breaks the reflection symmetry and the eigenfunctions are no

longer sine functions. Although the lead eigenfunctions are still analytic for a non

zero magnetic field [36] these forms involve special functions that complicates the
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calculation. Therefore we seek a numeric solution for them. We exactly follow the
theory presented by Tamura and Ando [36]. We repeat the procedure here for the
completeness.

Recall that the lead coordinate system is (z,,y,) where x, is the longitudinal and

Yp is the transverse coordinate, we seek for a solution of the form,

TIZp (@p, Yp) = eikp’npxpfp,np (Yp), (6.9)

where p denotes the lead index and £, is the wave number of the electron in the
longitudinal direction when the electron is in the subband n,. In order to have this
form for the lead eigenfunctions, we choose the asymmetric gauge for the vector
potential A = (—By,0,0). We substitute the form of the wave function (eq.6.9) in

the equation (6.8) and get,
102 1 9
20,2 + 5 K, + YpB)"| Fony (Up) = €pin, (Yp)- (6.10)
In the infinite plane the solutions to this equation are shifted simple harmonic
wave functions in which the eigenspectrum is given by discrete Landau levels. We
no longer have Landau level discreteness due to the hard wall boundary conditions.
Since the lead eigenfunctions should obey the hard wall boundary conditions, those
can be expanded in terms of the infinite well wave functions, Xpm, (¥p),

o

fony(Up) = Zcﬁp,mepmp (Yp): (6.11)

mp

mp

— 2 g mer - : »
where Xpm, (Yp) = g SIS Y. We look for the expansion coefficients, G
. v B » . o
this process, we define another set of vectors, dnp,mp = kp,npcnwmp. This substitution

allows us to turn a quadratic eigenvalue equation into a linear equation. By plugging

these forms in the equation (6.10), we get the matrix equation,

0 1 c
=k , (6.12)
a [ d
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which is evidently an eigenvalue equation for the wave vector k. We have omitted all

the superscripts and subscripts for simplicity. In this equation,

m2n?

U, = (26 — ) Omm, — B> (y*) oy (6.13)

2
wp
and,

Bmy = —=2BY) o m, - (6.14)

This is an eigenvalue equation with dimension 2N x 2N, which gives 2N eigenvalues
and 2N eigenvectors which represent two sets of solutions for the lead eigenfunctions.
Half of these solutions are right going and the other half are left going waves. The
wave vector k can be real, imaginary or complex. The real wave vectors are current
carrying waves, whereas the imaginary wave vectors are evanescent waves. While
only the current carrying waves have a physical meaning, we need to include the
evanescent waves for the mathematical completeness. The graph (fig.6.4) shows the

real part of the eigenfunctions of the lead when the magnetic field is given by B = 15.

He :fn.rl,.:

Figure 6.4: The real part of the transverse eigenfunction in a lead in the presence of a

perpendicular magnetic field B = 15. The width of the lead w, = 1.

It is important to note that these lead eigenfunctions are not orthogonal to each

other. However they do make a complete set so that we can use them to expand the
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scattering wave function in the p'* lead as,

N
\I/%f)r?po (Tps Yp) = Z quﬁ%po e/Frnpto Somn(Yp)- (6.15)
p

The expansion coefficients Tﬁ;?p%po are the interested scattering amplitudes which are
used to calculate the transmission coefficients as we describe follows.

The flux in each outgoing lead can be calculated as [35],

) . d
Jp ~ /dyp [\I}E,np0 (Zps Yp) (_Z% - Am) \I/Empo(xzmyp)‘F

p

- d .
Wy, (Tp, Up) <Zd_xp - Ar) \IIE,npO (”pvyp)] : (6.16)

Since we have not normalized our eigenfunctions to unit flux, the flux in the p** lead
2

T | - Once we solve for 70P) ’s using the RMT which we

Np,Mpg

is not given by Enp
will describe later in this chapter, we can calculate the current going through each
lead in the device according to the equation (6.16). Even though we use N number
of subbands in the expansion of eq.(6.15) not all of them are current carrying. The
evanescent waves do not contribute to the flux in the leads as they do not contribute
to the asymptotic solution. One determines the value of NV such that the calculation
gives the desired precision as we described in the chapter (3). It was found that this
number is always larger than the number of open channels at that energy. In the zero
field case we calculated the number of open channels according to the equation, (3.9).
This equation no longer holds in the presence of the magnetic field and we calculate
the number of open channels by looking at the value of the wave vector, k, . If the
imaginary part of the wave vector equals to zero, it is a current carrying wave. Also
note that in the magnetic field problem, the wave vector can also be complex and
one should not conclude the nature of the wave by just looking at the real part of the
wave vector. Now we use only the open channels to calculate the flux going through
the lead according to the equation (6.16). Then the transmission coefficient from lead
q to lead p equals to J,/J,.

In order to calculate the flux, J,, we substitute the equation (6.15) in the equation
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(6.16). Ome might conclude that, due to the non-orthogonality of the lead eigen-
functions, the cross terms will not cancel out and we will end up having a position
dependent flux which would be puzzling. This problem does not arise however, since

two lead eigenfunctions of the same energy would satisfy [35],

Wp

2
[ o i ), ) (i, + B, + 20,) =, (6.17)

3
even though the lead eigenfunctions do not obey the standard orthogonality relation.
This relation (eq.6.17) will cancel out the cross terms in the flux calculation.

Now we need to develop a procedure for calculating the transmission amplitudes,
Ty, Where we combine the lead solutions and the interior region solutions. In the

following section we discuss the interior region problem.

6.2.2 Interior Region Solution

Similar to the zero field problem, we need to expand the scattering wave function
in terms of some basis functions relevant for the interior region. In the earlier zero
field RMT, we started with the interior region Hamiltonian. There we found that the
Hamiltonian is not Hermitian in the finite interior region and its eigenfunctions do
not make a complete set. We defined the Bloch Hamiltonian of the system which is
Hermitian in the finite interior region. We expanded the scattering wave function in
the interior region in terms of the Bloch eigenfunctions. It turns out that the Bloch
Hamiltonian term, £ is the term which relates the flux through the soft boundaries.
We follow the similar path for the magnetic field problem.

First we find the Bloch Hamiltonian corresponding to the magnetic-Hamiltonian
(eq.6.3). According to the equations (6.7) and (6.8), the form of the Hamiltonian
depends on the gauge, so the Bloch term also will be gauge dependent. We will
first discuss the problem for an arbitrary gauge and then give the form of the Bloch

operator for the symmetric and asymmetric gauges. In the presence of a magnetic
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field, the Bloch operator takes the form,
Hp =H+ Ly + Lo, (6.18)

where £, is the magnetic field independent part and L5 is the magnetic field dependent
part of the Bloch operator. Recall that the operator £, takes the form,

1 A
Ly = 3 825(x —5,)V -0 (6.19)

The operator L, is the term that makes the magnetic field dependent Hamiltonian
to be Hermitian. We will first consider the additional terms that come into the

Hamiltonian due to the magnetic field,

H —'BA3+'BA§+B—2(A2+A2) (6.20)
mag = 10 e, T gy T g Ve T ) '

where we define the reduced vector potential A as A = (—y/2,2/2,0) for the sym-
metric gauge and A = (—y,0,0) for the asymmetric gauge. The third term in the
equation (6.20) is just a multiplicative term that is Hermitian independent of the
gauge. We have to consider the Hermiticity of the first two terms. We will consider
the first term,

h = iBAx%. (6.21)
We add a term L3 to h such that the operator i + L3 is Hermitian. In order to have

the Hermiticity, two eigenfunctions of the operator h+ L5 should satisty,

(£.(h+£5)9) = ((h+£5)f.9). (6.22)

We are looking for the form of the operator £35. We will follow several mathematical
steps as follows.

