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Abstract

Nonlinear Transport Behavior

of Low Dimensional Electron Systems

by

JingQiao Zhang

Thesis Advisor: Professor Sergey Vitkalov

The nonlinear behavior of low-dimensional electron systems attracts a great deal of

attention for its fundamental interest as well as for potentially important applications

in nanoelectronics. In response to microwave radiation and dc bias, strongly nonlinear

electron transport that gives rise to unusual electron states has been reported in two-

dimensional systems of electrons in high magnetic fields. There has also been great

interest in the nonlinear response of quantum ballistic constrictions, where the effects

of quantum interference, spatial dispersion and electron-electron interactions play

crucial roles.

In this thesis, experimental results of the research of low dimensional electron gas

systems are presented. The first nonlinear phenomena were observed in samples of

highly mobile two dimensional electrons in GaAs heavily doped quantum wells at

different magnitudes of DC and AC (10 KHz to 20 GHz) excitations. We found that

in the DC excitation regime the differential resistance oscillates with the DC current



v

and external magnetic field, similar behavior was observed earlier in AlGaAs/GaAs

heterostructures[C.L. Yang et al]. At external AC excitations the resistance is found

to be also oscillating as a function of the magnetic field. However the form of the

oscillations is considerably different from the DC case. We show that at frequencies

below 100 KHz the difference is a result of a specific average of the DC differential

resistance during the period of the external AC excitations.

Secondly, in similar samples, strong suppression of the resistance by the electric field

is observed in magnetic fields at which the Landau quantization of electron motion

occurs. The phenomenon survives at high temperatures at which the Shubnikov de

Haas oscillations are absent. The scale of the electric fields essential for the effect, is

found to be proportional to temperature in the low temperature limit. We suggest

that the strong reduction of the longitudinal resistance is a result of a nontrivial

distribution function of the electrons induced by the DC electric field. We compare

our results with a theory proposed recently. The comparison allows us to find the

quantum scattering time of 2D electron gas at high temperatures, in a regime, where

previous methods were not successful.

In addition, we observed a zero differential resistance state (ZDRS) in response to a

direct current above a threshold value I > Ith applied to a two-dimensional system

of electrons at low temperatures in a strong magnetic field. Entry into the ZDRS,

which is not observable above several Kelvins, is accompanied by a sharp dip in

the differential resistance. Additional analysis reveals instability of the electrons
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for I > Ith and an inhomogeneous, non-stationary pattern of the electric current.

We suggest that the dominant mechanism leading to the new electron state is the

redistribution of electrons in energy space induced by the direct current.

Finally, we present the results of rectification of microwave radiation generated by an

asymmetric, ballistic dot at different frequencies (1-40GHz), temperatures (0.3K-6K)

and magnetic fields. A strong reduction of the microwave rectification is found in

magnetic fields at which the cyclotron radius of electron orbits at the Fermi level is

smaller than the size of the dot. With respect to the magnetic field, both symmetric

and anti-symmetric contributions to the directed transport are presented in this thesis.

The symmetric part of the rectified voltage changes significantly with microwave

frequency ω at ωτf ≥ 1, where τf is the time of a ballistic electron flight across the

dot. The results lead consistently toward the ballistic origin of the effect, and can

be explained by the strong nonlocal electron response to the microwave electric field,

which affects both the speed and the direction of the electron motion inside the dot.
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1. INTRODUCTION

Solid materials can be classified into three categories: insulators, semiconductors

and metals. This classification scheme is based on the conducting properties of the

materials. The conductivity of charge carriers in a solid provides a clear criterion

to distinguish between the different types of solids. We can also view these different

types of solids in terms of their different band structures. In the case of a metal

the conductance band is partially filled. In the case of an insulator, the conductance

band is empty. In a semiconductor there is a small energy gap so that at a finite

temperature a small density of electrons will be excited into the conductance band.

A direct way to investigate the transport behavior of a conducting solid material is

by applying an electric field to excite the systems and observing the response. This

is the primary method employed in our experiments described in this thesis.

1.1 Linear Response of Electrons to Electric Field

1.1.1 Drude Model

The Drude model gives us a simple theory of metallic conduction. It was put forth by

P. Drude in the beginning of the 20th century. It is a very successful model and we still
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use it today as a quick practical way to roughly estimate the transport properties of

electrons and generate a comprehensive picture for many new complicated theoretical

models.

