Part 111

Basics of quantum transport

237






Chapter 11

Preliminary Concepts

11.1 Two-Dimensional Electron Gas

An important system where quantum effects were observed is two-dimensional electron gas
(2DEG). There are two basic systems where 2DEG has been studied. One of them is Si
MOSFETSs (metal-oxide-semiconductor field-effect transistors). A very good review of such
systems is given in Ref. [[7]. A typical device is shown in Fig. [1.1. A (100)Si surface serves

2DEG

i -Si
SO, p

Metal

Figure 11.1: Band diagram showing conductance band E¢, valence band Ey and quasi-
Fermi level Er. A 2DEG is formed at the interface between the oxide (SiOy) and p-type
silicon substrate as a consequence of the gate voltage V.

as a substrate while SiO, layer behaves as an insulator. 2DEG is induced electrostatically
by application a positive voltage V. The sheet density of 2DEG can be described as

€
s = —((V, =V
n edox ( g t)
where V; is the threshold voltage for the barrier’s creation
Another important systems with 2DEG involve modulation-doped GaAs-AlGaAs het-
erostructures. The bandgap in AlGaAs is wider than in GaAs. By variation of doping
it is possible to move the Fermi level inside the forbidden gap. When the materials are
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240 CHAPTER 11. PRELIMINARY CONCEPTS

put together, a unified level of chemical potential is established, and an inversion layer is
formed at the interface.

n-AlGaAs i-GaAs

Figure 11.2: Band structure of the interface between n-AlGa As and intrinsic GaAs, (a)
before and (b) after the charge transfer.

The 2DEG created by a modulation doping can be squeezed into narrow channels by
selective depletion in spatially separated regions. The simplest lateral confinement tech-
nique is to create split metallic gates in a way shown in Fig. [[T.3 A typical nanostructure

is shown in Fig. [T.4.

11.2 Basic Properties of Low-Dimensional Systems

Wave Functions

Let us direct z-axis perpendicular to the plane of 2DEG. The wave function can be decou-
pled as

W(r, 2) = x(2) (r)

where r is the vector in plane of 2DEG. Throughout our considerations we will assume that
all the distances are much larger than interatomic distance and thus we will use the effective
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Figure 11.3: On the formation of a narrow channel by a split gate.

Figure 11.4: Scanning electron microphotographs of nanostructures in GaAs-AlGaAs het-
erostructures. Taken from M. L. Roukes et al., Phys. Rev. Lett. 59, 3011 (1987).

mass approximation. A good approximation for the confining potential is a triangular one,

oo at z<0;
U<Z>_{Fz at 2>0.

Then one can write the Schrodinger equation for the wave function x(z) as

Py 2m
@"‘ﬁ(E—FZ)X—O. (11.1)

Instead z we introduce a dimensionless variable

EN [2mF\'?
(-7 (%)

2mE -1/3
v (%)

plays the role of characteristic localization length in z direction. Then Eq. ([[1.1]) acquires
the form

The quantity

X' —(x=0
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which should be solved with the boundary conditions of finiteness at infinity and zero at
z = 0. Such a solution has the form

x(¢) = AAI(Q).
Here Ai(() is the Airy function defined as

Ai(¢) = % /000 cos(u®/3 4+ uC) du .

For large positive ( it decays exponentially,

: I 3/2
Ai(¢) =~ —2C1/46 2/3)¢>=

while for large negative zeta is is oscillatory,
. 1 . (2 545 7
Ai(¢) =~ m—1/481n <§|C\ /2 4 Z) :
The energy spectrum F is defined by the roots ¢, of the equation
Ai(()=0, — E,=—-F,.

R2E2 V3
Fy— ( ) |
2m
We have (; ~ —2.337, (5 ~ —4.088. The normalization constants A, for each level are

defined as

Here

A = / dz [xa(2)P.

0

Normalized electron densities A,|x,(z)|? are shown in Fig. [1.§. Each level creates a
subband for the in-plane motion, the energy being

h2k?
E.x=FE,+Ek)=E,+—.
' 2m

Note that the effective mass m is considerably smaller than the mass of a free electron.

Density of States

The density of states g(e) is defined as number of states per the energy interval €, € + de.
It is clear that
gle) = 53— ea)
-

where « is the set of quantum numbers characterizing the states. In the present case it
includes the subband quantum number n, spin quantum number o, valley quantum number
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Figure 11.5: Normalized electron densities A, |xn(2/¢r)|* for the first (1) and second (2)
subbands in a triangle potential with the slope F', {p = (hQ/QmF)l/?’.

v (for n-type materials), and in-plane quasimomentum k. If the spectrum is degenerate
with respect to spin and valleys one can define the spin degeneracy v, and valley degeneracy

v, to get
_VSVQ) Z/ddkde_ nk)

Here we calculate the number on states per unit volume, d being the dimension of the
space. For 2D case we obtain easily

91) = gy 2Ol

Within a given subband it appears energy-independent. Since there can exist several
subbands in the confining potential (see Fig. [[1.6, inset), the total density of states can be
represented as a set of steps, as shown in Fig. [1.6. At low temperature (k7 < Ep) all
the states are filled up to the Fermi level. Because of energy-independent density of states
the sheet electron density is linear in the Fermi energy,

VUymE R
ny = N ——— + const
® 2mh?
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Density of states

B B E- E3 Energy

Figure 11.6: Density of states for a quasi-2D system.

while the Fermi momentum in each subband can be determined as
1

Here N is the number of transverse modes having the edges E, below the Fermi energy.
The situation is more complicated if the gas is confined into a narrow channel, say, along
y-axis. In a similar way, the in-plane wave function can be decoupled as a product

Y(r) =nly) ™
where N is a proper normalization factor, the energy being
h2k?

" 2m

Here E,s = E, + E, characterizes the energy level in the potential confined in both (z and
y) directions. For square-box confinement the terms are

_ (smh)?
Somve’
where TV is the channel width, while for the parabolic confinement U(y) = (1/2)mwiy?
(typical for split-gate structures)

B, = (s — 1/2)hw,.

It is conventional to introduce partial densities of states for the states with k, > 0 and
k, <0, g%, respectively. We have,

-1
v Vsl [(dE (k) Vsl m 1
g5 () = - ( ik = ik Ve B (11.2)

The total density of states is

0=
23/21h € — Fps
The energy dependence of the density of states for the case of parabolic confinement is

shown in Fig. [T.7.

(11.3)

9
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5__

0 1 5 ;

Figure 11.7: Density of states for a quasi-1D system (solid line) and the number of states
(dashed lines).

Motion in a perpendicular magnetic field

2DEG in a perpendicular magnetic field gives an example of O-dimensional electronic sys-
tem. Indeed, according to the classical theory the Hamilton’s function of a charged particle
in an external electromagnetic field is

where ¢ is the scalar and A is the vector potential of the field, and p is the generalized
momentum of the particle. According to the rules of quantum mechanics, one should
replace the canonical momentum p by the operator

p— p=—ihV

and add also an extra spin term —pH where p = pgs/s. Here up = e/2mc is the Bohr
magneton while s is the spin operator. Generally, interaction with periodic potential of the
crystalline lattice leads to renormalization of the spin splitting g — p~gspup where gy is
called the spectroscopic spin splitting factor.

Finally we get,

H = i(p—gA)Q—MHHgb
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Since

p-A—A-p=—ihdivA,

those operator commute if divA = 0. It holds in a uniform field with
1
A=-Hxr.
2

The wave function in a magnetic field is not uniquely defined: it is defined only within the
gauge transform

A=ALVS, o—o--,
c ot
where f is an arbitrary function of coordinates and time. Under such a transform only the
phase of wave function is changed by the quantity ef/hc that does not affect the observable
quantities.

In classical mechanics, the generalized momentum of the particle is related to its velocity
by the Hamilton equations,

mv =p—eA/c.

According to the quantum mechanics we arrive at a similar expression. However different
components of velocity do not commute, the commutation rules being

{,,0,} = i(eh/m*c)H,,

{0,,0.} = i(eh/m*c)H,,

{0,,0,} = i(eh/m*c)H, .
That means that the particle cannot simultaneously have definite velocities in all three
directions.

Let us determine the energy levels in a 3-dimensional system embedded into a uniform
magnetic film with a vector potential

Ay=—-Hy, A,=A. =0,

The Hamiltonian then becomes

1 /. eHy\?> P2 H? .
H:—(prr Cy) SRERN a8

2m 2m  2m S

First, the operator §, commutes with the Hamiltonian. Thus z-component of spin is
conserved and can be replaced by its eigenvalue . Thus one can analyze the Schrodinger
equation for an ordinary coordinate function,

1 . eH \° A3 D I
o Pet—y ) +p, +D0.| Y ——cHY=Ep.
m C S

It is naturally to search for solution in the form

= ei(pzr+pZZ)/h¢(y) )
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The eigenvalues p, and p, take all values from —oo to co. Since A, = 0 we get
b, = mMmuv,.

Thus the motion along magnetic field in 3D system is not quantized. For a motion in the
xy-plane we have the following Schrodinger equation,

2m o p? 1
¢”+§ KEJF%H— 2m> —§mwf(y—y0)2 ¢=0. (11.4)
Here
Yo = —cpyJeH = —aXky, ag = (ch/eH)Y?, w.=|e|H/mec. (11.5)

Since this equation is the same as the Schrodinger equation for a harmonic oscillator, we
obtain

E=n+1/2hw.— (uo/s)H +p2/2m, n=0,1,... (11.6)
The first term gives discrete levels which corresponds to the finite motion in the xy-plane,
they are called Landau levels. For an electron, p/s = —|e|h/me, and the energy spectrum
reads as
E=(n+is thrpg (11.7)
=|\ntgto et o, :
The eigenfunctions ¢, (y) are
1 (v — 40)* Y—Y%
(y) = -~ = ' H, : 11.8
P (0) ml/4a)l?y/2m) P [ 2af ag (1L8)

Here H,, is the Hermite polynomial.

In classical mechanics the motion in a magnetic field in xy-plane takes place in a circle
about a fixed center. Here the conserved quantity 1, corresponds to y coordinate of the
center of the circle. It is easy to see that the combination

xo = cpy/eH + x

is also conserved, it commutes with the Hamiltonian. The quantity x( corresponds to a clas-
sical x coordinate of the circle center. However, the operators 7y and zo do not commute.
That means that the coordinates zy and 1, cannot take definite values simultaneously. [

One can ask: why the coordinates x and y are not equivalent? The reason is that
the wave functions ([[I.§) correspond to the energy independent of k,. Consequently, any
function of the type

> Cka) VN g b
kz

I In a classical mechanics, the radius of the circle is . = cmuw, JeH = v;/w.. Here v, is the tangential
component of the velocity. Thus we have,

y=1yo+71c(va/ve), x=1x0—rc(Vy/V8).
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corresponds to the same energy and one can chose convenient linear combinations to get
correct asymptotic behavior.

To calculate the density of states in a magnetic field first we should count the number
of the values k, corresponding to the energy ¢, (the so-called degeneracy factor). As usual,
we apply cyclic boundary conditions along y and z -axes and get

2 2

kx = L—I’I’Ly, ]Cz = L—an

At the same time, we assume that the solution exists only in the region

0<yo < Ly.
So, the degeneracy factor is
L, a L, a L,L,
— |k | = o= . 11.9
27r| | 2ra?; Yo 2ra?; (11.9)

This is very important relation which shows that one can imagine Landau states as cells
with the area a?. We will come back to this property later.