The Hermiticity of h+ L3 requires,
(£.hg) + (£.£59) = (hf.9) + (L3f.9). (6.23)
The first term in the left hand side of the equation (6.23) becomes,

LHS, =i / do dy fiBAxg—Z. (6.24)
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By doing integration by parts,

LHS1 - ZBAxfg |b0undaries _ZB/d:L' dy gA:cg_fv

iBA. fglvoumausies + (1f.9) (6.26)

(6.25)

So the equation (6.22) becomes,

iBALf gluownaarics + (1f,9) + (f: £39) = (hf.g) + (L3f.9)  (627)
iBAwfg|boundaries + (f7 L;Q) = (nga g) (628>

From this we can get the condition that £% should satisfy as,
Ly — (L5 == ieBd(x — s,) As, (6.29)

where € is + for the upper integration boundaries and negative for the lower integra-

tion boundaries. This gives the magnetic-field Bloch operator term L as,

Ly=->" %”5@ — 5,)Aq. (6.30)

Sp
Note that the Bloch operator has a different form when compared to the zero field
Bloch term. In the zero field term the Bloch term equals to the boundary term, where
as in the magnetic field problem, the Bloch operator term is the half of the boundary
term.
Following the similar way, we can make the y dependent part of the Hermitian
and we get the total magnetic Bloch term as,

Lo=— Z %35 (x—s,)As — Z ZEB Ay, (6.31)

5p
where the first term runs over all the z boundaries and the second term runs over
all the y boundaries. When solving for the interior region eigenfunctions, we use the
symmetric gauge that A = (—y/2,2/2,0). Then the magnetic Bloch term takes the

form,

sym 1eBB 1eBB
L3 = Z Té(x —8p)Y — Z —0(y — s¥)x. (6.32)

P Sp
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When solving for the lead eigenfunctions, we use the asymmetric gauge that A =

(—y,0,0). Then the magnetic Bloch term takes the form,

L5 = ZB ?5(1‘ — 5,)Y. (6.33)
Sp
The two Bloch terms, £; + £2 makes Hp (equations 6.7 and 6.8) Hermitian and
we use its eigenfunctions ¢, to expand the scattering wave functions in the interior
region as,

Ug) = z Cjlo;) - (6.34)

In the following section we explain how to relate the interior region solution (eq.6.34)

and the lead solution (eq.6.15) to solve for the transmission coefficients, T ey

6.2.3 R-Matrix Formulation

Knowing the lead eigenfunctions and the interior region Bloch eigenfunctions, we can
formulate the R-matrix equation to solve for the unknown scattering amplitudes given

in eq.(6.15). The scattering wave function is a solution to the equation,

H Vg, ) =E|Ven, ) (6.35)

where F is the energy of the incoming electron and the electron is injected from nth

subband of the p¥* lead.
In the previous chapter (eq.3.16), we have formulated an equation to write the

scattering wave function of the ¢ lead as,

, |¢ ‘Tay ¢(x7y)| ,
\I,qung xq7yq> Z j qg é’ p: )l p \I/%f’,fpo(xp,yp)>, (6.36)

where L is the Bloch operator. In the presence of a magnetic field the Bloch operator
has two terms that £ = £; + L. This equation (6.36) is true only inside the interior
region and we use that to write the scattering wave function on the soft boundaries
where the scattering wave function can also be expanded in terms of the lead eigen-

functions. The notation and the procedure remains the same as in the zero-field
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RMT, however extra care has to be taken since the transverse lead eigenfunctions,
fpm,(Yp) are not orthogonal.

One more important thing to notice in equation (6.36) is that the Bloch eigen-
functions ¢; are the solutions to the Bloch Hamiltonian with the symmetric gauge
(since we have chosen the symmetric gauge for the interior region). However the
Bloch operator appear in the right hand side of the equation (6.36) is £ = £y + L5
as we have chosen the asymmetric gauge for each lead.

Now the scattering wave function in the interior region relates to the R-matrix as,

VR (3p) )

(6.37)

\p%?rozpo (g, yq)> = Z MEe(q,ng; p,nyp) ‘X‘an (yq)> <Xp7np(yp>‘ (V +iBy,)
p

where the M matrix is defined in the eq.(3.30). Now we consider this equation on the

soft boundaries (z, = 0) and project this equation on to the transverse state vector

}Xq7nQ> as,

Oana| WH, (2 = 0,1)) = D7 Mipa:7432,15) (X, ()| (V + iBy)

p

VL (@ 9p))
(6.38)
The matrix M is defined using the interior region eigenfunctions. We need to use
equation (6.38) to relate the R-matrix (or M matrix) to the transmission coefficients
which is defined in the leads. We explicitly write the scattering wave function on the

boundary s, using the equation (6.15) as,

Ny
“P%ﬁgpo (zq =0, yq>> = ‘fq,nq (yq)> 04,00 0nqinp, Z Tgf%po ‘fq,nq (yq)> : (6.39)

ng=1
At the boundary s,, the normal derivative of the scattering wave function is,

Nq

\4 ’\Ij%ﬁ?po (l‘q = 07 yq)> - _ikpoﬂpo ‘fq’”q (yq)> 5‘]71’05'”111”100 + Z ikqquvngLPO ‘fq,”q (yq>> .
ng=1

(6.40)

We would like to project all the wave functions on to the transverse state vector

| Xgmq (Ug))- So we write the above two equations (6.39 and 6.40) in terms of | X, (¥q))
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as,

M‘I Nq Mq
)\Ij%pnopo =0, yq)> - Z Cngmyq |Xq Mq yq >6 vpo(an:”po+z Z Cngsmq |Xq Mq yq) gtfg'?o
mg=1 ng=1mg=1
(6.41)
and,
Mq
v ‘\Ij%pgpo = O7yq)> = _ikp07np0 Z C%q,mq |XQ7mq (yQ)> 5‘]7170671117”170 + <642)
mqfl
q
Z Z qu,nq Ng,Mgq ‘X%mq Yq > nfgzpo
ng=1mg=1
The coefficients cZ are calculated according to the procedure explained in section

q,Myq

(6.2.1). The above two equations (6.41 and 6.42) can be projected on to |xgn, (¥q))

as,
Nq
<Xq ng(Yq) ‘\I]E’pgp (zq = O7yq)> = ChymqOa.p00ng,np, T Z e g,fnpo (6.43)
ng=1
and,
Nq
(Xasng (Y | Y% )\Pq’po =0, yq)> = —Kpo,npy iy my 03,00mgmy, Z K Chgmy Thgoting
ng=1

(6.44)
Now we substitute the equations (6.43 and 6.44) in the equation (6.38) which gives,

C”qvmqéq’po Tq>Tpg - Z Crg,mq ”ZZZ;SPO o ZZME 45 7q, P np)[ (645>

ng=1 P mp

Np

) § P,Po
ka()vnpo Cgp mp 519 Po 6”107 T + kam;; Np,Mp Tnp Npgo +
np=1

iB(Ch 1 Oppo Oy gy Xy (Up) | YUp [ Xy (Up)) +
Np

Z Tp M <Xp,mp (Yp ‘ Yp ‘Xp mp(Yp)) T ﬁ;,zj%po) ]

np=1
This equation is comparable to the equation (3.29) in the zero-field RMT. Note the
difference between the eq. (3.29) and the eq.(6.45). The extra complexity in the
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magnetic-field RMT is due to the non-orthogonality of the lead eigenfunctions and
the additional term in the Bloch operator L£5. The equation (eq.6.45) gives a set of
linear algebra equations that can be solved for the unknown scattering coefficients,
Ty In the equation (6.45) everything is known except the matrix elements of the
matrix, M. We will calculate the M matrix elements using a variational basis set.