Electrical Conductivity of a Metal

The conductivity σ is defined by the relation between the current density j = −nev

and the electric field E which induces this current density [1],

j = σE (1.1)

where n is electron density, e is electric charge, v is the average velocity of the

electrons. In the presence of a field E there will be a mean electronic velocity directed

opposite the field, this velocity is given by[1]

v = −eEτtr

m
(1.2)

where m is electron mass, τtr is the relaxation time or the collision time which describes

the probability of an electron collision during time dt, P ∼ dt/τtr. The Drude model

gives therefore the following expression for the conductivity

σ =
ne2τtr

m
(1.3)

This result follows directly from Newton’s equation for an electron in the presence of

an electric field E assuming the relaxation of the electron momentum p[1],
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y x

z

Magnetic Field (B)

Current (J)

e

width

Fig. 1.1: Schematic view of Hall’s experiment. If an electric current flows through a conduc-
tor in a magnetic field, the magnetic field exerts a transverse force on the moving
charge carriers and push the carriers to one side of the conductor.

dp (t)

dt
= −p (t)

τtr
+ f (t) (1.4)

Hall Effect and Longitudinal Magnetoresistance

The Drude model also describes electron conductivity in the presence of a magnetic

field. Due to the Lorentz force FL = −e (E + v × H/c), the conductivity acquires a

non-diagonal component inducing the Hall effect . Hall’s experiment is depicted in

Fig. 1.1. An electric field Ex is applied to a slab metal extending in the x-direction.

A current density jx is driven by the electric field E. The magnetic field H is applied

in the positive z-direction. In the presence of a magnetic field, B Eq. 1.4 for the
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electron momentum becomes[1]

dp

dt
= −e

(

E +
p

mc
× H

)

− p

τtr
(1.5)

the solution of Eq. 1.5 provides the resistivity tensor[2]:







Ex

Ey






=







ρxx ρxy

ρyx ρyy













Jx

Jy






(1.6)

and

ρxx = σ−1 = m/ne2τtr (1.7)

ρyx = −ρxy = H/|e|ns (1.8)

where ns = n/d and d is thickness of the slab.

1.1.2 Electron transport in metals: The Boltzmann equation

The Boltzmann equation describes the electron transport in a more complete fashion,

taking into account possible space and time variations of the electron density and the

external electric and magnetic fields. The equation describes the time evolution of

the distribution function of electrons f(k) [3],

∂f(k)/∂t +
·
k · ∂f(k)

∂k
+ vk · ∇f(k) =

∂f(k)

∂t

⌋

coll.

(1.9)
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where, the first term in the left side, ∂f/∂t represents the net rate of change of the

distribution function. It will be zero in the so-called steady state. The distribution

changes due to the external fields at a rate given by the term
·
k · ∂f(k)

∂k
. The rate

of change of the distribution due to the diffusion of carriers is given by the term,

vk · ∇f(k). The distribution function f changes at a rate ∂f(k)
∂t

⌋

coll.
due to the effect

of scattering.

At steady state, the Boltzmann equation includes three types of effects which change

the distribution function f(k): (a) diffusion moves carriers in and out of the region

r, (b) change of the k vector of each carrier as a result of an external field and (c)

scattering (or collision) of the carriers. In a steady state, the net rate of change of

f(k) is zero.

The collision integral ∂f
∂t
ccoll. is often used in the so-called τ approximation[3]

df (k)

dt

⌋

coll.

= −f (k) − f0 (k)

τ
(1.10)

where τ denotes the relaxation time. In a spatially uniform and stationary case Eq.

1.9 reads[3]
(

−∂f0

∂ε

)

vk · eE = −∂f(k)

∂t

⌋

coll.

. (1.11)

The current density is defined by

J =
−e

4π3

∫

vkf(k)dk. (1.12)
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The Eq. 1.10, Eq. 1.11 and Eq. 1.12 give the electric current[3]:

J = − e2

4π3

∫

τvk (vk ·E)

(

−∂f0

∂ε

)

dk. (1.13)

This result can be written as j = σE, where the conductivity tensor σ is

σ = − e2

4π3

∫

τvkvk

(

−∂f0

∂ε

)

dk. (1.14)

The result above shows that only electrons near the Fermi surface provide significant

contributions to the conductivity because of the step-function character of f0.