Now it is easy to calculate number of states in a 3D system treating the k. variable as
for the usual 1D motion

2k.|L.  2v2mL,

o = o h Ve — hwe(N +1/2)

for each state with a given N. Finally, the total number of states per volume for a given

spin is

where one has to sum over all the values of NV with non—negative e—hw.(N+1/2). The total
number of sates is Z(¢) = 2Z4(e). To get DOS one should to differentiate this equation
with respect to €. The result is

dZ(e) N+ 1/2)]
de (2m) Qha Z \/5 — hw (N +1/2)

gs(e) =

Here
1 for = >0;

O(x)=<¢ 1/2 for z=0;
0 for <0

is the Heaviside step function. To take the spin into account one should add the spin
splitting £upgrH to the energy levels. If we ignore the spin splitting we can assume
spin degeneracy and multiply all the formulas by the factor 2. We take it into account
automatically using g(e) = 2¢;(e).
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Energy

Figure 11.8: Landau levels as functions of p, (left panel) and of H (right panel). The Fermi
level is assumed to be fixed by external conditions.

The behavior of the density of states could be interpreted qualitatively in the following
way. The Landau levels as functions of magnetic field for a given value of p, are shown in
Fig. [T.8. As a function of magnetic field, they form the so-called Landau fan. The Fermi
level is also shown. At low magnetic fields its dependence on magnetic field is very weak.
We see that if magnetic field is small many levels are filled. Let us start with some value
of magnetic field and follow the upper filled level N. As the field increases, the slopes of
the “fan” also increase and at a given threshold value Hy for which

SN(HN) = €F.

As the field increases the electrons are transferred from the N-th Landau level to the other
ones. Then, for the field Hy_; determined from the equation ey_1(Hy_1) = € the (N —1)
becomes empty. We get

mecer 1 1 eh
Hy =~ — Al=|~= .
N eh N (H > MeCER

Here m, is the so-called cyclotron effective mass which in the case of isotropic spectrum is
the same as the density-of-states effective mass. We observe that DOS in a given magnetic
field oscillated with the increase in energy just similar to the case of quasi 1D systems.
Here Landau sub-bands play the same role as the modes of transverse quantization for
quantum channels.

For a 2DEG the motion along z-direction is quantized, and instead of e®=*/" we have
Xs(2). The means that for each subband of spatial quantization we have a sharp Landau
level, the density of states (per area) being

v,eH
g(e _47T2h2 256_ nsa)

n,s,o

Thus the density of states has sharp maxima at the energy levels that is a feature of
so-called 0-dimensional system. In real samples the peaks are smeared by disorder.
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11.3 Degenerate and non-degenerate electron gas

At equilibrium the states are filled according to the Fermi function
1
€) = )
Pl = plie— /RT3
where p is the chemical potential while k is the Boltzmann constant. The chemical potential
is determined by the normalization to the total number of electrons as

nzémﬂ@h@ME

where n is the electron density. At zero temperature the chemical potential is called the
Fermi energy, ep. The graph of the Fermi function and its energy derivative is given in

Fig. [T.9

0.57

\ / el
-0.51 /

-1.57

-2.5¢

Figure 11.9: The Fermi distribution (solid line) and its energy derivative multiplied by kT
(dashed line) for ¢/kT = 10.

Since at T'=0
fole) = ©(e — (),

the Fermi energy is given by the equation

n:/OCF g(e) de. (11.10)

The limiting case T' = 0 is actually means the the inequality kT" < €p is met. In the
opposite limiting case, kT > ep, we get

fole) m eIy = eC/’“T/ g(e) e=*T de .
0
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Thus,

fol€) = A(T) e=</*T | ﬁ _ %/OOO g(6) /T e (11.11)

This distribution is called the Boltzmann one.

11.4 Relevant length scales

One can discriminate between several important length scales in low-dimensional systems.
They are shown in the Table [1.1].

1 mm

Mean free path in the quantum Hall regime
100 pm

Mean free path/Phase relaxation length

in high-mobility semiconductor at 7' < 4 K
10 pm
1 pm

Commercial semiconductor devices (1990)
100 nm

de Broglie wave length in semiconductors.

Mean free path in polycrystalline metallic films
10 nm
1 nm

de Broglie wave length in metals

Distance between atoms
1A

Table 11.1: A few relevant length scales. Note that 1 ym = 107 m = 107* c¢cm; 1 nm =
107 m = 10 A.

The above mentioned scales have the following physical meaning:

De Broglie wave length, \. This length is defined as
2rh 2
LI
P k
where p (k) is the typical electron momentum (wave vector). For Fermi gas the
characteristic momentum is just the Fermi momentum. For the case of a single filled

band in 2DEG,
A =2r/kp = /21 /n,
where n; is the sheet density. For the Boltzmann gas, p ~ v2mkT', and
2mh

A= )
2mkT
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Mean free path, ¢. This is a characteristic length between the collisions with impurities
or phonons. It is defined as
(= vT,

where v is the typical velocity while 7,, is the so-called transport relaxation time. It

is defined as .
— X /d& sinf@ W (#) (1 — cosf)
Ttr

where 6 is the scattering angle while W (0) is he scattering probability. Usually the

transport is characterized by the mobility

€Ty

u = :
m

The physical meaning of mobility is that a typical electron drift velocity acquired in
an external electric field E' is given by the relation

vg = ul .

Phase-relaxation length, L,. This is a specially quantum mechanical relaxation length
which has no analogs in classical physics. Namely, classical motion can be described
as evolution of the probability to find a particle at a given point at a given time.
However, in quantum mechanics the state is characterized by the wave function which
has a phase. The phase is important in the so-called interference phenomena, where
the electron wave functions having different pre-history are collected at the same
point. If the phases of the waves are not destroyed, a specific quantum interference
phenomena can be observed and important. The phase-relaxation time, 7., describes
relaxation of the phase memory.

It is clear that scattering against any static spin-independent potential cannot lead
to the phase relaxation. Indeed, in any stationary potential the equations of motion
are time-reversible. The only processes which can be responsible for phase relaxation
are the ones which broke the symmetry with respect to time-reversal. Among them
are inelastic scattering by phonons, electron-electron collisions, spin-flip processes,
etc. An important feature of such processes is that an electron suffers many elastic
collisions during a typical time 7,. Since it moves diffusively a proper way to estimate
the relevant length L, is as follows:

L,=+/D1,,
where D = (1/d)vl is the diffusion constant (d is the dimensionality of the electron
gas).

Thermal dephasing length, L;. The above mentioned relaxation process is relevant to
the interference of the wave functions belonging to a single-electron state. However,
interference can be also important for the interaction of two electrons having close



11.4. RELEVANT LENGTH SCALES 253

energies. Indeed, if the energy difference between the electrons is &~ kT they travel
almost coherently during the time //kT. Thus the characteristic length of coherent

propagation is estimated as
Ly =+/hD/KT .

Comparing mean free path ¢ with characteristic dimensions of the system, L, one can
discriminate between diffusive, { < L and ballistic, £ > L, transport. Such a classification
appears incomplete in the situation where different dimensions of the sample are substan-
tially different. The situation is illustrated in Fig. [I.10 for the case where the length L of
the sample is much larger than its width, W. If phase coherence is taken into account, the

a) L Diffusive . /

m/ Iwn

-
lo

Quasi - ballistic

\_/ V\A/

Figure 11.10: Electron trajectories for the diffusive (¢ < W, L), quasi-ballistic (W < ¢ < L)
and ballistic (¢ > W, L) transport regimes. From [I1)].

scales L, and Ly become important, and the situation appears more rich and interesting.
Mesoscopic conductors are usually fabricated by patterning a planar conductor that has one
very small dimension to start with. Although some of the pioneering experiments in this
field were performed using metallic conductors, most of the recent work has been based on
the gallium arsenide (GaAs)—aluminum gallium arsenide (AlGaAs) material system. Some
important parameters for such systems are shown in Fig. [T.T1].
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GaAs(100) Si (100) UniTts
Effective Mass m 0.067 0.19 m.=9.1x10"28%g
Spin Degeneracy Js 2 2
Valley Degeneracy gy 1 2
Dielectric Constant E 13.1 11.9 £,=8.9
x107'2Fm™!
Density of States ME)=g.9.(m/2nh*) 028 1.59 10 cm ™ ?meV™~!
Electronic Sheet
Density® n, 4 1-10 10"t cm 2
Fermi Wave Vector  kp=(4an,/g,g,)*"* 1.58 0.56-1.77 10°cm™!
Fermi Velocity vp=hke/m 2.7 0.34-1.1 107 cm/s
Fermi Energy Ep=(hkg)?/2m 14 0.63-6.3 meV
Electron Mobility* He 10*-10° 10* cm?/V-s
Scattering Time T=mu.je 0.38-38 1.1 ps
Diffusion Constant D=vi1/2 140-14000 6.4-64 cm?/s
Resistivity p=(neu) ! 1.6-0.016  6.3-0.63 kQ
Fermi Wavelength Ap=2m/ky 40 112-35 nm
Mean Free Path I=vgt 102-10* 37-118 nm
Phase Coherence
Length® l,=(D1y)""? 200—---- 40-400 nm(7T/K)™ /2
Thermal Length Iy =(hAD/ky T)' 12 330-3300  70-220 nm(T/K)™ /2
Cyclotron Radius l.yci=hkg/eB 100 37-116 nm(B/T)~!
Magnetic Length I, =(h/eB)'"? 26 26 nm(B/T)~!/2
kel 15.8-1580 2.1-21
T 1-100 1 (B/T)
Eg/hw, 7.9 1-10 (B/T) !

Figure 11.11: Electronic properties of the 2DEG in GaAs-AlGaAs and Si inversion layers.
From [10].
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Ballistic transport

12.1 Landauer formula

We start this chapter by a description of a very powerful method in physics of small systems
- so-called Landauer approach.

The main principle of this approach is the assumption that the system in question is
coupled to large reservoirs where all inelastic processes take place. Consequently, the trans-
port through the systems can be formulated as a quantum mechanical scattering problem.
Thus one can reduce the non-equilibrium transport problem to a quantum mechanical one.

Another important assumption is that the system is connected to reservoirs by ideal
quantum wires which behave as waveguides for the electron waves. We start our analysis
from the discussion of the properties of an ideal quantum wire.

Ideal quantum wire

Consider 2 large reservoirs of electron gas reservoirs having the difference dn in the electron
density and separated by a pure narrow channel. For small dn one can assume that there
is a difference in a chemical potential, du = dn/g(er). In the following we shall use the
Fermi level of non-biased system as the origin for the chemical potentials. So the difference
between the chemical potential in a-th reservoir will be denoted as .

If the channel is long and uniform, then the total current carried by the state char-
acterized by a transverse mode n and a given direction of spin which propagates without
scattering is

ertpp
7= / dk, Oe, (k) _ 2 / de Oen(k.)/0k, _ 2<5,u.
2rh Ok, 2rh |, |0en(k,)/0k,| h

F+Hlia

If we take into account electron spin and N transverse modes are open, then the conduc-
tance is given by the expression G = %N .

We come to a very important conclusion: an ¢deal quantum wire has finite resistance
h/2e*N which is independent of the length of the wire.

255
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As we have seen, even an ideal quantum wire has a finite resistance. That means a
finite heat generation even in the absence of any inelastic processes inside the wire. Below
we will discuss the physical picture of heat release by a current-carrying nanostructure
(here we follow the considerations of Ref. [23]).