In order to explain the procedure, we will calculate the scattering coefficients of a

4-terminal square junction.

6.3 Applications: 4-Terminal Square Junction.

6.3.1 Transmission Coeflicients

In this section we calculate the transmission coefficients for the electrons injected into
the device shown in the figure (6.2). In the bend resistance experiment, a current is
injected from lead 4 to lead 1 which means that the electrons are injected from the
lead 1. The schematic diagram of the device is the same as the one we discussed in
the zero-field RMT (fig.3.6). This device has a symmetric geometry that all the leads
are same in width. We define the coordinate system for this device as the same as
the one we used for zero-field 4-terminal square junction problem.

In order to calculate the transmission coefficients of the electrons in this system, we
need to simultaneously solve the set of equations given by eq.(6.45), which requires the
matrix elements of M. We calculate those matrix elements using a set of variational
basis functions which is as same as the set of basis functions used in the plus junction
with the zero field problem. So the field independent Bloch Hamiltonian is the same
as the Hamiltonian we had in the section (3.4). The symmetric gauge is used when
solving the interior region problem for which the field dependent Bloch Hamiltonian

term takes the form,

__wB wiy B wi, B Wo
Ly = 1 (:c+2)—|— 1 (x 2)—|— 45(y—|—2)

_isB

=20 (646)
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We solve the generalized eigenvalue problem to calculate the eigenvalues, EJB and

the corresponding eigenvectors with the expansion coefficients which is defined as,
|G (@.9)) Zdnmab\m ) 1G(Y)) - (6.47)

We use the superscript to mention that there is an applied perpendicular magnetic
field. Now the coefficients needed for the elements of M can be calculated according
to the equation (3.30). We need the 7 coefficients for calculating the elements of M

matrix which is obtained according to,

,ynvquvnq E : dn m,a,b

(7 = 24)) (Xaimy (¥a) 1G(¥)) - (6.48)

The coefficients dﬁ m.ap are calculated by diagonalizing the magnetic Bloch Hamilto-
nian. Here x and y are the interior region coordinates and y, is the lead coordinate.
We have to convert the coordinates and do the integration. For instance, when we
evaluate the v values on the 2"@ boundary of the plus junction problem, (fig3.6),
x — wy/2 and y — y, and then do the integration from y, = —wy/2 to yo = we/2.
We calculate the M matrix elements and then solve the linear algebra equations to
find the transmission coefficients. In the interior region calculation, we use 10 x 10
basis functions to diagonalize the Bloch Hamiltonian. We use the same number of
basis functions, 10 basis functions to expand the lead eigenfunctions. This makes sure
that we have enough basis functions (for instance at energy = 60, we have only three
open channels and 7 evanescent waves which is calculated in the appendix B). How-
ever we have not optimized the code to use the least required number of evanescent
functions.

The graph (fig.6.5) shows the transmission coefficients of the electrons in the 4-
terminal square junction device for different values of magnetic fields. The values of
the magnetic fields are shown in the inset of each graph. The plotted values are the
lead to lead transmission coefficients, Tj,, = > 7.0 . Here we have considered

Ng,Mpy ~ MgsTpg

an electron injected from the lead 1 that py = 1. As a check for the method, we make
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Figure 6.5: Transmission Coefficients for the electron injected to the 4-terminal square
junction device shown in the (6.2). Electrons are injected from the lead 1. We have cal-
culated the transmission coefficients for 4 different cases, B = 0, B = 6, B = —6 and
B = 12. When there is no magnetic field, since the device is symmetric both T5; and Ty
are equal and T3; is always larger than the sidearm transmissions. This zero field result
correctly recovers the result we obtained with zero-field RMT. This figure also shows that
when you increase the magnetic field, the transmission coefficient to the lead 2 increases
and at some energies it is even higher than the forward transmission. Also the two plots
relevant to B = 6 and B = —6 show that by changing the direction of the magnetic field,

the transmission coeflicients to the left and right leads interchange as one would expect.

B = 0 and calculate the transmission coefficients. The transmission coefficients for
the left and right directions, 774 and Ts; lie top of each other. That is because of the
symmetry when there is no magnetic field. The results show that the magnetic-field

RMT correctly recovers the zero-field result. Note that the forward transmission, T3;
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is always higher than the left and right transmission when there is no magnetic field.
That means even though the current source wants the electrons to go from lead 1 to
lead 4, electrons more likely go to lead 3 (forward lead). That is because the electrons
move ballistically. If electrons were diffusive, electrons equally pile up in the lead 2
and 4. Now since the electrons motion is ballistic, more electrons accumulated in the

forward lead, giving a negative voltage V53 which result in a negative bend resistance.

Figure 6.6: The probability density of a positively charged particle injected to the 4-
terminal junction. The left figure shows the probability density of the particle when there
is no magnetic field and the figure to the right is the probability density when the applied
perpendicular magnetic field B = w% / ZQB = 20. Both the probabilities are calculated when
the scattering energy, F = 25 in the dimensionless units as described in the text. Note that

the sidearms have similar probabilities for the left figure, but not for the right figure.

As you increase the magnetic field, electrons experience the Lorentz force and
tend to deflect to the lead 2. The transmission coefficient, T5; is higher than the

transmission coefficient, T3; as we observe from the transmission coefficients at B = 6
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and B = 12. Also the transmission coefficients at B = 6 and B = —6 shows that the
direction of the electron path changes as you change the direction of the magnetic
field which again proves the accuracy of the calculation.

Knowing the transmission amplitudes, we can calculate scattering wave function.
We have plotted the probability density of a positively charged particle traveling in
the 4-terminal junction at energy, £ = 25. We show (fig.6.6) both the zero field
scattering wave function and the wave function at B = 20. We can see the symmetry
of the scattering wave function when there is no magnetic field and how the electron
deflects towards the side arm when there is a magnetic field perpendicular to the

system.

6.3.2 Calculating the Magneto-Transport Properties

In the previous section we calculated the transmission coefficients of the 4-terminal
device at different energies (fig.6.5). Now we use these transmission coefficients to
calculate the transport properties according to the LB theory. The x axis of these
graphs (fig.6.5) are the energy of the incoming electron. At zero temperature, as we
have discussed in the chapter (1), only the transmission coefficient at the Fermi energy
contributes to the transport properties. This will be different when we consider finite
temperatures.

At zero temperature, we consider the transmission coefficients at the Fermi energy
which is a point on the x-axis. That is, as the Fermi energy changes, the point we
have to look at in the transmission coefficient graph will be different. An important
question is what decides this point. Most of the parameters of the system depend
on the Fermi energy, which is set by the concentration of electrons in the system.
However the x-axis of this graph is a dimensionless quantity. In particular the energy
is scaled by Ey = h?/ m*wlz,o, where we have chosen w,, as the width of the input lead.
So once we have a particular density of states, depending on the width of the input

lead, the point we have to consider in the x axis of the above graphs will be different.
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Figure 6.7: The upper plot is the bend resistance, Rp of a 4-terminal square junction
device as calculated using the magnetic-field RMT and the LB formula. The lower plot is
the experimental observation for Rp as a function of the magnetic field for a device with a
geometry shown in the figure (6.3). Note that two geometries are different. In the theory,
we have calculated Rp at different Fermi energies, which means that we have calculated
the Rp at different sizes of the devices (see appendix B). The results have a qualitative

agreement to conclude that the InSb device has a coherent electron behavior.
We have shown how to calculate this value in the appendix (B).