1.2 Transport in a quantized magnetic field: Two-dimensional

Electron Gas

In a bulk metal, electronic motion is free in all three spatial dimensions. If the

electronic motion in one dimension is restricted, the electrons can only move on a

two dimensional plane. Most of the recent work has been done on the GaAs-AlGaAs

heterojunctions, in which a thin two-dimensional conducting layer is formed at the

interface between GaAs and AlGaAs.

The following picture [2] Fig. 1.2 shows the typical structure of a 2DEG. The Fermi

energy, EF , in the wide gap AlGaAs layer is higher than in the narrow gap GaAs

layer. Consequently electrons spill over from the AlGaAs leaving behind positively

charged donors. The space change gives rise to an electrostatic potential that causes
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the bands to bend as shown. At equilibrium the Fermi energy is constant across

the sample. The electron density is sharply peaked near the GaAs-AlGaAs interface

(at the interface the Fermi energy is inside the bended conduction band) forming a

2D conducting layer. The electron motion perpendicular the surface is quantized,

forming 2D sub bands. The carrier concentration in a 2DEG typically ranges from

2×1011 cm2 to 2×1012 cm2.



8 1. Introduction

a)

b)

Gate Oxide

n+ n+

p

Body

Gate

Source Drain

electron
layer

EF

EC

EV

GaAsGaAlAs

2DEG
(Two Dimensional  

Electron Gas)

Fig. 1.2: a) The profile of typical CMOS device. In MOSFETs, the 2DEG is only present
when the transistor is in inversion mode, and is found directly beneath the gate
oxide. b) Energy Band of typical heterostructure.
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1.2.1 The energy band and density of states of 2DEG.

The 2D electron eigenfunctions normalized to an area S can be written in the form

[2]

Ψ (x, y) =
1√
S

exp (ikxx) exp (ikyy) (1.15)

with the energies given by[2]

E = Es +
~

2

2m

(

k2
x + k2

y

)

(1.16)

Es is counted from the bottom of conduction band or higher electron sub-band formed

due to the quantization of the electron motion in the z direction. At zero magnetic

field the density of electron states per unit area is given by[2]

N (E) ≡ 1

S

d

dE
NT (E) =

m

π~2
θ (E − Es) , (1.17)

where NT is total number of electron states below the energy E. At high magnetic

fields the lateral motion of the 2D electrons is quantized. L. D. Landau has theo-

retically predicted the quantization. Assuming a constant magnetic field B in the

direction perpendicular to the plane of a 2D conductor, the vector potential is taken

as A = −x̂By. The electron wave function is Ψ (x, y) = 1√
L

exp [ikx] χ (y). The

Schördinger equation for the transverse function χ (y) has the following form [2]
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[

Es +
p2

y

2m
+

1

2
mω2

c (y + yk)
2

]

χ (y) = Eχ (y) (1.18)

where Es is the ωc is the cyclotron frequency and yk ≡ ~k

eB
. The eigenfunctions of

the equation are Hermite functions with eigenvalues[2]:

E (n, k) = Es +

(

n +
1

2

)

~ω, n = 0, 1, 2... (1.19)

This discrete spectrum makes the density of states of the 2DEG, Ns (E) (Eq. 1.17),

break up into a sequence of peaks spaced by ~ωc (neglecting Zeeman splitting)[2].

Ns (E, B) ≈ 2eB

h

∞
∑

n=0

δ

[

E − Es −
(

n +
1

2

)

~ωc

]

(1.20)

This is illustrated in Fig. 1.3. Without the scattering, the spikes are δ functions.

But, in practice, the scattering processes spread them out in energy.

As we change the magnetic field B, the energies of the Landau levels are changed in

accordance with Eq. 1.20. The resistivity ρxx oscillates as Landau levels cross the

Fermi energy (see Fig. 1.3) . At small magnetic fields the quantum oscillations decay

due to temperature smearing and the finite width of the Landau levels [4].