First of all let us specify what heat release is. It will be convenient to consider an
isolated system. Therefore we will have in mind the following physical situation. There is
a capacitor which is discharged through the conductor of interest. The product RC' of the
whole system, R and C being the resistance and capacitance respectively, is much bigger
than any relaxation time characterizing the electron or phonon system of the conductor.
This means that for all the practical purposes the conduction process can be looked upon
as a stationary one. The total energy of the system, U, is conserved, while its total entropy,
S, is growing. The rate of heat generation is expressed through 798 /Ot, where T is the
temperature, i.e. through the applied voltage and characteristics of the nanostructure itself.
This means that the result is independent of the assumption that the considered system
is isolated, which is made only for the sake of derivation. This thermodynamically defined
heat is generated in the classical reservoirs over the length having a physical meaning of
the electron mean free path. That is the same mean free path that enters the Drude
formula, which determines the conductivity of the reservoirs themselves, the amount of
heat generated per second in both reservoirs being the same.

It is interesting to indicate that even purely elastic collisions can result in a heat gen-
eration although they of course cannot establish full equilibrium. This has a clear physical
meaning. The amount of order in the electron distribution resulting in electric current can
bring about mechanical work. For instance, one can let the current flow through a coil,
and a magnetic rod can be drawn into the coil. In such a way the electrons transferring
the current can execute a work on the rod. As a result of scattering, the amount of order
in the electrons’ distribution diminishes, and this means dissipation of mechanical energy
into the heat. It has been shown that the heat release is symmetric in both reservoirs even
if the scatterers in the system are asymmetric.

All the above considerations do not mean that the collisions that give the main con-
tribution to the heat release, also establish full equilibrium. What equilibrium needs is
inelastic collisions which transfer the energy of electrons taking part in charge transfer to
other degrees of freedom, such as to other electrons and phonons. In particular, a local
equilitbrium electron distribution is established over the length scale determined by electron-
electron interaction. Such a distribution can be characterized by a local electro-chemical
potential and sometimes an electron temperature. The latter can in principle be mea-
sured by optical methods. On the other hand, the equilibrium with respect to the lattice
is established at the scales of electron-phonon and phonon-phonon mean free paths. Only
over those distances from the channel one can treat the results in terms of the true local
temperature.
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Resistance of a quantum resistor

Consider a system shown in Fig. [2.1] consisting of a barrier connected to reservoirs by
ideal quantum wires. If there is some reflection only a part of the current is transmitted.

UL

ideal Lead /

Ho

7238

Figure 12.1: On the resistance of a quantum resistor.

In this case one can introduce the transmission probability of the mode n, T}, to obtain
(including spin degeneracy)

2
J==ou E T,
n=1
As a result,
2¢? & 2e?
=N T,=""Trtt'. 12.1
G== ; n="Tr (12.1)

Here t is the matrix of scattering amplitudes while the expression is called two-terminal
Landauer formula.

This very important and looking simple formula was confusing during a long period.
Indeed, this is the conductance which is measured between two reservoirs. Having in mind
that the resistance of the connecting ideal wires (per one conducting mode) is h/2e* we
can ascribe to the scattering region the resistance

22 [T ] 22T

-]

where R is the reflection coefficient. Consequently, in the original formulation the quantum
resistance was described as

2¢? N T,
= — L 12.2
S 2

However, the quantity which is usually measured is given by Eq. ([2.0)).

Now we derive the Landauer formula for finite-temperature and so-called multichannel
case when the leads have several transverse modes. Consider ideal wires which lead to
a general elastic scattering system. Let each lead has the cross section A and have N
transverse channels characterized by wave vectors k; so that,

k2

E;
+ 2m

=bp.
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The incoming channels are fed from the electron baths with the same temperature and
chemical potentials puq, po,.... The outgoing channels are fed up to thermal equilibrium
population. We shall assume that the particles are absorbed in the outgoing baths. The
sources are assumed to be incoherent, the differences p; — p9 are also assume small to yield
linear transport. We introduce the scattering amplitudes ¢;; for the transmission from jth
incoming to ith outgoing channel. Reflection amplitudes 7;; are introduces in a similar
way for reflection into the ¢th incoming channel. If we replace the incoming and outgoing
channels, we denote the proper amplitudes by primes. In this way it is convenient to
introduce 2N, x 2N, scattering matrix as

r t
S:(t T,).

From the current conservation we must require unitarity while from time reversal symmetry
S = S. Thus we have also $5* = I where star stays for complex conjugation while tilde
for transposition. In a magnetic field the Onsager relation requires S(H) = S(—H).

It one defines the total transmission and reflection into ith channel as

To=) lt° Ri=> Iryl*.
J J
then from unitarity condition we get

ZEZZ(l—Ri)-

Since the densities of states in each channel are 1D like, g;(E) = (whv;)~! we write the
current through outgoing channels as

L= G [ a8 AERE) + AERE) - 1)

= %/dﬁ? (—g—é) > T(E).

Thus the conductance becomes

2¢? of i

This is the two-terminal conductance measured between the outside reservoirs which in-
cludes contact resistances.

Multiterminal resistance

For simplicity we shall discuss the case of zero temperature. Let us introduce the total
transmission probability from the bath « to the bath j3,

No Ns

Toop = Z Z |tﬁa,mn|2-

n=1 m=1
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Here N; is the number of propagating modes in each lead connected to ith reservoir.
Counting all the chemical potentials from the Fermi level, we see that the reservoir «
injects the current (2e/h)Nyp, into the lead a. The fraction T,_,3/N, is transmitted to
the reservoir  while the fraction T, _.,/N, = R,/N, is reflected back into reservoir a.
The the net current I, is given by the following set of equation,

h
1o+ (Na - Roc),uoz - Z Tﬁﬂauﬁ . (12'3)

2
¢ ba

Introducing vectors I and i with components I, and u,, respectively, we can write

-

=G, (12.4)
where the conductance matrix G is defined as

2¢?

Gaﬁ - T [(Noz - Ra) 6@,@ - Tﬂ—’a (1 o 5a5)]
2 2
= % [Na 5@[3 - TB—W] : (125)

Here we use the relation T,_, = R,. The sum of rows of this matrix is zero because
of current conservation, the sum of the elements of each row also vanishes because if one
changes all the chemical potentials by the same amount no current will be induced. Thus

No—Ro=Y Tsa=> Top.

BFo BFo
The equations ([2.4) and ([2.5) are called often the Landauer-Bittiker formalism. They

i i o i

Figure 12.2: On the resistance of 4-terminal device.

allow find, e. g. 4-terminal resistance. Indeed, we can put I, = —I, = I, I3 = I, = 0.
Then I = Ij where
1
- —1
0

Thus
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Having in mind the properties of the scattering amplitudes we have,
Tos(H) = Tyo(—H)
that results in the reciprocity relation

Here R,p,45 stands for the resistance measured for voltage contacts «y, ¢ while the current
passes through the contacts «, 3. Note that this relation works even in the case when the
concept of local conductivity is not applicable. What we only need is linear response and
absence of inelastic scattering inside the device under consideration.

One can easily generalize the above expressions for the case of finite temperatures by
replacement of the element of G-matrix by their thermal averages,

Jo dE g(E) (0fo/0E) A(E)

At = T B 4(B) (07/9F)

12.2 Application of Landauer formula

Point ballistic contact

The most clean system is the so-called quantum point contact (QPC) - short and narrow
constrictions in 2d electron gas. A sketch of QPC is shown in Fig. [2.3 The conductance of

Figure 12.3: A sketch of QPC formed by splitted gates.

QPC is quantized in the units of 2¢%/h. The quantization is not that accurate as in quantum
Hall effect (about 1%) because of non-unit transparencies 7T,, and finite temperature. It is
interesting to compare quantum and classical behavior of QPC. In a classical picture one
can write

7r/2 d 1
J = W((Sn)vp/ 2 osa = —Wuop(dn) .
,71-/2 T T
Thus the “diffusion constant” is
J 1 2e% kpW
Dypr=—=-W G = é? Dgrr = — .
ip=5.=_"Wor — e“g(er)Deyy P
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Conductance (2¢ /h)

Conductance [2e%/A]

Gate voltage

Figure 12.4: Quantization of conductance of a point contact: Schematic picture (left) and
experimental result (right).
I |

Ep eV e 2
I !

Figure 12.5: On the classical conductance of a point contact.

Note that the integer part of the quantity krWW /7 is just the number of occupied modes
according to quantum mechanics.

Series addition of quantum resistors

Assume that we have two obstacles in series. Let the wave with unit amplitude is incident
to the region, the amplitude of the reflected wave is A while D is the amplitude the
wave transmitted through device. The obstacles are connected by an ideal conductor, the
phase shift of the wave along which being ¢. Let the wave emerging from the obstacle

i

1

B  Be 5
A c ce'?

Figure 12.6: On series of quantum resistors.

1 is Bexp(kx — wt). It reaches the obstacle 2 gaining the phase ¢, having the complex
amplitude Bexp(i¢p). The reverse wave C' gains the phase —¢. In this way we get the
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following set of equations,

A:T1+t10, B:tl—i‘TiC
Ce ™ = ryBe'?, D = ty,Be'

Solving this equation we obtain,

. €i¢t1t2
1 — e2idpypt

D

that yields for the total transmittance:

B 1T,
1+ RyRy — 2v/R, Ry cosf

where 0 = 2¢ + arg(ror}). The ratio between reflection and transmission which should be
understood as a reduced resistance (in units h/2e?) of the system excluding wires is

R_|A
T |D

T = |D|?

(12.6)

> Ri+ Ry —2yVRiRycosf _hG

-1 _ =
g T1T2 ’ o 2¢e2 '

(12.7)

This is a very strange formula. Assume that we made an ensemble of the systems which
differ only by the distance between the obstacles, i. e. by the phase ¢. Let the distribution
of ¢ will be constant in the interval (0,27). The averaging over ¢ we get

R+ Ry

g7 = =R —T)

while the Ohm’s law will provide

Ry Ry

-1 _
g _1—Rl+1—Rz'

As a result the Ohm’s law survives only at small reflections.

Let us construct a chain of n resistors with very small reflections. Then the total
reflection first increases linearly in n. Finally the total transmission becomes substantially
less than 1. Now let us add a very good conductor to this chain. We get

R,+R _ R

-1 _ -1 -
<g >n+1 - Tn <g >n + Tn .

Thus an addition a good conductor increases the resistance by R/T,, > R. Such a behavior
can be formulated as a “renormalization group”
1 d
R dn
Thus the average resistance grows exponentially with the length which has something to
do with 1D localization. This considerations are not fully satisfactory because resistance

<g_1>n = <g_1>n +1.
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is not the proper quantity to be averaged. Following Anderson, the proper quantity to be
averaged is In(1 + G~1). Indeed,

1+G'=1+R/T=1)T —I(l1+G')=—-InT.

The quantity —InT plays the role of extinction exponent and it should be additive to
successive scatterers is the relative phases are averaged out. We get this relation using

2m 1
/ do 1n(a+bcos«9):7rln§[a+\/a2—b2 :
0

So the exact scaling is given by the relation

(In(1+G,")) =n(Rh/2¢%).

Parallel addition of quantum resistors.

Let us now discuss the parallel addition of two single-channeled quantum resistors. The
geometry of the problem is shown in Fig. [2.7. All the phases and scattering effects along

Figure 12.7: On the parallel addition of quantum resistances.

the branches are absorbed by the scattering parameters. Time-reversal symmetry requires
t; = t; while the current conservation requires

—tz/t;* = TZ'/’I”,/L-*.