We first consider a device in which the width of the incoming lead equals to 0.1pm

and the two-dimensional density of the sample equals 1.90 x 10*cm 2. For that device
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the Fermi Energy, Fr = 58.7 in the dimensionless units (see appendix B). At this
energy there are 3 open subbands. We calculate the Rp using the equation (1.34).
For a comparison we calculate the Rp at different values of Fermi energies and the
result is shown in figure (6.7). The lower plot is the experimental observation for Rp
as a function of the magnetic field for a device with a geometry shown in the figure
(6.3) [10]. The theoretical result qualitatively agrees with the experimental result.
Note that two geometries are different. In the theory result, we have calculated Rp at
different Fermi energies, which means that we have calculated Rp at different widths
of the device. The Fermi energy decreases means the width decreases according to
our units. In the appendix (B.1), we have tabulated the dimensionless Fermi energies
for different widths of the sample with a carrier concentration, 1.90 x 10'tecm=2. We
discuss more about the result in the conclusion (6.6). In the next section we show

how to calculate the bend resistance of a 4-terminal wedge junction device (fig.6.3).

6.4 Applications: 4-Terminal Wedge Junction De-
vice

In the previous section, we calculated the transmission coefficients of electrons in
a 4-terminal square junction device using the magnetic-field RMT. In this section
we calculate the transmission coefficients of electrons in a 4-terminal wedge junction
device (fig.6.3) which is more relevant to the experimental observation we compare
our results with.

A schematic diagram of our four-terminal wedge-junction devices is shown in the
figure (4.5). In the chapter (4), we calculated the transmission coefficients of electrons
in such a device with no magnetic field (fig. 4.7). We kept the opening angle 26 = 43°
(which equals to the opening angle of the experimental device [10]), and studied the
transmission coefficients for different values of wp. According to this result, the

transmission coefficients do not have much effect when we increase the width wp
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(fig.4.7). What happens there is when we increase the width of the lead, it injects
electrons in number of open channels. However, those channels which are higher
in subband index and lower in kinetic energy in the longitudinal direction tends to
reflect back those higher subbands will not effect the transport. So we do not need to
include the higher subband electrons in the calculation. The experimental device has
a opening width wp = 4.0, however we simulate the device with wp = 1.5 since we
need to include more channels for the convergence when the width of the leads are
larger. Since the interior region of this device is quite complicated, we need to use
the R-matrix connection formula to solve for the transmission coefficients of electrons
in this device.

In the chapter (4) we discussed the R-matrix connection formula and applied it
to calculate the transmission coefficients of electrons in a 4-terminal wedge junction
device. Here we discuss the basic concepts of the R-matrix connection formula in the
presence of a magnetic field. However, we do not develop the equations as we did in
the zero field case.

In the zero-field R-matrix connection formula, we calculated the R-matrix ele-
ments (or M matrix elements) corresponding to each soft boundaries using each
relevant interior regions. Then we applied the R-matrix equations (all possible com-
binations) to write the scattering wave function on each soft boundary. Then we
applied the continuity of the scattering wave function and the derivative of the wave
function.

The same procedure is applied for the magnetic field R-matrix connection formula,
however the first derivative of the wave function is not continuous at the boundary.
The physical condition is that the flux is continuous across the boundary. Since the
Bloch operator is the flux operator through the surface, all the boundary conditions
stay the same.

We do not present the calculation here since it follows the same procedure as the

zero-field case. However, the set of equations is not the same since the R-matrix
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Figure 6.8: Transmission Coefficients for the electrons injected to the 4-terminal wedge
junction device shown in the figure (6.3). The device is specified by wq = 1.0, wp = 1.5,
and 20y = 43° according to the figure (4.5). Electrons are injected from the lead 1. We
have calculated the transmission coefficients for 4 different cases, B =0, B =6, B = —6
and B = 8. Since the device is symmetric both T5; and Ty; are equal and T3 is always
larger than the sidearm transmissions when there is no magnetic field. This zero field result
correctly recovers the result we obtained with zero-field RMT. This figure also shows that
when you increase the magnetic field, the transmission coefficient to the right lead increases
and at some energies it is even higher that the forward transmission. Also the two plots
relevant to B = 6 and B = —6 show that by changing the direction of the magnetic field,

the transmission coefficients to the left and right leads interchange as one would expect.

equation has additional parts. We show the resultant transmission coefficients in the

figure (6.8). Using those transmission coeflicients, we calculate the bend resistance
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Figure 6.9: Bend resistance of a four-terminal wedge junction device (fig.4.5) as a function
of the magnetic field, B. We have calculated the bend resistance at different values of Fermi
energies which is for different values of device sizes (wy4). For a conversion of the Fermi

energies to the device sizes at a given carrier concentration, see appendix (B).

of the system at zero temperature at different Fermi energies (fig.6.9). The appendix
(B) shows the widths of the device corresponding to the Fermi energies considered in
the bend resistance calculation (inset of the figure 6.9). We will discuss more about

this result in the section (6.6).

6.5 Temperature Dependence of the Bend Resis-
tance

As explained in the section (1.1.1), in order to calculate the finite temperature trans-
port properties according to the LB formula, we need to consider the transmission
coefficients of electrons which has energy close to the Fermi energy, according to the

equation (1.13). We calculate the finite temperature bend resistance for the four-
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Figure 6.10: Bend resistance, Rp as a function of the magnetic field for the four terminal
square junction device when the dimensionless Fermi energy equlas to 40. The different
curves are for different temperature as shown in the inset. This graph shows that the bend
resistance decreases as you decrease the temperature. However, that behavior breaks down
after T'= 100K . We discuss this in the text (see section 6.6).

terminal square junction device at the Fermi energy, Er = 40 in dimensionless units.

And the result is plotted in the figure (6.10).

6.6 Conclusion

In conclusion, we have calculated the bend resistance of a 4-terminal square junction
devices and a 4-terminal wedge-junction device in a full quantum mechanical fashion.

The results quantitatively agree with the experimental observation.
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We particularly look at two experimental observations of the bend resistance, the
dependence of the Rpg, on the width of the device and on the temperature. According
to this result, the variation of the bend resistance as a function of the magnetic
field is not monotonic with the width of the sample. This is clear when we look at
the transmission coefficients graphs (fig.6.7). The transmission coefficients have a
considerable effect on the threshold energies. It is not just the width of the sample
matters for the result, but the position of the Fermi energy with respect to the
threshold energies. If the width of the sample is such that the Fermi energy lies close
to a threshold energy, then the difference between T3; and T5; is large and we will get
a large negative bend resistance. There are not enough experimental results to prove
this hypothesis. Also the experiments [10] reported Rp ~ 4k{2 when the width of the
sample equals to 0.2um. According to our results this high bend resistance can be
seen for a narrower device. We could believe that the lithographic width is not the
actual width of the device.

The graph (6.10) shows that as you increase the temperature, the bend resistance
decreases. However when 7' > 100K this behavior breaks down and the bend re-
sistance start to increase. We believe that this breakdown is not real. At such a
high temperature, our simple model cannot explain the system. We need to include
the effects such as the lattice vibrations (phonons) in the model. The breakdown at

higher temperature is not surprising since we have neglected all dephasing effects.
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Chapter 7

Conclusion

We have developed a theoretical tool, R-matrix theory, which has also been used
in atomic and molecular physics, and applied it to calculate the transmission coef-
ficients in two-dimensional solid-state devices. Our approach is different from other
R-matrix theories for devices in that we use variational basis functions [58] in the
calculation. We have demonstrated that the variational R-matrix theory in device
physics converges faster than the conventional R-matrix approach.

Our second major result is the development of the R-matrix connection formula.
The R-matrix connection formula uses variational R-matrix theory to calculate the
transmission coefficients of electrons in a device with a complicated geometry. Al-
though we have developed the technique, our formula is not generic. However, it can
be improved to obtain a generic formula which could be used for a device with an
arbitrary geometry.