1.3 Nonlinear Magneto-Transport in High Mobility 2DEG

Recent experiments have discovered new transport phenomena in a high-mobility

two-dimensional electron gas in GaAs/AlGaAs heterostructures.
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E

EF

B=0 B>0

N  (E,B)S

Fig. 1.3: The density of states at a zero magnetic field is constant and electrons fill up the
states up to the Fermi surface. At a non-zero magnetic field, the DOS is a sequence
of peaks in energy space
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Fig. 1.4: The measured differential magnetoresistance traces at various dc currents Idc for
C. L. Yang’s sample which is a high mobility one. The oscillations are roughly pe-
riodic in 1/B and appear at a weak magnetic field. As the DC current is increased,
the peaks of the oscillations move toward a higher field position.

1.3.1 Landau-Zener Tunneling Between Landau Orbits

In one of the experiments [5] a remarkable oscillation effect is observed in the mag-

netoresistance of a high-mobility 2DEG at a weak magnetic field. At this field, the

Shubnikov-de Haas oscillations are not observable in the linear response. In the non-

linear response, a different type of oscillations of the longitudinal resistance rxx are

observed at different current applied to the 2DEG. These oscillations are roughly pe-

riodic in 1/B. The oscillation period depends on the DC bias Jdc. This is shown in

Fig. 1.4[5].

These oscillations have been interpreted as Landau-Zener transitions of 2D electrons

between Landau levels during impurity scattering. When a current density J is
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directed along a 2DEG Hall bar placed in a classically strong (ωcτtr � 1) magnetic

field B normal to the 2D plane, an electric field Ey appears along the transverse

direction of the Hall bar due the Hall effect, Ey = vdB, where vd is drift velocity in

crossed electric and magnetic field.

According to the above discussion, the spectrum of the 2DEG is quantized into a series

of Landau levels with a wave function, Ψ (x, y) = 1√
L

exp [ikx] χn (y − yk), where n

is the Landau level index and χn (y − yk) is the Hermite wave function centered at

yk =
~k

eB
.

The energy levels are given by [5]

Eny =

(

n +
1

2

)

~ωc − eEyyk +
1

2
mv2

d (1.21)

from Eq. 1.21, we can see that the Landau levels are tilted spatially along the y

direction with a slope eEy (Fig.1.5).

The Fermi level is also tilted along the y direction due to the independence of the

electron density n on y [5]. When elastic scattering of an electron occurs, this electron

may hop from an occupied level to an empty level (a Landau-Zener transition). The

transition shifts the guiding center yk of the electron. The hopping distance (shift) is
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DY

Y Y’

n=J

n=N
n=N’

En,Y

y axis

ByE

dcJ

Fig. 1.5: The Landau levels are spatially tilted along the direction of the electric field (y
direction), and the Fermi level has the same slope as the Landau levels. Elas-
tic scattering leads to electrons hopping between different Landau levels with a
distance given by ∆Y = Y ′ − Y ≈ 2Rc

determined by[5]

∆y = yk − y′
k

=
l~ωc

eEy

= γRc ≈ 2Rc. (1.22)

The hopping of electrons described above changes the longitudinal conductivity of

the 2DEG. The variation of conductivity was observed in the experiment [5].
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1.3.2 Nonlinear Transport Induced by AC/DC Excitation and Proposed Theory

due to Inelastic Scattering

Recent experiments have also discovered strong magneto-oscillations governed by mi-

crowave radiation[6]. Subsequent works [7], [8], [9] done at a high radiation power

have demonstrated that the minimum of the resistivity oscillations evolve into zero-

resistance state (ZRS). Recent theoretical study [10] has proposed that these magneto-

oscillations are due to a change of the electron distribution function, induced by the

external excitation. This theory is important for the experiments presented in this

thesis.

The longitudinal conductivity can be expressed by[10]

σxx =

∫

dεσdc(ε) [−∂εf(ε)] (1.23)

where f(ε) is the electron distribution function and σdc(ε) determines the contribu-

tion of electrons with energy ε to the dissipative transport. For a classically strong

magnetic field, ωcτtr � 1, the σdc reduces to [11] [12]

σdc(ε) = σD
dcν̃

2(ε) (1.24)

where σD
dc = e2ν0v

2
F/2ω2

cτtr is the dc Drude conductivity per spin in a magnetic field.