In the presence of Aharonov-Bohm flux & through the loop, following from the gauge
invariance the scattering amplitudes are renormalized as
+i0,t/2 0

ty — tie ™t — ety — te TP =Ty, T T

Here 0 = 7® /.

This point needs some more explanation. An Aharonov-Bohm flux & through the
opening can be represented as ¢ A - dl along the path circulating the opening. Here A is
the vector potential. One can eliminate this flux by a gauge transform

Y =1 exp [;—ec ij(rj)] 7

— tge_
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where y is defines as A; = Vyx. The transformed Schrodinger equation has A; = 0.

However, the price for this is that the transformed wave function, v’, does not satisfy

periodic boundary conditions. When the electron coordinate is rotated once around the

ring the phase of X’ is changed by dy = 27®/®y. In our calculation this phase shift is

absorbed into the expressions for the transition amplitudes.

To find the transmitted wave one has to determine 10 unknown amplitudes, x1, Z2, Y1, Y2, U1, Us, V1, Vg, F, .

It can be done solving the set of matching equations at the scatterers and the triple con-

nections. It is assumed that the connections do not introduce additional scattering and

can be described by the unitary scattering matrix

0 —1/vV2 —1/V2
S=1 -1/v2 /2 —1/2
—1/vV/2 —1/2 1/2

Here S;; denote the reflection amplitude of the ith channel while off-diagonal elements S;;
are the transition amplitudes from the channel ¢ to j. The subscript 1 is used for left
incoming channel and right outgoing channel. After rather long algebra made originally in
Ref. [24] we arrive at the solution,

o + (3 cos 26

T=I|F]=4
£ v+ 0 cos20 + ecos46

(12.8)

where «, (3,7, , € are rather complicated functions of the scattering amplitudes,
o =|AP+|BP, =2Re(AB*), y = D + P,
d=2Re(DC*+ EC*), e =2 Re(DE"),
A=ty +ty(ry — D)1 —71)), B=tt; +t(ry —1)(1 —15),
D=FE=tty C=t3+1t3—(2—1 —1)(2 71" —71}).
This expression describes a rich physical picture. Even in the absence of magnetic field,
0 = 0 the transmittance can be strongly dependent on the phases of the complex scattering
amplitude. If we make one branch fully non-conducting, t; = 0, still the appropriate choice

of phases of the reflection amplitudes r; and 7} can result either in 7= 0 or 7' = 1. Indeed,
in this case,

A=ty(ri—1)(1—7), B=D=E=0,C=t3—2—r —1m)2 -1, —1}),

a= [P -0 -rP, =0, v=5—(2-r—r)2-1ri )P,

0=€e=0.
As a result we get

_ [t2?|(rs — 1)(1 — 1)) P?
B=C—r-r)2—r )P

Putting r; = 1 we obtain T' = 0. Thus we observe that non-conducting branch can influence
the total conductance strongly.

Of course, all the discussed effects are due to interference. If the size of the system
exceeds L, we come back to classical laws.
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12.3 Additional aspects of ballistic transport

Adiabatic point contacts

The results of first observations of conductance quantization were surprising. Indeed, from
quantum mechanics it is well know that any sharp potential barrier produces oscillations
in the transmission coefficient as a function of the energy. However, the experimental steps
were more or less rectangular. An explanation of such a behavior was given in Ref. [25].
The authors showed that if the point contact has a smooth profile, i. e. if its width d
depends on the longitudinal coordinate z in a smooth way, then the T'(F) dependence is
very close to a perfect step. To make the results simple, let us consider a channel with
rectangular confinement. Let us assume that we can separate the variables in an adiabatic
way, U, (2, y) = ¥n(2)ens(y), and first solve the Schrodinger equation for a given width
d. In this way we get the transverse wave functions

The Schrodinger equation for the longitudinal motion has the form

h? B B wn?h?
Tom gz TN =BV al) = g

If the variation d(z) is smooth at the scale of de Broglie wave length, k;l, the potential
€n(x) is semiclassical. Then one can use the semiclassical scheme for scattering problem
and choose

i) =2 ey [ [ pa@ar] o) = VERTE = el

The transmittance step depends occurs when the Fermi energy crosses the maximum of

Figure 12.8: On the adiabatic quantum point contact.

the potential €,(x) for the upper transverse mode, see Fig. [2.§. Expanding the potential
near its maximum we get

o= 1= (%) 5]
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Since 9%d/0x* = 2/p where p is the curvature radius of the center of constriction, we get
the barrier as

The transmission through a parabolic barrier is known,

1
1+ exp[—72(kdo /T — no)\/2p/do)

Here dj is the minimal width of the constriction, ng is the number of upper level, while
k= h'v2mE. We observe that the shape of the step is almost n independent, the
transition being sharp at p > doy. It is important that the numerical factor 72v/2 makes
the transitions sharp even at R ~ dy. The same numerical factor helps for the semiclassical
condition to be valid. This criterion reads 721/2p/dy > 1. To make the motion through
the contact ballistic the elastic mean free path should exceed +/pdp.

T(E) (12.9)

12.4 Electron-electron interaction in ballistic systems

The case of pure 3D metal. Concept of Fermi liquid

Let us begin with the estimate of the electron-electron scattering in a Fermi gas. Suppose
that we have a particle 1 outside the Fermi sea, see Fig. [2.9. If this particle interacts

PyrPy=P P,
Figure 12.9: Scattering processes for electron-electron interaction.

with another one, 2, inside the Fermi sea both final states should be outside the Fermi sea
(Pauli principle!). According to the momentum conservation law,

P1 + P2 = P} + Pb,
and, as we have seen,
pLDY, Py > DRy P2 <D

The momentum conservation law is shown graphically in the right panel of Fig. [2.9.
One should keep in mind that the planes (pi, p2) and (p}, p5) are not the same, they are
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shown together for convenience. To get the escape probability for the particle 1 one should
integrate over the intermediate momenta

W /5(51 bes— el — &) (dps) (dp))

(p) is fixed by the momentum conservation). The energy conservation law actually deter-
mines the angle between p) and p), for given absolute values of these vectors. Consequently,
the rest is to integrate over p, = |po| and p} = |p1].

Let p; be close to pr. It means that all the momenta are close to pr and the angles
with the vector p; + po are almost the same. So let us assume cosines to be the same and
from the relation between the projections write down

Py R p1+p2 — P
Now let us recall that p,, > pr. Consequently, p| < p; + p» — pr. But at the same time,
Py > pr. Thus
p1+ P2 — Pr > pr, O P2 > 2pp — p1.

But from the Pauli principle, the upper limit for ps is prp. As a result, we come to the
following chain of inequalities

0> p2 —pr > pr —p1, 0<py—pr < (p1—pr)+ (P2—Dpr).

0 a1tz o2
/dpg dpy = / daz/ doy = ?1
—a 0

where we have introduced «; = p; — pr. Now we should remember that ¢ —ep = vp(p—pr).
So W o (e—ep)?. The simplest way to estimate 7 is to use dimensionality approach. Indeed,
the average potential and kinetic energies are of the order of er. Consequently, the only
quantity which is proportional to (¢ — €r)? and has the time dimensionality is

Finally,

hGF
(5 — GF)Q.

We came to important conclusion: if one is interested in quasiparticles near the Fermi
level, |¢ — €p| < €p, he can treat them as to near classical ones provided

T ~

I _
~T— T«
(e —€ep)T €F

The typical value for the quasiparticle energy is kg7 This is why the electron-electron
interaction can be treated in the leading approximation in a self-consistent approximation.
The estimates above based on the conservation laws provide background of the theory
of Fermi liquid. The essence of this concept is that the excitations in the vicinity of
the the Fermi surface can be treated as quasiparticles which behave as particles with
renormalized velocity. Consequently, the effects of electron-electron interaction are not
crucially important in pure 3D systems.
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One-dimensional systems. Tomonaga-Luttinger liquid

For 1D interacting systems the above considerations are not valid because for a single
branch linear dispersion near the Fermi points the energy spectrum is close to linear,
E — Er = v(p — pr). That means that the energy and momentum conservation laws
are actually the same, and this is why they are not restrictive as in a 3D case. For this
reason, the perturbative corrections describing even weak electron-electron interaction are
divergent. A proper model for interactive 1D electrons is the so-called Tomonaga-Luttinger
model. According to this model, collective electron modes (plasmons) with linear spectra
are described by new, boson modes. Creation of a real electron in this model is equivalent to
excitation an infinite number of plasmons. Because of that, the space and time dependence
of density (and spin) correlation functions are substantially different from the ones for non-
interacting systems. That manifests itself in various kinetic quantities. For example, the
Drude conductivity is predicted to vary as power law with temperature.

The Luttinger liquid model which was previously used for 1D organic conductors now
became important for high-mobility quantum wires, as well as for edge states under con-
ditions of quantum Hall effect (see below). One can find a good review of this model in
Ref. [16].

A 1D quantum wire is appropriately characterized by a conductance. It the absence
of interactions, the conductance of an ideal single-mode quantum wire, adiabatically con-
nected to leads, is quantized, G' = 2¢2/h. In the presence of a scatterer, the conductance
drops to G = 2e¢*T'/h, where T is the transmission coefficient.

The electron-electron interaction modifies dramatically the low-energy excitations in
a quantum wire that leads to striking predictions for the transport. The new features
manifest itself only if there is one (or several) scatterers inside the quantum wire - otherwise
the correlation effects are canceled out at the contacts between the interacting quantum
wire and non-interacting reservoirs. All that together leads to a rich and very interesting
physical picture.

To get a flavor of the theory [] let us consider a spinless electrons hopping on 1D lattice
with the Hamiltonian

vV
H = —t Z C}L-Cj_;,_l + 5 Z C;[CjC}L-_HCj_;,_l + h.c.. (1210)
J J

When the interaction V' = 0 this Hamiltonian can be diagonalized as Ey = —tcosk, |k <
7. The low-energy excitation exist near k. Consider a single particle excitation near +kp
where we remove one electron with k < kp and place it into a free state with k + ¢ > kp.
Then the energy of excitation is Awp = hqup. Adding a similar state near —kr we have
a situation similar to phonons in one dimension. When the interaction is turned on this
dispersion law remains, however the velocity is renormalized.

Linear spectrum implies a boson-like description. Mathematically in can be done using

Here we follow Ref. [I8].
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(Jordan-Wigner) canonical transform,

cj = exp (’iﬂ' Z c,tck> b;,

k>3

that keeps the Hamiltonian ([2.10) in the same from with replacement ¢ — b. One can
check that the b operators at different lattice points commute, and therefore they are bosons.
Now, the boson operators can be approximately decoupled as b; — ,/n; exp(i¢;),n; = c}cj
Then we can proceed to continuum limit, focusing on scales long compared to the lattice

constant. In this way we replace

¢; — ¢(x), n;— px).

Extracting from the total electron density its average value, pg = kr /7 and introducing the
“displacement” operator, 6, as p— po = 0,0(x) /7 we arrive at the phonon-like commutation
rule,
s
(B(a), 0)] = 5 3(x — ).

We observe that d,¢ is the momentum conjugate to 6. As a result, we arrive at the effective
Hamiltonian,

H = % [9(0:0)> + g7 (0:6)?] . (12.11)

From the commutation relations it can be seen that the Hamiltonian leads to the equation
of motion

020 = v*0%0

and a similar equation for ¢. the velocity v, as well as an additional dimensionless constant
g depend on the strength of interaction. For non-interacting electrons, v = vg and g = 1.