The variational R-matrix approach has several advantages comparing to other
techniques for calculating the transmission coefficients of electrons in a two-dimensional
device. As explained in chapter (2), the R-matrix theory separates the energy-
dependent calculation from the energy-independent calculations so that the most
time-consuming calculations must be done only once, even if we have to get results
for a number of energies. Since the variational approach achieves faster convergence,

we can get very accurate results using R-matrix theory. As we found in chapter (4),
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R-matrix theory is flexible enough to adapt to devices with complicated geometries.

The transmission coefficients lead to transport properties according to Landauer
theory (ch.1). We used the calculated transmission coefficients to design new devices
and model existing experimental observations. Our major accomplishment was using
RMT to design a device to obtain the cooling by deflecting the thermally excited
electrons. Our calculation was not optimized, but rather was a proof of the principle
that one can improve the cooling effect by different geometries.

Our fourth result was the extension of R-matrix theory to calculate transmission
coefficients of electrons in the presence of a magnetic field. Using the transmission
coefficients, we calculated the bend resistance of a 4-terminal square-junction device.
With the R-matrix connection formula, we were able to calculate the bend resistance
of a 4-terminal device with a more complicated geometry. Our results qualitatively
agree with experimental observations but differ in detail. However, important ex-
perimental details such as the exact gate width (including depletion) and the exact
carrier concentration are not precisely known. Given the relatively good agreement,
we feel that we have evidence that the device is phase coherent. Future experimental
data such as a quantum-Hall measurements of the device will help to count the num-
ber of subbands in the leads of the device. We can then deduce the exact effective
width of the leads. We also have found that the bend resistance does not change
monotonically with the width of the device. More experimental data is required to
confirm this finding. Also we note that being able to develop R-matrix theory in the
presence of a magnetic field shows that R-matrix theory can be adopted to any sort
of potentials. The key issue is to find the relevant Bloch operator term.

Our work is based on the single-particle approximation. We can further develop
the technique to calculate the transmission coefficients of electrons in a many-electron
system. In fact, extension to the many electron systems is one of the greatest ad-
vantages of RMT in atomic physics. Such a many-electron theory will require not

only a reformulation of some of the work in this thesis, but also of Landauer-Biitikker
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theory. Landauer-Biitikker theory assumes that the scattering device is unchanged
due to the electron transport, but in a many electron system, injecting electrons can
excite the molecules in the scattering region or the electrons may be captured in the

scattering region. This extension will be necessary to describe molecular devices.
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Appendix A

Background of R-Matrix Theory

In this appendix we present the background of R-matrix theory in nuclear physics,
atomic and molecular physics and the device physics. Please note that this appendix
was obtained from the forthcoming paper on variational device R-matrix theory by

Jayasekera, Morrison and Mullen [9].

A.1 R-Matrix Theory in Device Physics

In 1947, Wigner and Eisenbud introduced R-matrix theory as a rigorous way of calcu-
lating and thinking about nuclear reactions in general and the role of resonances (the
compound-nucleus model) in particular. An excellent early account of the formulation
of Wigner and Eisenbud [5], which we shall call conventional R-matrix theory
(as distinct from the variational R-matrix theory we use), appears in the review by
Lane and Thomas [42]. Bloch [? ] made a major contribution to the implementation
of R-matrix theory by introducing the “boundary condition operator” Lp, which we
shall call the Bloch operator. This operator, which is defined on the internal region
A of position space, incorporates Neumann boundary conditions that, in conventional
R-matrix theory, are imposed on the R-matrix surface S, in order to discretize the
spectrum in A. Unlike the system Hamiltonian H, the operator Hg = H + Lz, which

we shall call the Bloch Hamiltonian, is Hermitian in A. Its eigenfunctions therefore
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constitute a complete set which, in conventional R-matrix theory, constitutes a basis
for expanding the system state vector Wg in A. The (discrete) eigenvalues of Hp,
which are real, are the poles of the R-matrix, and the values of the eigenfunctions
of Hp on S, are proportional to the corresponding residues. Lane and Robson [43]
derived explicit forms of the Bloch operator for single-channel and multi-channel scat-
tering from a spherically symmetric potential energy, proved that Hpg is Hermitian
on A, and related the operator H + Lp — E to the scattering (S) matrix.

Since the publication of these seminal papers, R-matrix theory (in many guises)
has become a mainstay of collision physics. The review by Barrett et al. [45] offers a
concise summary of the many modern versions of this theory and survey its practical

application, emphasizing the calculation of nuclear reaction cross sections.

A.2 R-Matrix Theory in Atomic and Molecular
Physics

R-matrix theory migrated to atomic and molecular physics in 1971 with its formu-
lation by Burke et al. [46] for electron-atom scattering and its application by Burke
and Robb [48] to low-energy scattering of electrons from hydrogen and helium atoms.
Low-energy electron collisions pose special theoretical and practical challenges due to
the importance of many-body effects (electron exchange and correlation) in the near-
target region. The structure and approach of R-matrix theory are ideally suited to
these challenges. In short order, Burke and collaborators brought their variant of con-
ventional R-matrix theory, in which the internal region is spanned by eigenfunctions
of the sum of the Bloch operator and a model Hamiltonian (see the review by Burke
and Robb [48]) to a high level of sophistication (O’Malley et al. 1978 [50]), a line of
research that continues to the present day [see, for example, Burke and Berrington
[49], Trail et. al[51], and Zhou et.el [52] and references therein)].

R-matrix theory made further inroads into atomic and molecular collision physics
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with its generalization in 1975 by Sceneider [53] to electron-molecule collisions. The
increased complexity of molecular as opposed to atomic targets exacerbate the difficul-
ties posed by the internal-region in electron-atom scattering. But early applications
of conventional R-matrix theory to electron-molecule systems (Burke et al. [47]; Mor-
rison and Schneider [54]; Schneider and Hay [55]) showed that one could surmount
many of these difficulties by adapting sophisticated, powerful, and exhaustively de-
veloped formulations (and the corresponding computer codes) of quantum chemistry
to the solution of the many-body problem in the internal region. This capability,
in tandem with the facility with which R-matrix theory treats resonances, has made
the R-matrix method one of the dominant techniques for modern electron-molecule
scattering studies (see, for example, Mazevet et. al [56, 57|, Nesbet et. al [58] and
references there in). [For a succinct summary of the theory, see the review by Lane
[59]; for implementation techniques, see articles by Gillian et al. [60], Morgan [61]
and Schneider[62]in the collection edited by Huo . A survey of the application of
R-matrix theory in atomic and molecular physics along with reprints of many of the

major papers appears in the book edited by Burke and Berrington [49].]

A.3 R-Matrix Theory in Device Physics

By formally demarcating regions of space in which interactions or other physical fea-
tures of a system differ, R-matrix theory offers conceptual advantages over many more
familiar formulations of collision physics. Moreover, because the most computationally
demanding parts of an R-matrixz calculation do not depend on the scattering enerqgy
(and must, therefore, be performed only once), the R-matrix method offers significant
practical advantages over many alternative theories. In light of these advantages, it is
somewhat surprising that R-matrix theory has not been used more widely in device
physics.

Adapting R-matrix theory to quantum devices poses three major challenges. First,

143



spherical coordinates, which are used in nearly all other applications of this theory,
are unsuited to such devices, whose geometry typically consists of one or more con-
ductors connected to one another and to external contacts (which serve as electron
reservoirs) by leads. One must therefore reformulate the theory using several Carte-
sian coordinate systems: one for the internal region (the conductor) and one for each
lead. (Together, the leads comprise the external region.) Second, the R-matrix sur-
face in a quantum device, which separates the internal and external regions consists
in part of impenetrable walls; the boundary conditions for the wave function on such
walls differ from those on the “imaginary” walls that comprise the rest of the surface.
Third, the external region consists of leads which themselves have impenetrable walls
and which support bound states.