ν̃(ε) = ν(ε)/ν0 is the normalized dimensionless density of states, ν(ε) is the DOS in a

magnetic field B and ν0 = m/2π is the DOS at zero B (~ = 1). At a stationary state
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the scattering rate equation for the non-equilibrium distribution function f(ε) reads

[10]

f(ε) − f0(ε)

τin
= E2

ω

σD
ω

2ω2ν0

∑

±
ν̃(ε ± ω)[f(ε ± ω) − f(ω)]

+ E2
dc

σD
dc

ν0ν̃(ε)
∂ε[ν

2(ε)∂εf(ε)] (1.25)

where f0 is Fermi-Dirac distribution function. Eω and Edc are the magnitudes of the ac

and dc electric fields. The first term in the right hand side describes the absorption

and emission of the microwave. The second term accounts for the effect of the dc

electric field. These terms describe the spectral diffusion of electrons in ε-space.

The left-hand side accounts for the inelastic relaxation from the non-equilibrium

distribution f(ε) to the thermal equilibrium distribution f0(ε). The inelastic collision

integral is taken in the τ approximation, with an inelastic relaxation rate 1/τin.

Eq. 1.25 is solved for low magnetic fields, at which the Landau Levels overlap and

the DOS is given by

ν̃ = 1 − 2δ cos

(

2πε

ωc

)

, δ = exp

(

− π

ωcτq

)

(1.26)

where τq is the quantum relaxation time. The analytical solution of f in first order

δ may be obtained by introducing the following dimensionless parameters describing
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the ac and dc fields:

Pω =
τin

τtr

(

eEωvF

ω

)2
ω2

c + ω2

(ω2 − ω2
c )

2

Qdc =
2τin

τtr

(

eEdcvF

ωc

)2 (

π

ωc

)2

. (1.27)

The solution is

f − f0 = δ
ωc

2π

∂f0

∂ε
sin

2πε

ωc

Pω
2πω
ωc

sin 2πω
ωc

+ 4Qdc

1 + Pω sin2 πω
ωc

+ Qde

. (1.28)

This result shows that the oscillations of the DOS induce an oscillatory contribution

to the f0, as depicted in Fig. 1.6.

Although the DOS makes a weak correction to f0, the term ∂εf(ε) in Eq. 1.23 can

have a strong effect on the conductivity. Assuming the bath temperature T is much

larger than the Dingle temperature T � 1/2πτq, then the oscillatory conductivity is

σxx

σD
dc

= 1 + 2δ2

[

1 −
Pω

2πω
ωc

sin 2πω
ωc

+ 4Qdc

1 + Pω sin2 πω
ωc

+ Qde

]

. (1.29)

Eq. 1.29 includes nonlinear effects both in ac and dc electric fields.

The inelastic relaxation time τin is an important parameter. In accordance with Eq.

1.27 and Eq. 1.29, the inelastic scattering determines the nonlinearity of the electron

transport. The T dependence of τin is of particular importance since it determines the

temperature dependence of the nonlinear conductivity σxx. At not too high T , the
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Fig. 1.6: In the upper part of the figure the density of states in the presence of a magnetic
field is plotted. A cosine function was used to formulate the oscillatory part of
the DOS. In the lower part of the figure, the smooth solid line represents the
equilibrium distribution function at a high temperature. The oscillatory solid line
is the oscillatory non-equilibrium distribution function excited by a DC fields.
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dominant mechanism of inelastic scattering, due to electron-electron collisions[10],

leads to the relaxation of the oscillatory term (f − f0). Under this condition, the T

behavior of σxx is well determined. Under an appropriate approximation , the theory

predicts different τin for different forms of the DOS[10]

τ−1
in =

πT 2 + ε2

4πεF
ln

κvF

ωc(ωcτtr)1/2
, Overlapping Landau levels

τ−1
in ∼ ωc

Γ

T 2 + (ε/π)2

εF

ln
κvF τ

1/2
q

ωcτ
1/2
tr

, Separated Landau levels. (1.30)

Both cases have similar temperature dependence while the characteristic energies are

ε ∼ T . These theoretical results show that the nonlinear response scales as T−2.

1.4 Motivation

The study of electron transport in low dimensional electron systems reveals a rich va-

riety of nonlinear properties of electron transport. The nonlinear properties of low di-

mensional systems are subject of strong fundamental interest as well as of paramount

importance for practical applications. The majority of contemporary electronic de-

vices are based on implementations of the nonlinear properties of low dimensional

materials. Novel and unknown mechanisms of nonlinearity in low dimensional elec-

tron systems are targets of the fundamental research presented in this thesis.
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2. EXPERIMENTAL TECHNIQUES

This section describes the techniques and procedures used in our experiments.