It is convenient to expand the original Fermion operator into two part corresponding
to the motion around the points +kp,

O(2) ~ g + by, = rFTEIR 4 o~hre iB00.
where ®p/;, = ¢ £ 0. These two field commute with one another and satisfy the relations,
[r(z), Pr(2")] = —[Pr(2), Pr(2)] = imsgn (z — 2').

The right and left moving electron densities can be reconstructed as
Np/r, = £0,Pr)1 .
Then we can rewrite the Hamiltonian ([2.11)) as

H = 7vo[Nj + N7 + 2ANz N[ ] (12.12)
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v 1 1—g°
UO 2(g+g)’ 1+

This Hamiltonian describes interacting system of right and left moving electrons. We
identify vy to v, the case g < 1 corresponds to A > 0 (repulsion) while g > 1 corresponds
to attraction.

It is not straightforward how one can relate the parameters v and g with the original
lattice model because we have only the effective theory for low-energy excitations. There
are analytical expressions only for some models, e. g. for the case of long-range interaction
comparing to the scale kp'.

A very important point is that the parameter ¢g has a physical meaning of dimensionless
(in units e?/h per spin) conductance of an infinite ideal Luttinger liquid. That can been
traced introducing new variables, ¢/, = g¢ &0, that diagonalize the Hamiltonian ([2.10)
as

with

1

The operators ng/;, correspond to the densities of right and left moving interacting elec-
trons. The Hamiltonian allows chiral general solutions f(x + vt). Now we can raise the
chemical potential of right chiral mode ng by an amount ugr Them 0H = —eugng, and
minimizing ([2.13) we get ng = (ge/2mv)ug. Since the additional current to the right is
Ir = engv we get

62

G=g9g—. (12.14)
h

As is was already mentioned, in a quantum wire it is impossible to couple only to one
chiral mode. As a result, the d.c. conductance of a finite Luttinger liquid wire coupled
to noninteracting leads appears the same as for noninteracting case. However, interaction
effects can be revealed in a.c. experiments, as well as in the presence of some scatterers.
Because of long-range correlations, the scatterers “undress” the excitations of interacting
systems. As a result, may interesting and important effects can be observed. In particular,
the interaction leads to a strong renormalization of density of states near an obstacle. For
example, if the Luttinger liquid wire has a large barrier with low transmission coefficient
Ty one can employ the results for the density of states in a semi-infinite liquid. That results

in the nonlinear current-voltage curve at low temperatures.

I

T TV D9y - qV) = T

o T0|V’2(gfl)/g )
Thus, got the repulsive case the linear conductance is zero. At finite temperature it does
exist. However it is proportional to T29~D/9_ It the case of weak scattering the results are
substantially different.

There are several experiments where some deviations from the predictions of single-
electron theory were observed, such as unusual conductance quantization and anomalous
temperature dependences. Unfortunately, the electron-electron correlations are effectively
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destroyed by disorder and electron-phonon scattering. Therefore, to observe the interac-
tion effect one needs extremely pure samples and low temperatures. The results of such
experiment is demonstrated in Fig. [2.10.

The concept of Luttinger liquid is specifically important for quantum Hall effect sys-
tems. We shall see that near the edges of a Hall bar a specific edge states appear which
can be described by the above mentioned model. This system is much more pure that
quantum wires, and interaction effects are crucially important. We are going to discuss
quantum Hall systems later.
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o T T

(a) Wire preparation by cleaved edge overgrowth of GaAs-AlGaAs by MBE. The wire is
fabricated by cleaving the specimen [see also panel (b)]. Edge states (d) form the quantum
wire. Panels (e) and (f) show different charge distributions for different top voltages. The
panel (c) shows a blowup of critical device region. The mean free path is estimated as 10
pm, the length of the channel is about 2 pm.

Linear response conductance of a 2 um log wire in a 25 nm quantum well vs. the top-gate
voltage (V) measured at a temperature 0.3 K.Solid line is the measured conductance. The
dashed curve is the measured conductance multiplied by an empirical factor 1.15. Inset:
Linear response conductance of the last plateau for wires of different lengths fabricated
consecutively along the edge of a single 25 nm cleaved edge overgrowth specimen. The
numbers denote the wire lengths in microns.

Figure 12.10: Non-universal Conductance Quantization in Quantum wires [From A. Ya-
coby, et al., Physical Review Letters, 77, 4612 (1996).]



Chapter 13

Tunneling and Coulomb blockage

13.1 Tunneling

Modern technology allows to fabricate various structures involving tunneling barriers. One
of the ways is a split-gate structure. Such a system can be considered as a specific example

/uate \

Barriers

e

Gate
Figure 13.1: Split-gate structure allowing resonant tunneling.

of series connection of to obstacles. The complex amplitude of the wave transmitted
through the whole system is

tytae™ tytae™®
D=2 Tt (13.1)
1 —e%ryrt 1 —e/Ri Ry
where 6§ = 2¢ + arg(ror]). It is clear that the transmittance
T,
T= 13.2
14+ RiRy — 2/ R{Rscosf ( )
is maximal at some specific value of # where cosf = 1, the maximal value being
T
Tonax = 2 (13.3)

(1 - VR Ry)?
273
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This expression is specifically simple at 77,7, < 1,

ATV T5

T&m(::————————.
(11 + T5)?

(13.4)

Thus we observe that two low-transparent barriers in series can have a unit transmittance
if they have the same partial transparencies, 77 = T = T. The reason of this fact in
quantum interference in the region between the barriers which makes wave functions near
the barriers very large to overcome low transmittance of each barrier.

An important point is that the phase 6 gained in the system is a function of the electron
energy. Thus near a particular value E() defined by the equality

cosO(EM) =0 — O(E") = 2k

1 /00 2 2
R _ ()
1 5 ( ) (E E ) .

Thus at low transmittance we arrive at a very simple formula of a Breit-Wigner type,

one can expand cosf as

T,
(T +T2)*/4+ (8)? (E — E0)°
I,

= . (13.5)
(D +T2)?/4+ (B = ED)

T

Q

Here we denote ¢ = (00/0F) p_ g and introduce I'; = T;/|6'|.
The physical meaning of the quantities I'; is transparent. Let us assume that all the
phase shift is due to ballistic motion of an electron between the barriers. Then,

9 9
0 = 2ka = 2ah"V2mE — ¢ = %,/fm _ h_z

where v is the electron velocity. As a result, the quantity I'; can be rewritten as I' = hv,T; ,
where v, = v/2d is the frequency of oscillations inside the inter-barrier region, the so-called
attempt frequency. Thus it is clear that I'; are the escape rates through i-th barrier.

To specify the transition amplitudes let us consider a 1D model for a particle in a well
between two barriers. We are interested in the scattering problem shown in Fig. [3:2. To
find a transmission probability one has to match the wave functions and their gradients at
the interfaces 1-4 between the regions A-C. They have the following form

ekr 4 pe~ike in the region A;
a1€"B + axe”"B* in the region B;
bie™*® 4+ bye™** in the region C; .
c1e"P% 4+ coe in the region D;
tetke in the region E

—KpT



13.1. TUNNELING 275

Incoming  Reflected B
e e U

Resonant
@ level

Figure 13.2: On the resonant tunneling in a double-barrier structure.

Here

k=h""V2mE, k;=/k&—k?, koi=h'\/2mU;.

The transmission amplitude is given by the quantity ¢ while the reflection amplitude — by
the quantity r. In fact we have 8 equations for 8 unknowns (r,t,a;, b;, ¢;), so after some
tedious algebra we can find everything. For a single barrier one would get

2,.2 2,.2
4k“K _kRT o

kb sinh?(kd) + 4k252 K

T(E) =

Here d is the barrier’s thickness. So the transparency exponentially decays with increase of
the product xd. The calculations for a double-barrier structure is tedious, so we consider
a simplified model of the potential

U(x) = Upd[é(x) + 0(z — a)].

In this case we have 3 regions,

etke 4 pe=ike r<0.
Asinkxr + Becoskx 0<z <a, (13.7)
tetkl@=a) T >a

The matching conditions for the derivatives at the d-functional barrier has the form
W (o +0) — ' (g — 0) = Kdp (o) . (13.8)
Here k% = 2mU,/h?. One can prove it by integration of the Schrodinger equation
(R?/2m)V?Y + UpdS(x — 20)tp = Et
around the point xy. Thus we get the following matching conditions
B = 1+r,
kA —ik(l—r) = ra(l+7),

Asinka + Bcoska = t,
ikt — k(Acoska — Bsinka) = tr’a.
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First one can easily see that there is a solution with zero reflectance, r = 0. Substituting
r = 0 we get the following requirement for the set of equation to be consistent
2kg
k=ky, tankpa=——. 13.9

o0 tankya = 0 (13.9)
We immediately observe that at k = kg the total transmission amplitude [¢| = 1 and there
is no reflection.

Equation ([3.9) can be rewritten as

tanz = —nz, where n=2/k’da = h?/mUyad.

The solution of this equation can be found graphically. For “strong barriers”,n < 1 the
solution tends to
koa = sm, s=0,%+1,..

while for “weak” barriers
koa = (s+1/2)7.

Physically, that means that an electron gains the phase 27s during its round trip (cf. with
optical interferometer). Thus two barriers in series can have perfect transparency even if
the transparency of a single barrier is exponentially small. The physical reason is quantum
interference.

The condition ([[3.9) defines the energy

h2k2
Ey=—2

2m

where the transparency is maximal. Near the peak one can expand all the quantities in
powers of

E—Fy, i E—E,
(OF/Ok), 0 2B,

The result for a general case can be expressed in the Breit-Wigner form

I'/I'g
(B~ Eo)? + 3(TL +Tg)?

k—koz

T(E) =

Here I';(g)/h are the escape rates for the electron inside the well to the left(right) lead.
They are given by the attempt frequency vy/2a = hko/2ma times the transparency of a
given barrier.

Of course, if voltage across the system is zero the total number of electrons passing along
opposite directions is the same, and the current is absent. However, in a biased system
we obtain the situation shown in Fig. [[3.3. Negative differential conductance, d.J/dV < 0,
allows one to make a generator. One can also control the system moving the level Fy with
respect to the Fermi level by the gate voltage. In this way, one can make a transistor.

Commercial resonant tunneling transistors are more complicated than the principle
scheme described above. A schematic diagram of a real device is shown in Fig. [3.4. In
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Current

Bias voltage

Figure 13.3: Negative differential conductance in double-barrier resonant-tunneling struc-
ture.

this device resonant tunneling takes place through localized states in the barrier. There
exist also transistors with two quantum wells where electrons pass through the resonant
levels in two quantum wells from the emitter to collector if the levels are aligned. The
condition of alignment is controlled by the collector-base voltage, while the number of
electrons from emitter is controlled by the base-emitter voltage.

13.2 Coulomb blockade

Now let us discuss a specific role of Coulomb interaction in a mesoscopic system. Consider
a system with a dot created by a split-gate system (see above).
If one transfers the charge () from the source to the grain the change in the energy of

the system is
2

AFE = ——.
QVG+2C

Here the first item is the work by the source of the gate voltage while the second one is the
energy of Coulomb repulsion at the grain. We describe it by the effective capacitance C' to
take into account polarization of the electrodes. The graph of this function is the parabola
with the minimum at

Q=Qo=-CVg,
So it can be tuned by the gate voltage V;. Now let us remember that the charge is
transferred by the electrons with the charge —e. Then, the energy as a function of the
number n of electrons at the grain is

n2e?
AE(n) = —neVg + —.