Smrka [6] first applied R-matrix theory to a mesoscopic device by adapting the
formalism of Wigner and Eisenbud [5] to one-dimensional electron transport in peri-
odically modulated two-dimensional systems. Wulf et al. [7] later generalized Smrka’s
formulation to systems in which electrons are confined to more than one dimension.
As in most applications of R-matrix theory to device physics, Wulf et al. focused on
transmission resonances, calculating scattering quantities for classically allowed elec-
tron transport in a tunneling barrier with a lateral periodic modulation. In related
research, Onac et.al [8] and Racec and Wulf [63] extended their R-matrix theory
of nonlinear quantum transport to systems exposed to an external magnetic field,
and illustrated their theory by calculating current-voltage characteristics for vertical
magnetotransport through a quantum dot which they modeled by neglecting Coulomb
interactions and assuming a parabolic confining potential.

Indicative of the potential R-matrix theory offers to the device community is the
diversity of its (few) previous applications. In addition to the above, Stone and
Bruus citeStone used conventional R-matrix theory to calculate the amplitude of a
Coulomb-blockade resonance in their study of chaotic classical dynamics in semicon-

ductor quantum dots. These authors used a simplified single-level approzimation to
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R-matrix theory, which is obtained by neglecting all but one propagating mode in
each lead [42]. In a quite different application, Alhassid and Attias [65], Alhassid [66],
and Alhassid el al. [67] applied resonant R-matrix theory to the statistical theory of
conductance peaks [68] in a study of the correlator for conductance-peak amplitudes
of a chaotic or weakly disordered quantum dot in the Coulomb-blockade regime.

Of all prior applications of R-matrix theory to device physics, the one that is closest in
spirit to ours is the study by Bohn [21] of ballistic electron propagation in deflective
periodic arrays of T-shaped devices. Bohn used the eigenchannel R-matrix theory
[41, 69] to calculate scattering properties and zero-temperature nonlinear current-

voltage characteristics for these systems.

A.4 Choice of Basis for Variational R-Matrix Cal-
culations

In variational R-matrix theory, the internal-region basis {¢;(z)}32, is required only to
be complete on A. The basis functions must be linearly independent on A and regular
at all impermeable walls S,,. Apart from these requirements, the basis functions are
arbitrary. To maximize the computational advantages of variational R-matrix theory,
it makes sense to choose basis functions that facilitate evaluation of the elements of
the overlap matrix and of the matrix representation of the Bloch Hamiltonian. It
also makes sense to define the basis so as to provide a systematic prescription for
increasing the (finite) number of functions in any actual calculation while minimizing
the risk of (numerical) linear dependence. Nevertheless, this context leaves a great
deal of flexibility in choice of basis functions.

One way to such a define the variational is to choose functions that satisfy Neu-
mann boundary conditions on a surface S that lies outside the R-matrix surfac S,;
that is, on a surface that lies in the external region. The resulting basis will not, of

course, be orthonormal on A; but (crucially) the basis will be complete on A, and
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its constituent basis functions do not satisfy any particular boundary conditions on
S,. As described in [the Implementation section], we use such a basis in the present
application to two-dimensional devices.

Functions of this type were introduced to the theory of nuclear collisions (Nagara-
jan et al. [70], Tobocman and Nagarajan [71]) as a way to calculate the S matrix using
independent-particle wave functions (Slater determinants) defined in the shell model
of the nucleus (for a review, see Barrett et al. [45]) For a simple spherical square-
well Nagarajan et al. [70] demonstrated the viability and efficiency of this approach,
which they called the boundary-condition constraint method. These authors used
harmonic-oscillator basis functions in which the natural oscillator frequency was used
as a parameter to minimize the number of basis functions required to attain a desired
level of convergence. (This method does not fall under the theoretical umbrella of
variational R-matrix theory, and does not invoke the Bloch operator to ensure Her-
miticity in A.) This approach was further developed by Philpott and collaborators
[72, 73, 74] in applications to problems in nuclear physics. Of special interest is the
study by Philpott and George [73], who develop a criterion for optimizing a basis of
this type.
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Appendix B

Dimensionless Units to Physical

Quantities

Through out this thesis, we calculated the transmission coefficients of the solid-state
devices as a function of the energy of the incoming electron. Usually in numerical
calculations, we use the dimensionless quantities. We measured the length in terms
of a characteristic length of the system, energy in terms of a characteristic energy of
the system and so on. Also we measured the strength of the magnetic field in terms
of the dimensionless quantity, B = wgo /1%, where w,, is a characteristic length in the
system and 1% = h/eB, the magnetic length of the system. We need to transform
these dimensionless quantities back to the real units in order to calculate the physical

quantities.

B.1 Lengths and Energies

We start with the two-dimensional density of electrons. We consider the system in
the reciprocal space [18]. There is a total of N electrons in the system. At zero

temperature, all the states are filled up to a Fermi energy. Mathematically we write
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this as,
k%,

2 e = (B.1)

where kr is the wave vector of a free electron at the Fermi energy,
Er = bk} /2m*. (B.2)

Equation (B.1) gives the two-dimensional density of electrons as,

ki
==, B.
n=g (B.3)
Combining the equations (B.2) and (B.3), we get,
2
Ep = ”h* n. (B.4)
m

We can use the equation (B.4) to calculate the Fermi Energy of the system knowing
the effective mass and the density of electrons. We use the experimental value for the
electron density and the effective mass of the electron is a known value for different
materials. We are interested in InSb for which the effective mass of the electron is
a function of the energy gap between the valence band and the conduction band.
However, for simplicity we use a constant effective mass, m* = 0.0139 my where m,
is the free electron mass of the electron. Taking the electron density of the system,

2

n =ng x 10 em=2, we can calculate the Fermi energy of the system as,

Er =172 xny meV. (B.5)

For GaAs, the effective mass of electron m* = 0.067mg and we get the Fermi energy
as,

Er =357 xny meV. (B.6)

Now we need to calculate this energy in terms of the dimensionless energy units.
We measure the lengths in terms of a convenient characteristic length in the
system, which in a two-dimensional system we choose as the width of the incoming

lead, w,,. We shall take this unit length as,

Wy, = Wy, X 107° m. (B.7)
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Now the unit of energy will be,
h2
& = : (B.8)

*0 0142
mwpo

Please note that in the chapter (5), our energy units were different and we do the
relevant unit conversion in the same chapter. By substituting the values in this

equation we get the energy unit as,

~0.0055

2
WPO

0 meV. (Bg)

Also we choose to measure all the energies from &. With that, the dimensionless

energy is defined as,
E—-&
E

We combine the equations (B.4), (B.8) and (B.10) and get the dimensionleass Fermi

(B.10)

€ =

energy,

ep = 1000 x wnow2, — 1. (B.11)

Note that the dimensionless Fermi energy, and hence the number of occupied channels
does not depend on the effective mass of the material. However, the spacing between
levels is material dependent.

We will now consider a device in which the width of the incoming lead w,,, = 0.1um
that the is w,, = 0.1 and the carrier concentration n = 1.90 x 10'*cm =2 that ng = 1.9.

The dimensionless Fermi energy will be,
er = 58.69. (B.12)

According to the equation (3.12), we can find that there are 3 open channels at this
energy.