2.1 The Low Temperature Refrigerator

Most of the fundamental properties of electron materials are obtained at low tempera-

tures. This is because at higher temperatures microscopic randomness tends to mask

or even suppress considerably electron propagation through a solid. Moreover at high

temperatures inelastic electron relaxation is fast, making nonlinear response of elec-

tron systems small. Thus, low temperatures facilitate the study of nonlinear electron

transport. In the following part, the low temperature apparatus will be described in

detail.

3He System

A 3He evaporation cryostat is used in our experiments to reach temperatures below

1K. We have designed and assembled the cryostat in our lab. The home-made cryostat

is presented in Fig. 2.1. In order to liquefy the 3He gas, a regular 4He refrigerator is

used to cool down a 1K-plate. The 1K-plate is soldered to a spiral copper pumping
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line. At operating conditions the plate produces temperatures of T ≈ 2K. This

temperature is low enough to liquefy the 3He gas. The low temperature part of the

3He container is attached to the 1K-plate with a solid thermal connection. The 2K

cold plate is also used as a 2K heat sink preventing nearly all external heat coming

into the 3He pot. All tubes and wires connected to the 3He pot are thermally

anchored to it. The 1K-plate and the 3He pot are soldered with hard and soft

soldering in accordance to the required applications. The soft soldering is much

simpler for assembling purposes, whereas the hard soldering gives stronger durability

of the apparatus. The 3He refrigerator is vacuum sealed at low temperatures by using

silicon grease on the IVC(inner vacuum chamber) cone. The 3He refrigerator contains

two parts: 3He pot and sorption (charcoal) pump. The sample is mounted on the

3He pot. The 3He pot is made of oxygen free copper and has a 5.2 cm3 internal

volume. These low temperature components are located inside an IVC. In our setup,

the sample is in a vacuum and isolated from the refrigerant. The significant advantage

of this design is that the system has better temperature control and very small loss

of 3He gas.

Below we describe the operation of the cryostat. 4He liquid, boiling under standard

atmospheric pressure at 4.2K, surrounds the IVC. Inside the IVC there are a 1K-plate

and a 3He pot suspended on stainless steel tubes with thin walls to minimize thermal

flows. A capillary dips inside the bath with liquid Helium. An external mechanical

pump pumps the liquid 4He through the capillary in the spiral copper line and cools
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Fig. 2.1: The IVC dipped in liquid 4He.
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Fig. 2.2: The relation between 4He level and the lowest temperature of the 1K-plate. At
higher 4He level, the heat load of 1K-plate is lower.

down the 1K-plate to about 2K. A needle valve regulates the flow providing the lowest

possible temperature.

The temperature of the 1K-plate is determined by different factors such as the pump-

ing rate, setting of the needle valve and the level of the4He bath and thermal loads

on the 1K pot. 4He is pumped away from the other end of the copper tube. A strong

pump improves the cooling power of the 1K pot. In our system, the lowest temper-

ature of the 1K-plate has also a correlation with the level of 4He liquid surrounding

the insert. This is shown in Fig. 2.2

When the temperature of the 1K-plate is below 2.5 K, the 3He gas condenses into the

He3 pot. During the condensation process the heater of the charcoal pump is switched
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on. So that the gas absorbed by the sorption pump is driven out and is condensed by

the 1K-plate. Condensation of 5cm3 of the liquid 3He takes 20-25 minutes. After the

condensation, the heater is switched off and the pump starts to absorb the 3He gas.