(n) neVe + 55

Now let us estimate the difference
2

AE(n+1)—AE(n) = —eVg + n% .
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Figure 13.4: Schematic diagram of a Si MOSFET with a split gate (a), which creates a
potential barrier in the inversion layer (b). In the right panel oscillations in the conductance
as a function of gate voltage at 0.5 K are shown. They are attributed to resonant tunneling
through localized states in the barrier. A second trace is shown for a magnetic field of 6
T. From T. E. Kopley et al., Phys. Rev. Lett. 61, 1654 (1988).

We observe that at certain values of Vg,

e
the difference vanishes. It means that only at that values of the gate voltage resonant
transfer is possible. Otherwise one has to pay for the transfer that means that only inelastic
processes can contribute. As a result, at

o2
R
the linear conductance is exponentially small if the condition ([[3.10) is met. This phe-
nomenon is called the Coulomb blockade of conductance.

As a result of the Coulomb blockade, electron tunnel one-by-one, and the conductance
vs. gate voltage dependence is a set of sharp peaks. That fact allows one to create a
so-called single-electron transistor (SET) which is now the most sensitive electrometer.
Such a device (as was recently demonstrated) can work at room temperature provided the
capacitance (size!) is small enough.

Coulomb blockade as a physical phenomenon has been predicted by Kulik and Shekhter [26].
There are very good reviews [I3, [4, I5] about single-change effects which cover both prin-
cipal and applied aspects. Below we shall review the simplest variant of the theory, so
called “orthodox model”.

A simple theory of single charge tunneling

For simplicity, let us ignore discrete character of energy spectrum of the grain and assume
that its state is fully characterized by the number n of excess electrons with respect to
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an electrically neutral situation. To calculate the energy of the systems let us employ
the equivalent circuit shown in Fig. [3.5. The left (emitter) and right (collector) tunnel

Figure 13.5: Equivalent circuit for a single-electron transistor. The gate voltage, V, is
coupled to the grain via the gate capacitance, Cy. The voltages V. and V. of emitter and
collector are counted from the ground.

junctions are modeled by partial resistances and capacitances.
The charge conservation requires that

—ne = Qe+@c+@g
= OV~ U) + OV — U) + Cy(V, — U, (13.11)

where U is the potential of the grain. The effective charge of the grain is hence

Q=CU=ne+ » GV, C= ZC

i=e,c,g

This charge consists of 4 contributions, the charge of excess electrons and the charges
induced by the electrodes. Thus, the electrostatic energy of the grain is

2 2
Enzg—c ZGC ”€ZGV+ (Z(Jv). (13.12)

The last item is not important because it is n-independent. In the stationary case, the
currents through both junctions are the same. Here we shall concentrate on this case. In
the non-stationary situation, an electric charge can be accumulated at the grain, and the
currents are different.

To organize a transport of one electron one has to transfer it first from emitter to grain
and then from grain to collector. The energy cost for the first transition,

o + 1)e
B, B, =20t "+ ZCV (13.13)

must be less than the voltage drop eV,. In this way we come to the criterion

E,— Epi1+eV,>0. (13.14)
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In a similar way, to organize the transport from grain to collector we need
E,...—FE,—eV.>0. (13.15)

The inequalities ([3.15) and ([3.14) provide the relations between V., V. and V; to make

the current possible. For simplicity let us consider a symmetric system, where
Go=G. =G, Cc=C,=C/2(Cy<xC), Vo==-V.=V,/2
where Vj, is bias voltage. Then we get the criterion,
Vi > (2n+ Dlel/C = 2(C,/C)Y,

We observe that there is a threshold voltage which is necessary to exceed to organize
transport. This is a manifestation of Coulomb blockade. 1t is important that the threshold
linearly depends on the gate voltage which makes it possible to create a transistor. Of
course, the above considerations are applicable at zero temperature.

The current through the emitter-grain transition we get

I=e) pn[lemy—Tyoel . (13.16)

Here p, is the stationary probability to find n excess electrons at the grain. It can be
determined from the balance equation,

Pl A palp = (T + 10, ) pa = 0. (13.17)

Here
I" | = Te_y(n—1)+Tey(n—1); (13.18)
FZ+1 = Tyoe(n+1)+ Ty c(n+1). (13.19)

The proper tunneling rates can be calculated from the golden rule expressions using tun-
neling transmittance as perturbations. To do that, let us write down the Hamiltonian
as

HO — He + Hg + Hch —I— Hbath 7
He,c = Z 6kCLUCkU 3

ko
_ T
H, = E €qCa0Cao 5
qo
_ E +
Hch — (TL - QO 7 an - .

qo

Here H,,.. is the Hamiltonian for the thermal bath. We assume that emitter and collector
electrodes can have different chemical potentials. Nt is the number of positively charged
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ions in the grain. To describe tunneling we introduce the tunneling Hamiltonian between,
say, emitter and grain as

Hewg = Z quc;fw_cqg + h.c.
k,q,0

Applying the golden rule we obtain

Ge o (o]
Fey(n) = 5/ dek/ deg fe(er)[l — fo(€g)] 0(Ens1 — En —€Ve).
Here we have introduced the tunneling conductance of e — ¢ junction as

Ge = (4762/h) 9e(€r)gy(€r) VeVy <|qu|2> .

along the Landauer formula, V. , being the volumes of the lead and grain, respectively. In
this way one arrives at the expressions

2G,
Lo Ve) = Tyalon Vo) = S F(AL): (13.20)
2
Fyme(n, Vo) = Tey(—n,—V,) = SCF(A_Q. (13.21)
Here .
Fle) = pr——y —€eO(e)at T — 0,
while

2

Sxenzed O

1
Ai,u(”) = En — En:tl :|: €VH = — 2

C
is the energy cost of transition. The temperature-dependent factor arise from the Fermi
occupation factor for the initial and final states, physically they describe thermal activation
over Coulomb barrier. The results of calculation of current-voltage curves for a symmetric
transistor structure are shown in Fig. [3.6. At low temperatures and low bias voltages,
VC'/e < 1, only two charge states play a role. At larger bias voltage, more charge states are
involved. To illustrate this fact, a similar plot is made for symmetrically biased transistor,

V. = =V, = V/2, for different values of @)y, Fig. [[3.7.

eV,

Cotunneling processes

As we have seen, at low temperature the sequential tunneling can be exponentially sup-
pressed by Coulomb blockade. In this case, a higher-order tunneling process transferring
electron charge coherently through two junctions can take place. For such processes the
excess electron charge at the grain exists only virtually.

A standard next-order perturbation theory yields the rate

| (i[O )

2
§(E; — Ey) .

Two features are important.
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Figure 13.6: The current of a symmetric transistor as a function of gate and bias voltage
at T'= 0 (from the book [H]).

e There are 2 channel which add coherently: (i) e — ¢, g — ¢ with the energy cost
A_.(n+1), and (ii) g — ¢, e — g with the energy cost A, .(n —1).

e The leads have macroscopic number of electrons. Therefore, with overwhelming
probability the outgoing electron will come from a different state than the one which
the incoming electron occupies. Hence, after the process an electron-hole excitation
is left in the grain.

Transitions involving different excitations are added incoherently, the result being

r, = Gl / dey / de, / dey / dess (e)[1 — f(e) fle)[1 — flew)]
1 1 2

2med

X

[A,e(n +1) + A (n— 1)] S(eV 4+ ep —€g +eg —e).

At T = 0 the integrals can be done explicitly, and one obtains

- _hGeGC[ 1 1

2
3

“ = Tore |A L+ l) | Aya(ne 1)} Ve for eV <A

As a result, the current appears proportional to V? that was observed experimentally. The

situation is not that simple for the degenerate case when A; = 0. In that case the integrals

are divergent and the divergence must be removed by a finite life time of a state. A detailed

treatment of that case is presented in the book [H].

There is also a process when an electron tunnels through the system leaving no excita-
tions in the grain. The probability of such elastic cotunneling has a small factor (g,V,) "
However, it leads to the current, proportional to V', thus it can be important at very low
bias voltage.
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Figure 13.7: The current of asymmetric transistor, G, = 10G,, as a function of bias voltage
at T'= 0 and different Q)g.e = 0, 0.25 and 1 (from the book [G]). At Qy = 0 the Coulomb
blockade is pronounced, while at Qg/e = 0.5 the current-voltage curve is linear at small
bias voltage. The curves of such type are called the Coulomb staircase.

Concluding remarks

There are many experiments where Coulomb-blockaded devices are investigated. Probably
most interesting are the devices where tunneling takes place through a small quantum
dot with discrete spectrum. An example of such device is shown in Fig. [3.8. The linear
conductance of such a structure as a function of the gate electrode C is shown in Fig. [3:9
An important point is that at present time the devices can be fabricated so small that the
criterion kT < e2/C' can be satisfied at room temperatures. Now several room temperature
operating Coulomb blockade devices were reported. Among them are devices consisting
of large molecules with the probes attached in different ways. This is probably a starting
point for new extremely important field - molecular electronics. Such devices are extremely
promising both because they are able to operate at room temperatures and because they
will allow high integration. This is one of important trends. Another one concerns with
single-electron devices which include superconducting parts. There is a lot of interesting
physics regarding transport in such systems.
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Figure 13.8: (a) A typical structure of a quantum dot. The depleted (shaded) areas are
controlled by electrodes 1-4, C, and F. Electrode C also controls the electrostatic potential
in the dot. (b) a model of a quantum dot. From [7].
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Figure 13.9: Conductance of a quantum dot vs. the voltage of gate electrode C. From L.
P. Kouwenhoven et al., Z. Phys. B 85, 367 (1991).



Chapter 14

Quantum Hall Effect and Adiabatic
Transport

14.1 Ordinary Hall effect

In a magnetic field electrons’ trajectories are curved because of Lorentz force. As a result,
j=o00(E+[j x H]/nec), oo =mne’t/m.
One can solve this vector equation to obtain the resistivity tensor

. Po H/enc B
p= —H/enc  po » Po=1/00.

The inversion of this tensor gives the conductivity tensor with the components (in 2d case)

1
70 S (14.1)

Ogx = Og TT
1+ (wer)?’ Y H  wer

There is a striking similarity between the quantization of the conductance of a ballistic
channel in units of €*/h and of the Hall conductance.

14.2 Integer Quantum Hall effect - General Picture

In the quantum case one faces the Landau levels. We have seen that the number of states
per unit area for a filled Landau level is

nyg = 1/2ra3, = eH/ch.

Usually the filling factor
v=n/nyg

285
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for a fractionally filled level is introduced. The total degeneracy of a Landau level in the
absence of disorder is N = Anp = A/2ma? where A is the sample area. The average
density of states is Anp/hw,.

If one expresses the Hall component of the conductivity tensor through the filling factor
v and assumes w.7 — 00 he obtains o,, = ve?/h. This result seems very fundamental.
Indeed, according to the electrodynamics, one can eliminate the electric field on a spatially-
homogeneous system by assuming a drift velocity

v=c[E x H]/H*.

Thus, the result seems fundamental independently whether classical of quantum mechanics
is discussed.
Experimentally, the following picture was observed. It is clear that only violation of

Ry ™ Classical result

Hall resistivity (h/€)
N

Longitudunal resistivity (arb. units)

Filling factor
Figure 14.1: Schematic dependence of Hall resistance on filing factor.

the translational invariance can lead to such a picture. Thus one has to consider either
impurities, or edges.