In the section (6.3 and 6.4), we have calculated the bend resistance at arbitrary
values of dimensionless energies. Using the equations (B.11), we convert the dimen-

sionless energies to the corresponding size of the device and tabulate in the table

(B.1).
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Fermi Energy | Width (wy)
(Dimensionless) | (in nm)
8 38
11 45
15 02
25 66
35 7
40 82
99 100
60 101
75 113
85 120

Table B.1: The dimensionless Fermi energy is converted into the size of the device. In fact,
the values at different points in the x axis of the transmission coefficients graphs (fig.6.5 and

fig. 6.8) is converted into the relevant device size. We considered a sample with a electron

concentration n = 1.90 x 10em—2.

B.2 Strength of the Magnetic Field

In the chapter (6), we choose to measure the strength of the magnetic fields in terms
of the dimensionless quantity B = wgo /1%. Here we explain how to transform these
energies into the real units. Our dimensionless unit is related to the ratio between
the magnetic length of the system and the width of the incoming lead.

We will first calculate the magnetic length (g of the system. Let us consider an

applied magnetic field B = By tesla and the magnetic length,

h
eB
2.56 x 1078
lp -
v By

The magnetic length cannot be defined for B = 0 case. Now we will consider a device

in which the lengths are measured in terms of w,, = w,, X 107%m ,

B — _m

2 12
Wy, X 10

By x (2.566)% x 10-16
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For a sample with w,, = 0.1, the strength of the magnetic field of 1 tesla equals to

the dimensionless magnetic field strength,

B =15.12, (B.13)

which says,

1
B=1— 12Tesla. (B.14)

We use the equation (B.14) to convert the dimensionless energy units into the real

magnetic field strengths in the sections (6.3 and 6.4).
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Appendix C

Bloch Eigenfunctions in a Wedge

Geometry

In the chapters (4) and (6), we used the Bloch eigenfunctions of a wedge geometry.

In this appendix, we explain how to find these Bloch eigenfunctions in a wedge geom-

1w

X=X1

X=X,

Figure C.1: A schematic diagram of a wedge geometry. In this appendix, we discuss how
to calculate the Bloch eigenfunctions in the wedge geometry which is used in the chapters
(4) and (6). The mesh in the figure shows a new coordinate system (z,t = y/x). In the
text we explain how to use both the (z,y) and (x,t) coordinate systems to calculate the

Bloch eigenfunctions in this geometry.
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etry (fig.C.1). One could write the Bloch Hamiltonian in the discretized real space
with the physical boundary conditions and diagonalize the Hamiltonian to find the
eigenfunctions and the eigenenergies. However, this is not computationally efficient.
We would prefer to do most of the overlap integrals analytically. First we have to
write the Bloch operator and find a set of basis functions that satisfy the physical
hard wall boundary conditions. We will think about two sets of coordinates (z,y)

and (z,t) as shown in the figure (C.1). There are two important points to make:

e The physical hard wall boundary conditions are easy to write in the (z,t = %)

coordinates,
and,

e The Hamiltonian operator is easy to calculate in the (x,y) coordinates since

Bloch term is always pointing outwards to the soft boundaries.

Because of that we choose to use a set of basis functions in (z,t) coordinates, write
the Bloch Hamiltonian in the (z,y) coordinates and do the overlap integrals in (z, %)
coordinates.

The Bloch Hamiltonian takes the form,
I 9 1 d d
Hp = 5 (Vi+V))+ 5 ( d(z xl)dl’ +d(x a:Q)dx> . (C.1)

We choose a set of variational basis functions which satisfies the physical hard wall

boundary conditions. The t dependent basis functions take the form,

G(t) = \/gtanw, (C.2)

21,
where tg = tan 26,. These basis functions are similar to the infinite well eigenfunctions

which satisfy the hard wall boundary conditions.
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The x dependent basis functions take the form similar to the horizontal basis functions

we used in the T-junction problem. Here we repeat the form of those functions.

() = %

2

= 1/>\—msin—i\:x for a=1,3,... (C.3)
2

= 1//\—1005%3: for a=2,4,...,

Here we used A\, = v(xe — 1) where we used v = 1.3.

(C.4)

Since the Hamiltonian is written in the (z,y) coordinates, we have to transform
the basis functions to (z,y) coordinates, and then after defining the elements of the
Bloch Hamiltonian, the integrals can be done using the (x,t) coordinates. Note that
(x,t) is not a set of orthogonal coordinate system so that one cannot do the integration
as fiié 52 f;f dx dt. We will find the integration element as follows.

The infinitesimal area ds is given by,
ds* = dx® + dy?, (C.5)

where dx is the infinitesimal length in the x direction and dy is the infinitesimal length

in the y direction. We can find dy as,

y
t = = .
; (C.6)
dy = tdx+ xdt (C.7)
So,
ds® = dz® + dy* = da* +t*da® + 22 dt* + 2xtdydt, (C.8)

which can be written in the matrix form as,

14+t ot dx
ds* = ( de dt ) : (C.9)
at x? dt
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We write this equation as,

dx

ds* = < dr dt )g : (C.10)
dt
where,
1+t2 ot
g = det (C.11)
xt x?
Then we get the infinitesimal area as,
ds = ¢'/? dx dt, (C.12)
which simplifies to,
dx dy = z dx dt. (C.13)

Using the equation (C.13), we do all the overlap integrations in the (x,t) coordinates
and calculate the Bloch Hamiltonian for the wedge geometry. Once we write down the
Bloch Hamiltonian in the matrix form, we solve the generalized eigenvalue problem
to find the coefficients d,, .5 as we explained in the section (2.3.1). And then we

calculate the M matrix elements according to the equation (3.30).
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Appendix D

R-Matrix Connection Formula for
a 4-Terminal Wedge Junction

Device

In the chapter (6), we discussed the transmission coefficients of electrons in a four-
terminal wedge junction device. In this appendix, we show how to set up the algebra
to calculate the transmission coefficients of a 4-terminal wedge junction device. We
refer to the device in the figure (4.5) use the same notation as we used for the R-matrix
connection formula for a diamond-shaped device. We write the R-matrix equation
relating the scattering wave functions in different regions.

Using the interior region I, we relate the scattering wave function defined in the
lead 1 and interior region C' as,

1 _ I I 1 _
fDl,nDl - Z MDL”DLDLnlDl <XD1,7~/D1 ‘EqujE?npo (l’ - xD1)> +

/

"p1
> Mt Xatna [E005,,, (@ =2a)). (D.1)

nA1
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and,

C §
fAl,TLAl MAI ’I’LAl,Dl,npl <XD1177»D1

nD1

I I yC
Z I\/|A1,7W,A1,nj41 <XAl,n’A1 “CAI\I]E,npO(x = $A1)> . (D.2)

A1

L1 Wh, (2 =2p1) ) +

Using the interior region I, we relate the scattering wave function defined in the

lead 2 and interior region C' as,

2 _ IT
fD2,nD2 - Z MD2 mpa2,D2,n’, <XD2 "o ‘E Eno (= ID2)> +

l

Z MD2 np2,A2.1 40 (X A2, 12 |£ Eno(x = -TA2)> (D.3)

and,

fg27nA2 = Z MA2 TLAQ,D2 npo <XD2 npo |£ ETL() (ZL’ — xD2)> +
nD2

MZIQ,nAQ,AZ,n/AQ <XA2 "A2 |‘C Eno (ZE = xA2)> . (D4)