The pumping reduces the vapor pressure of the 3He gas and lowers the temperature

of the liquid 3He. The lowest temperature, T=0.27K, is reached usually after 25

min of pumping. The 3He system can maintain this temperature for 24 hours. The

sorption pump is an important part of the system. The pump uses porous charcoal

to absorb 3He gas. The active charcoal is able to absorb high volumes of gas. In

our device, 22g of the active charcoal can handle a full pot of 3He liquid (about

5 cm3 of liquid He3). Temperature sensors provide us very important information

about the performance of the refrigerator. One commercial calibrated Ruthenium

Oxide thermometer (LakeShore) is placed on the 3He pot. Other two temperature

sensors are made from carbon resistors and are calibrated by the Ruthenium Oxide

thermometer. The thermometers are placed on the 3He pot, on the 1K-plate and on

the charcoal pump as shown in Figure 2.1. The thermometers are weakly dependent

on magnetic field. A computer aid design (CAD) software has been used for the design

of the 3He refrigerator. One of the advantages of the CAD is virtual assembling, which

greatly facilitates the design process.
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2.2 Super Conducting Magnet

In our main cryostat, a custom designed 90 kilogauss magnet at 4.2K is installed.

The super conducting magnet was built using twisted multi filamentary NbTi wire in

a copper matrix. The coil is completely epoxy impregnated to prevent training . The

copper matrix in the wire acts as a form of quench protection along with diodes. These

magnet has been designed for +/- 0.1% homogeneity over 1 cm diameter spherical

volumes with helium level sensor.

Persistent Mode

Our magnet is equipped with a Persistent Switch, which is a piece of superconducting

wire with heater shorts its input power terminals. Superconducting magnets have one

particularly nice capability over resistive magnets. Once a current has been placed

inside the magnets, virtually no power is need to maintain that current. When the

magnet is being charged, the persistent switch heater is turned on so the short across

the magnet terminals is driven above its critical temperature and effectively becomes

a resistor across the magnet terminals. When the appropriate operating current in

the magnetic is reached, the heater can be shut off and the persistent switch cools

down until it becomes superconducting. At this point the power source to the magnet

is no longer needed.
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2.3 Microwave Transmission

In our experiments, the high frequency AC signals such as microwaves signals are

used. Microwaves are electromagnetic waves with wavelengths which extend over

a range of 1m-0.1mm and 300 Mhz-3000Ghz in frequency. To transmit microwave

energy, a coaxial line and waveguide have been used in our experiments. The coaxial

lines transmit microwaves up to 20 GHz. A rectangular stainless steel waveguide is

used at higher frequencies from 20 to 40 GHz.

The Microwave Transmission Design at Low Temperatures

In our 3He cryostat there are two microwave channels, a waveguide and a coaxial line.

We used a stainless steel waveguide and coaxial line to strongly reduce the heat link

between the IVC and room temperature because of the low heat conductivity of the

stainless steel. The transmission lines are anchored at the IVC cone and the 1K-plate.

This design facilitates cooling of the transmission lines and minimizes the heat load

of the 3He pot, because the IVC cone spends cooling power from the liquid Helium

bath instead of the refrigerator. To prevent room temperature radiation through the

hollow waveguide, an infrared filter made of a Gore-Tex material is inserted into the

waveguide. The filter absorbs effectively the infrared radiation above 40K.

In order to keep the vacuum inside the IVC, a vacuum seal is required when mi-

crowaves are introduced. But the rectangular shape waveguide cracks easily at low
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temperatures due to thermal expansion. Thus the whole vacuum seal could be de-

stroyed, although the transmission of microwave is still available. Our solution is

using a round stainless steel tube as a waveguide closure. On top of the waveguide,

a plug made with Pyrex glass is used to seal the waveguide from the outside but is

transparent to microwave signals.

2.4 Data Acquisition Hardware

The electronic measurement system contains several parts: AC Lock-In Amplifiers,

driving current circuits and a four-points probe measurement circuit. In the four

probe scheme, a current is applied between a source and drain of the sample and po-

tential difference (voltage) is measured between two potential contacts of the sample

area. The setup is depicted in Fig. 2.3. An external AC output of the Lock-In ampli-

fier (Stanford Research System model SR-830) provides a low frequency AC voltage

applied to a resistor, which is in series with the sample. The resistance of the resistor

is significantly higher than the sample resistance Rs, providing a current, which is

nearly independent on Rs. Usually, we used 10MΩ or 400MΩ resistors. The strength

of the driving current is chosen to be small enough to prevent possible overheating

of the samples at low temperatures. We used an AC excitation to avoid possible

parasitic thermoelectric effects and to increase the signal to noise ratio. Because of a

finite capacitance of electrical line, an out-phase signal appears in the measurements,

the measurement frequency is selected to minimize the out-phase signal.
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Fig. 2.3: The electrical connection of measurement in experiments

Other subsystems control the experimental parameters: magnetic field, microwave

power, temperature, and others. The magnetic field is controlled by a power sup-

ply (CS-4, Cryomagnetics) which provides a current to superconducting magnets.