The generally accepted picture is as follows. Impurities violate the translational invari-
ance. As a result, p, is not a good quantum number any more, and Landau levels smear
into sub-bands. The crucial point that the most of the states are localized and cannot carry
the current.

To make the analysis as simple as possible let us discuss a 2d electrons in crossed electric
and magnetic fields (E || x, H || z) and a single impurity at the point ro = {xo,yo}. As
we have seen (see Sec. p.9, Shubnikov-de Haas effect), the weak electric field leads to the
energy shift p,v where v = cE/H is the drift velocity in y-direction, as well as to the shift in
the center-of-motion co-ordinate is shifted in z-direction by v/w.. Using the corresponding
states as a basis, we can now expand the exact wave function as

V= Z Cnp, Ynp, (T) -

npy
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We get

Z Cnpy [7:(0 + V] Vnp, = Z Cnp, [Enpy + V] Unp, = £ Z Crp, Vnp, -

npy npy nPy
Let us now express the potential as
V = A(r —rp)
where \ is a proper coupling constant. Then one can write

Uy, (T0) ¥ (10) ‘

npy — A
Crpy E—E,,

Now we recall that -, cup,Unp, (ro) = ¥(rg). Substituting the previous expression into
this equation and dividing by W(rg, we get the exact condition for eigen energy

Z ’¢n py I'0
np

n,py v

The right hand side of this equation as a function of the energy is shown below One can

Energy

Right hand side

Localized states

Figure 14.2: Formation of localized states in 2DEG in magnetic field.

find from this equation one completely localized state for each Landau level, its energy
shift being proportional to A. The lowest such state can be represented as (for ro = 0)

o izy  x?+ >
e ™~ €X — .
1 P 2a%, 4a?,

The other levels are almost unperturbed and extended.
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Now let us take into account only the lowest Landau level which we assume to be
completely filled. We have one localized state and N —1 extended ones where N = A/2ma?,,
which we can label by the discrete quantum number k as

pyLy
k= )
2mh

Each mode behaves just as the transverse mode in a quantum channel, and the current is
given as

2 2
[ - — (En7]€+1 - ETL ) — —E
nk

nk

(Enakmax - Enykmin> :
It is not trivial to prove this equation. It was done by R. Prange using gauge considerations.

Proof :
The main procedure is a s follows. We have specified periodic boundary conditions
along y-axis. Consider the system as a cylinder and introduce an auxiliary constant
vector-potential A along y axis as
-~ he2na

4, =~ I (14.2)

Increase of the parameter a by one corresponds to increase the magnetic flux in the
sample by 1 quantum, ®,.

If one applies periodic boundary conditions then the vector-potential such as given
by Eq. ([4.7) can be eliminated by the gauge transform

b — exp(2may/Ly)y

only if o is integer. Thus the extended states which extend from 0 to L, must
depend on « while localized states satisfy boundary conditions automatically since
their amplitude at the boundaries vanish. The extended states in the presence of the
auxiliary have the same form is in its absence, with the replacement

k—k+a.

The vector potential A leads to an additional item in the effective Hamiltonian,

Thus, the current operator can be written as

;__10H __comM
Y c@[ly_ hoa’
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while the average current is

~

[=(I)= —%% 3 Eula).

As we have already mentioned, according to the construction of the quantum number
k the introduction of the vector-potential leads to the replacement & — k + «. Thus

En,k|a:1 = En,k+1|a:0 .

Replacing the derivative by the average value over the region 0 < a < 1 we get the
result given above.

Thus we come to the following picture. as the Fermi level passes the regions of the

Localized

Extended

Energy

Density of states

Figure 14.3: Density of states in 2DEG in magnetic field.

extended states the steps in Hall resistance and peaks at the longitudinal resistance occur.
As we have shown, the current is independent of the density of states, only the number of
occupied extended states is important.

Now we have to remember that the state with kmyax(kmin) correspond to the upper
(lower) edge of the sample if we map the quantum number k to the centers of gravity of
the states. Thus we come in a natural way to edge states.

14.3 Edge Channels and Adiabatic Transport

The quantization of the conductance of the ballistic channel arises from the finite number of
propagating modes each of which can carry only a very specific current. Thus it is tempting
to consider the modes of an ideal finite system embedded into an external magnetic field. In
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this simplified picture we can obtain some understanding concerning the nature of localized
and extended states.

Let us start from a ideal electron system confined by the potential V' (z) in the presence
of the magnetic field H || z. For a single spin component we have the Hamiltonian

H = ﬁ‘i‘ [py+(eH/c)x]2 +V($)

2m 2m

It is natural to look for a solution in the form (H commutes with p,!)
[, k) = ()™
where hk is the eigenvalue of p,. The average velocity for such a state is

B oH _ 1dE,(k)
n,k> = <n,k‘8py n,k:> =3

It is easy to calculate such a velocity for a parabolic confinement,

py + (eH/c)x

(k) = <n k

1
V(z) = §mw§x2 :

The result is
hk Rk 1

T M m1+ (wefw)?

To understand what is going on let us consider a classical orbit with the center (X,Y).
Then one can write
r=X+uv/w., y=Y —v,/w..

The quantity 7. = v/w. is the cyclotron radius of the orbit. We have two constants of
motion, the energy E and X. In a long strip of width W the trajectories can be classified
as a cyclotron orbits , skipping orbits, or traversing trajectory. In the (X, E) space such
trajectories are separated by the line

(X £W/2)* =72,

According to quantum mechanics, the motion is quantized, and we come to the following
picture of quantum terms The cyclotron orbits (solid lines) correspond to Landau level,
and they have zero group velocities. We have not shown traversing trajectories which cor-
respond to higher energies. Dashed lines reproduce two sets of edge states (corresponding
to skipping orbits). These sets carry the currents in opposite directions.

If the Fermi level is situated between the Landau levels, only the edge states can con-
tribute to the current. Their dispersion law can be obtained (approximately) from the

Bohr-Sommerfeld quantization condition,

h_lj{pxdx+fy:27m, n=12,..



14.3. EDGE CHANNELS AND ADIABATIC TRANSPORT 291

!
a Q
g
L
No
&
\lg—
3
1O

- W2 Wi/2

X ——=

Figure 14.4: Typical electron trajectories in a 2D strip in magnetic field.

---- Skipping orbits

Energy ——

Wave vector, K——

Figure 14.5: Electron terms in a 2D strip in magnetic field.

One can show that for the rigid boundary the phase shift of the skipping orbit v = 7/2,
while

Pr =mu, = (eH/c)(Y —y).
Thus,

1 o v
oy ( y) dx T B T(n o

Consider an electron at the Fermi level. Its energy consists of (n — 1/2)hw. (4 spin
contribution which I do not discuss now), as well the the part

Eg=er— (n—1/2)hw,

due to electrostatic potential created by the edges, as well as by disorder. In an external
potential, the center of the orbit moves with the drift velocity

C

va(R) = eH

[VV(R) x H]
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which is parallel to the equipotentials. That can be easily shown from classical mechanics
in a magnetic field. The typical spread of the wave function along the guiding center is
spread within the range of magnetic length ay. Now we can map the classical picture to
quantum mechanics according to hk — —x(eH/c). Thus, if the typical scale of the random
potential of the disorder is greater than the magnetic length, we arrive at the picture.

©® Closed
O Egde

0
Wave vector, k———

Energy —

Figure 14.6: Electron terms in the presence of long-range disorder.

Assume that the edges are in a local equilibrium. Thus if there is a difference ¢ chemical
potentials between the edges,then each channel contributes (e/h)d¢ to the current in the
Hall direction. The system appears robust because to obtain a inter-channel exchange
one needs tunneling with exponentially low probability. Actually we have an almost ideal
ballistic conductor and the only difference with the systems discussed earlier is that the
edge channels with different directions of the current do not overlap in space.

In a typical realistic situation, the contacts are out of local equilibrium and the measured
resistance depends on the properties of contacts. Consider for example, a situation when
the edge channel at the lower edge are in equilibrium at chemical potential Er, while the
edge channel at the upper edge are not in local equilibrium. Then the current at the upper
edge is not equipartitioned between N modes. Let f,, is the fraction of the total current I
that is carried by by states above Er in the nth channel at the upper edge, I, = f,I. The
voltage contact at the upper edge will measure a chemical potential which depends on how
it is coupled to each of the edge channels. The transmission probability 7T, is the fraction
of the current [, that is transmitted through the voltage probe to a reservoir at chemical
potential Er + d¢. The incoming current

N
L =Y Tuful, with ) f,=1, (14.3)
has to be balanced by an outgoing current,

Tout = %5< (N—-R)= %5€ZTN7 (14.4)
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since the voltage probe draws no net current. Thus the Hall resistance,

5Ch o
Ry=— = (; Tnfn> (; Tn> : (14.5)

The Hall conductance remains quantized only if f, = 1/N, or at T,, = 1. The first case
corresponds to local equilibrium, while the second case corresponds to an ideal contact.
The Landauer-Biittiker formalism forms the basis on which anomalies in the QHE due
to absence of local equilibrium in combination with non-ideal contacts can be treated
theoretically.

This is a simplified picture of the integer quantum Hall effect in the random potential.
The real life is much more complicated. In particular, there exists an extremely interesting
fractional quantum Hall effect, which manifests itself at fractional values of the filling
factor. We do not discuss this effect in the present course.

Role of localization

As we have seen, at H = 0 a 2D system with disorder should have its states localized at
all energies. However, only extended states are sensitive to the flux and can provide the
QHE. At the same time, ranges of energies with only localized states are needed to pin Er
there and have finite plateaus. Thus, introduction of magnetic field must delocalize some
states. As we have seen, extended modes appear near edges. However, extended states in
a magnetic field are present also in the bulk of the conductor.
To discuss this phenomenon let us recall the main relevant quantities. First, let us note
that the condition
wr>1, or re<l, r.=uvp/0,

for cyclotron motion is fully classical. In terms of quantum mechanical length, ay =
\/cH/eH the classical cyclotron radius r. can be written as

Te ~ kpa?{ ~ ag\ Erhw,. ~ aH\/N

where N is the number of full Landau levels. The weak localization regime corresponds to
the inequality
ag </l ,

while the intermediate regime where ay < r. while . can be comparable with ¢ also exists.
Strong magnetic field, w.7 > 1, r. < /.

As we have discussed, in a uniform electric field the drift velocity directed along [E x H]
appears, vy = ¢(E/H). This concept can be generalized for the case of a smooth random
potential V' (z) with does not change a lot on the scale of cyclotron motion. Then, it 7. is
much less than the correlation length d of the random potential, the guiding center moves
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along the equipotential line V(r) = V. If its orbit is closed and embeds the area A(V),
then the typical frequency is

O P S N
or |J va] H dv  H AA’
where dz is an element of length in the direction of the potential gradient. Such a slow

motion can be quantized for any Landau levels into locally equidistant levels with the
separation h0y. The area between two quantized orbits is given by the relation

HAA:%ZCDO; AA = 2ma? .
Thus the flux of H in the area per state in a given Landau level corresponds to a flux
quantum, as for free electron.