/
LD

Using the interior region I11, we relate the scattering wave function defined in

the lead 3 and interior region C' as,

3 _ 111 III _
fD37nD3 - Z MD3 nps,D3, nD3 <XD3 n/D E ETLp (I - $D3>> +

/

"p3
Z M.»I4[2[TLA37D3 nps <XD3 np3 EIII Tp (x = $D3)> ’ (D5)
TA3

and,

C _ § 117
fA37TLA3 - MA3 nasz,D3nps3 <XD3 np3
nD3

LI, (v =ops)) +

117
A3,nA3,A3,n;13 XA3n A3

LS Ve, (x:$A3)>. (D.6)

i
Ma3
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Using the interior region IV, we relate the scattering wave function defined in the

lead 4 and interior region C' as,

f4 _ v
D4,npy D4 npy,D4, nD4 X D4y Mpy

/
D4

: :MD4HD4,A4 N A4 <XA4TLA4

naA4

ﬁ Enp (ZU:9CD4)>+

n

L Enp (z = IA4)> , (D.7)

and,

C _ E
fA47nA4 MA4 naq,D4npy <XD4 npa
nD4

LHWY,, (= 00) +

v
A4,nA4,A4,ni44 XA4n' Mgy

VG, =) (D)
”/A4

Now using the interior region C, we can use 4 equations corresponding to the

4-interior regions as,

I C
fAl,nA1 = MAl nAl,Al,n/Al <XA1,71A1 »C E RO ({E = I’Al)

+ : : MAl TLAI,AZ nA2 <XA2 nA2 E Enpo (.%' = ,IA2>

)
)
)
)

c N .
+ MAl MA1,A3,mA3 <XA3 nA3 ‘CA3 Enp, ($ = xAS)
- Z MAl nA1,AdnAg <XA4 nA4 ‘CA4 E Mo (I = l'A4) ) (Dg)
= c C ! _
fA? naz MA27nA2,A1,nA1 <XA1,nA1 ‘CAl\IIEmpO (.27 = .TA1)>
nA1
C —
+ A2,n42,A2,0/s, <XA2 7'y ‘CAQ En,, (z = $A2)>
/
M a2
C III _
+ M2 40, 48,m05 (X A3,705 LG, By (@ —xA3)>
A3
C JR—
+ MA2 na2,Adn g <XA4TZA4 £A4 Enpo (.CE = -7:A4)> y (DlO)

nAa4

158



III _ c C ol B
Fasnag = A3maz,Alnay \XALnas LV, (x = xA1)>
nai
¢ C g II N
+ A3,na3,A2,n42 <XA27"A2 ‘CAZ\IIE,npO (ZL‘ = xA2)>
nA2
¢ C il o
+ A3ma3,A31 4 <XA3,n’A3 £A3\I]E,np0 (z= IA3)>
!
a3
¢ v
+ A3.n43,Adn 44 (Xaanas |[LA1VE np (z = 55A4)> ) (D.11)
N A4
and,
A4»”A4 - : : MA4,71A4,A1,TLA1 <XA1,TLA1 LAl\I[E,npO (LU — xA1)>
nai
c C I o
+ Adna4,A2n 42 {(XD2.nps ['DQ‘I’E,nPO (z = 5UD2)>
A2
¢ C g III o
+ Adnag,A3,n43 <XA377"0A3 ‘CAS\I]E,npO ({E = $A3)>
A3
c C g IV _
* Adnag, Adny, <XA4,n/A4 £A4‘I/E,np0(x = IA4)> . (D.12)
’
LYV

The scattering wave function should satisfy 4

sets of boundary conditions, the

continuity of the wave function and its derivative across each internal boundaries, A,

Ag, Az and Ay. We mathematically write the boundary conditions for the continuity

of the wave function as,

I C
fAl,nAl = fAl,TLAl’

11 _ fC
A2np2 T JA2na20
fIII o fC
A3,nas — JA3maz)

and,

I C
fA4,nA4 = fA4,nA4-

(D.13)
(D.14)

(D.15)

(D.16)

In writing the continuity of the derivative of the scattering wave function new sets

of symbols, Aa; ,,. The boundary conditions become,

(XAt () |[L0 95, (= IA1)> = — (Xatny (1) |[£5 9, (= $A1)> = A1 nat,
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(XA2,n4, (Y a2) “CAQ By (T = JIA2)> = — (X214, (Y22) ‘L‘SQ\PE% (x = $A2)> = Aa2,na2,
(D.18)

(X43,n45(Y23) ‘E”I\If%n (= $A3)> = — (X43,n.45(Ya3) ‘ﬁ 5V, (T = IEA3)> = A3 nas,
(D.19)

and,

(X444 (Y1) ‘ﬁﬁm‘PE Mo (= 13A4)> = — (XA4n 4, (Yaa) ‘£A4‘I’E o (z = «TA4)> = Asanad
(D.20)

With the new notation the equations (D.1), (D.3, (D.5) and (D.7) reduce to,

1
fDl,nD1 = Z

”D1

2
fD2,1’LD2 = Z

3 _ E
fD3,nD3 - M
!
"p3

and,

4
fD4,TLD4 - Z

D1 TLDl,Al nDl <XD1 nDl E EnP

D2nD2,D2nD2 <XD2nD2 LD? Enp

117

11T 3
D37”D37A37nng <XD3 nDri E \Ij

]V 4
£D4 Enp

D4 ,np4,D4, TLD4 <XD4 nD4

2= 201) ) > Mhyatn (“Aataa):

nA1
(D.21)
= ID2 > Z MD2 npo,A2, 7’LA2( AA27”A2)7
nA2
(D.22)

T = $D3)> Z MIDI?)I,HD3,A3,HA3(_AA3771A3)7

nA3

(D.23)

= ID4 > : : MD4 npa,Ad, 7’LA4( AA47”A4)'

nA4

(D.24)

Applying the boundary conditions to the equations (D.2) and (D.9) gives,

I
E MAl,nAl,Dl,nDl (XD1,np:

npi1

I 3l
Ly ‘I’E,npo (v

c

’
Ta1

_ 1 _
o $D1)> + Z MAl,nAl,Al,nlAlAAl’nAl B

a1

MAl na,Al n, AAl MAL + : :MA]. na1,A2, nAQAAQ NnA2 +
A2

C c
Z MAl,nAl,A3,TLA3AA3:nA3 Z MAl,nAl,A4,nA4AA4,nA4 (D25)

nA3
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Similarly we get another three sets of equations as,

11 11 2 _ II _
E MAz,nAz,m,nm (XD2,nps £D2‘1]E,np0 (x = 1‘D2)> + E MA27nA27A2’n’A2AA2,nA2 =
np2 n/
A2
4 > My
MA27nA27A17n241AA17nA1 + MA2,7LA2,A2,71242AA2)”242 +
/ ’
a3 A2
MG A MG A (D.26)
A2 42,A3,n A3 A3,nas A2,n49,A4,n 44 Adnags .
nA3 N A4

11,3 _ Z I o
£D1 \IIE,TLPO (ﬂf = $D3)> + MA377’LA3,A3,71243AA3’”A3 =

/

1
E M43 43,0303 (XD3nps3

nps s
¢ Z c
Z MA3>”A37A3771A3AA377LA3 + MA3,TLA3,A2,7LA2AA2,TLA2 +
nai nA2
c C
MA3»”A3,A3,HZ43AA3,NIA3 Z MA3JLA3,A4,7LA4 A, (D.27)
nlA3 nA4

and,

v IV 4 _ I _
Z M’44,nA4,D4,nD4 (XD4,n s ‘504‘I’E,n0 (x = $D4)> + E MAl,nAhALn;uAAlynAl =
!

np4
Mal

¢ Z c
Z MA4,nA4,A1,nA1AA17”A1 + MA4,nA4,A2,nA2AA2,nA2 +

nA1 nA2

E : c C
MA4,nA4,A3,nA3 AA3,nA3 MA4,nA4,A4,n244AA47n/A4' (D28)
/

nA3
LYV

Now we have 8 sets of equations, (D.21, D.22, D.23, D.24, D.25, D.26, D.27, D.28).
These equations can be further reduced using the equation (3.27). Now we have 8

sets equations which can be solved for 8 sets of unknowns, Tﬁ;ﬁono and Agjn 4
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