Let us assume that the amplitude of the random potential is much less than Aw,, so
there is no inter-Landau-level mixing. Then the potential energy of a properly quantized
levels should be added to Aw.(j + 1/2) for jth Landau band. The levels correspond to
the orbits running around the potential “hills”, or inside potential “lakes”. Both kinds
of states are localized. There is one and only one energy, E., (in 2D case) at which
the equipotential curves span the whole system (imagine filling up of the potential V(r)
“terrain” with water). The characteristic size of the orbit, &,, may be defined by the r.m.s.
of the area enclosed by the equipotential contours for the localized states. It must blow up
at £ — E.,

gpN‘E_EC‘_va v 2 1.

Such an orbit provides the way to transfer an electron between the edges.
There is also a very interesting intermediate situation when

ag K LLr,, or w.omT<XKI]1.

As was shown by Khmelnitskii (1984), even in this region QHE plateaus can exist which
are irrelevant to Landau levels.

14.4 Fractional Quantum Hall Effect

Fractional quantum Hall effect (FQHE) was discovered by the group of Tsui et Bell Lab-
oratories [31]. Using a high-mobility GaAs/AlGaAs heterostructures they observed quan-
tization of Hall conductance at filling factors v = 1/3 and 2/3 at very low temperatures
(below 1 K). Later more rich structure, as shown in Figs. [4.7 and [[4.§ at fractional
filling factors was discovered. It appears that only account of of Coulomb interaction leads
to understanding of the problem. Now the studies of FQHE belong to the most active
area of research. Below we shall provide a very brief sketch of the problems regarding
electron-electron interaction in magnetic field and FQHE.
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The fractional quan-
tum Hall effect. The Hall resisti-
vity (upper curve) of the in-
version layer in a high mobili-
ty AlGaAs/GaAs heterostructure
shows plateaus at magnetic induc-
tions B that correspond to the in-
dicated filling factors . At the
same filling factors, the magne-
toresistivity (lower curve) shows
minima
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Figure 14.7:

Few electron with Coulomb interaction

The role of electron-electron interaction is determined by the relation between the mean
free distance between electrons, r,, and the Bohr radius, ag = €h? /me2. At ry < apg one
can use the usual mean field description of interacting electrons, considering screening,
plasmons, charge density waves, etc. However, at r, > ap the interaction energy becomes
larger than the average kinetic energy. As a result, there exists a strong electron-electron
correlation, and the electrons tend to crystallize. It is known that magnetic field enhances
these effects.

To get some understanding let us start with more simple problem of few electrons
in a magnetic field. Historically, these studies appeared important because they led to
discovery of a new state, the incompressible electron liquid, that is believed to transform
into (Wigner) crystal at very low densities.

Two electrons. Let us discuss the case of 2 electrons in a very strong magnetic field,
fiw. > €*/eay. This inequality means that Landau levels are not mixed by the Coulomb
interaction (see below).

Using symmetric gauge, A = (—Hy/2, Hz/2,0)and introducing polar coordinates we
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Figure 14.8: Recent results on the fractional quantum Hall effect.

easily obtain zeroth approximation Hamiltonian
n? mw?p?  hw, 0
+ + =,
2m 8 21 Oy
0? n 10 N 1 0?
0 pdp PO

This Hamiltonian commutes with the angular momentum,
- h 0
R

Thus it is natural to classify the states using the eigenvalues Am of the angular momentum,
l,. The eigenfunctions have the form

N, . 2 2
nm_|m| jim _P ml [ _P
T ¥ exp ( 4a%1> Ly (2&%{) . (14.6)

|m
ag

Vrm (P, 90) =

Here n is non-negative integer, m is integer, L are Laguerre polynomials, while N, =
\/n!/272iml(Jm| + n) are normalization factors. The energy eigenvalues are

Ernpm = hweln + (Im| —m +1)/2]. (14.7)
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The lowest Landau level corresponds to n = 0, m > 0. The Coulomb energy for the lowest
state can be easily calculated as

e? T(m+1/2)
€ay m!

Ec = (0m|e?/er|0m) = . (14.8)

At large m is decays as m~/2.

Two electrons are described by the Hamiltonian
Ho(1) +Ho(2) + Hi -

It can be rewritten through the center-of-mass coordinate, R = (r; + ry)/v/2, and the
relative coordinate, r = (r; —ry)/v/2, as

Ho(R) + Ho(r) + Ho (rv/2) .

As a result, the center-of-mass motion is separated, and we look for a solution in the form

YU(R,r) = ¢(R)(r).

Now we are left with a single-particle problem for the relative motion.
Since the interaction energy is radially-symmetric one can look for a solution in the
form

Y(r) =R(r)e”™?

with odd m because of the Pauli principle [¢)(—r) = —¢(r)]. The radial Schrodinger
equation is easily written in the dimensionless units as
1d*R  1dR 1 (m? r?  «
—_——— 4+ = = — == =F 14.
2 dr? rdr+2<7‘2 —|—m+4 T)R R, (14.9)

where r is measures in units of ay, F is measured in the units of hAw., while dimensionless
interaction constant is o = v/2e?/eaghw,.. At large magnetic field this equation can be
solved perturbatively with respect to a. In the lowest approximation we obtain:

) hwe e T(m+1/2)

E(
Om 2 eay m!

. (14.10)
The energy of the center-of-mass motion must be added.
We find that the interaction destroys the degeneracy of the lowest Landau level. At

large m the correction decreases because the electrons are less sensitive to interaction at
long distances.
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Three electrons. For 3 electrons we can also strip the center-of-mass motion. It can be
done by the transform p = Or where

1/vV2 —-1/vV2 0
O=|1/V6 1/V/6 —2/V/6
1/v/3 1/V/3  1/V3

After the transform the interaction Hamiltonian can be written as

Mo — -5 <1+ 2,2 ) (14.11)
Te2\m e+ V3Bpsl  [V3py —p

Again, we can write the eigen function as a product

U(py, po; p3) = 0(P3)Y(p1, Po)

and in this way to reduce the problem to a two-particle one.

An important point is that the probability density must be invariant under rotation
about multiples of 7/3. The resulting Hamiltonian also commutes with the total angular
momentum, L. Then the states can be classified according to eigenvalues M of the orbital
momentum. It was shown by R. Laughlin that a proper complete set to diagonalize a
3-electron system can be written as

F ’ 2 2
im, m’) = 5 (20 +i20)%™ — (22 — i21)™] (27 + 23)™ e~ (R FHl=21D) (14.12)

Here z; = & + n;, €, eta are the Cartesian components of the vector p;/ay, F' is a normal-
ization factor. The states ([[4.12) are the eigenstates of the total angular momentum with
M =3(m+m').

To diagonalize the system one has to solve the secular equation

det |6(5mm5m/m/ — <mm/|Hint

mm')| =0.

The crucial point is that the basis ([4.1F) is an extremely good starting approximation
since off-diagonal elements of H,,, are typically at least 10 times less than the diagonal
ones.

The minimum angular momentum for which a non-degenerate solution exists is M =
3 (m =0, m' =1). The next solution corresponds to M = 9, it is combined from the
states (3,0) and (1,3). These states have the lowest energy at H,, = 0. The “charge
density” for the state with M = 9 is 1/3 comparing to the state with M = 3. Since the
angular momentum is conserved and the angular momentum corresponds to the area of an
electronic state, the 3 electrons are “incompressible”.
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Fractional quantum Hall states

It is impossible to diagonalize exactly the system of many electron states. An extremely
effective approximate guess was suggested by R. Laughlin which we shall discuss for the
case of very large magnetic field when only the lowest Landau level is important. The
single-electron states for that case can be written as

Np,
(r|0m) = m o me=la?/4 ,
ag

where z = x + 1y. The complete set of N-electron states with total angular momentum
M = Zf,vzl m, are the Slater determinants

N N
V(1...N)= (—1)P}_[1Nmuz;';“exp (—%;w?).

P(vi..vN)

Since the ground state in the independent band approximation is a combination of Slater
determinants, its general form is

N
U(l...N)= jllf(zj — 2k) €Xp (—% ; ’Za|2> :
There are several requirements to the functions f(z):

e The function f(z) must be a polynomial of z;

e Since W should be a Fermion state, f(—z) = —f(z);

e U can be chosen as an eigenfunction of the total angular momentum. Therefore, the
function f(z) has to be homogeneous.

The simplest choice is
flz)=2"", (n odd).

Thus the approximate wave function has the form
1 N
U(l...N) = E(zj — 2)™ exp (721‘2‘“’2) . (14.13)
j a=

The Laughlin state ([4.13) describes a liquid-like system. The two-particle correlation
function

N
gém)(Zz,Zg):/Hdrl/|\ll(1_”]\/')|2
v=3

at small distances is proportional to |z; — 23|™ that reflects the Pauli principle for the
electrons. The smallest possible value of m is 3. The total angular momentum is just
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M = Nm, while the area covered by the electrons is A = N(2rma?%). Thus the average
electron density is (27rma?;)~", and the filling factor is v = 1/m. To keep electrostatic
stability one has to add the positive background.

The estimate for the Coulomb energy for the Laughlin state can me obtained as

m N(N=1)e? [dr [ o
we =M [T o]

Because the correlation function decay strongly at small distances the incompressible liquid
state appears more stable than the Wigner crystal. An interesting fact is that the Laughlin
state appears the exact ground state for ¥ = 1/m in the case of contact interaction,
Hipe(r) o O(r).

As a consequence of the electron-hole symmetry it is easy to find the state corresponding
to the filling factor (1 — v) if the state for v is known.

Elementary excitations

Elementary excitation are important both for transport and dynamics. Changing of energy
of the electron system can be achieved by its compression, or, equivalently, by changing of
angular momentum while keeping the neutralizing background.

In other words, it means that new quasielectrons of quasiholes are introduced into the
state U, if v # 1/m. An introduction of a quasihole can be represented as

Uy =AY ()W (2. 2), AT(z0) = [[(z — =)

j=1
Let us estimate the effective charge of this excitation. The average area per particle which
is covered in the state with filling factor v = 1/m is (N — 1)(2rma%). It can be seen by
direct calculation of the integral. The corresponding charge density is
B —Ne N e
po= (N —1)(2rma2) ~  2wma2

Thus, each electron occupies the area with m flux quanta. Its charge must be compensated
by a positive background.

In the state ¥} the maximum angular momentum per particle is increased by 2wa%;.
This corresponds to the change in the charge density which is equivalent to the positive
charge +e/m.

Quasielectrons can be created in a similar way,

o = A (20) U (2. 20),  AT(z) = ﬁl (a% - zg;> .

Here the partial derivative acts only on the polynomial part of the wave function ¥, leaving
alone the Gaussian part. It can be shown that the effective charge of the quasielectron is
—e/m.
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The gaps between the ground and excited states were observed directly from tempera-
ture dependences of conductance. It appears that the quasiparticles can be considered as
particle with so-called fractional statistics — anyons. Very interesting collective excitations
were also predicted and observed experimentally by inelastic light scattering. H. Stormer,
D. Tsui and R. Laughlin were awarded by the Nobel Prize 1998 for their discovery of
FQHE.

However, the story is not over. Very specific features of Hall conductance were observed
at v = p/q where p, q are integers, both for odd and even denominator q. These features
were not explained by original theory by Laughlin. It appears, that at odd denominators
the electrons also condense in some quantum liquids. However, the properties of that
liquids differ significantly from those of the incompressible Laughlin liquid.

The above discussion is definitely not an “explanation” of FQHE. It just demonstrates
some basic trends in the field. More work has to be done to understand the whole physical
picture and to construct a proper transport theory.
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