The four-quadrant supply generates a continuous and smooth sweep of the magnetic

field from -9T to +9T. An automatically stabilized microwave generator (Anritsu

68369A/NV) provides a calibrated AC signal from 100Mhz to 40Ghz with a 1Hz res-

olution. The temperature control of the experimental setup is more complex. The

most important part to measure and control is the 3He pot. The temperature of the

3He pot is controlled by a PID controller (SIM 9600, Stanford Research), using an

AC bridge (SIM 921, Stanford Research) to measure the temperature of the 3He pot.

The system provides 3% temperature stabilization in the interval 0.3K to 2K. For
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higher temperatures an independent PID controller (bridge/controller model 1000 of

BTI, INC) also controls the temperature of the sorption pump. The temperatures of

other parts of the 3He insert are monitored by Agilent 34401A multimeters.

2.5 Data Acquisition Software

The data acquisition software is written in Labview language. Most instruments are

controlled through a GPIB interface. The software provides automatic measurements

with high precision. The block diagram of the software is shown in Fig. 2.5.
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3. EFFECT OF DC AND AC EXCITATIONS ON THE

LONGITUDINAL RESISTANCE OF A TWO-DIMENSIONAL

ELECTRON GAS IN HIGHLY DOPED GAAS QUANTUM WELLS

3.1 Introduction

Nonlinear properties of highly mobile two dimensional electrons in AlGaAs/GaAs

heterojunctions is subject of considerable current interest. Several new transport

phenomena have been observed in these systems recently [6, 8, 5]. In the pioneer

work [6] a strong oscillations of the longitudinal resistance induced by microwave

radiation have been observed at magnetic fields, which satisfy the condition ω =

n × ωc, where ω is the microwave frequency and ωc is cyclotron frequency. At higher

level of the microwave excitations minimums of the oscillations can reach very low

values, which are close to zero [8, 14, 13]. This so-called zero resistance state (ZRS),

initiated extensive interest to the problem. Several theoretical approaches have been

proposed to explain the strong oscillations of the conductivity as well as the ZRS

[10, 15, 16, 17, 18].

Another interesting nonlinear phenomenon has been observed in the response of the

2D highly mobile electrons to DC excitations [5]. Oscillations of the longitudinal
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resistance, which are periodic in inverse magnetic field, have been found at DC biases,

satisfying the condition ~ωc = 2RcEH , where Rc is Larmor radius of electrons at Fermi

level and EH is Hall electric field, induced by the DC bias in the magnetic field. The

effect has been attributed to Zener tunneling between Landau orbits, tilted by the

Hall electric field [5]. This was discussed in the chapter of introduction in more detail.

In this section we discuss our observations of the nonlinear resistance oscillations

with magnetic field in DC biased GaAs quantum well with 2D electron density of

an order of magnitude higher than the one reported earlier. This is, probably, the

first independent confirmation of the results obtained by the group of prof. Du [5].

Moreover we have found similar resistance oscillations with magnetic field in response

to low frequency (10 KHz and 100 KHz) and high frequency (1 MHz to 20 GHz) AC

excitations. The particular form of the resistance oscillations at the AC excitations

is considerably different from the DC case. We show experimentally that for the low

frequencies (10 KHz, 100 KHz) the difference is the result of an average of the DC

differential resistance during a period of AC excitations. Although at high frequencies

we were not able to measure unambiguously the magnitude of the AC current through

the sample, we suggested, that a similar average could be applied for the oscillations

of 2D resistance, induced by RF and microwave excitations.
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3.2 Experiment

Our samples were cleaved from a wafer of a high-mobility GaAs quantum well grown

by solid source molecular beam epitaxy on semi-insulating (001) GaAs substrates.

The width of the GaAs quantum well was 13 nm. AlAs/GaAs type-II superlattices

served as barriers, which made it possible to obtain a high-mobility 2D electron gas

with high electron density [19]. Without light illumination, the electron density and

mobility of the 2D electron gas in our samples were ne = 1.18 ×1016 m−2 and µ= 91

m2/Vs, respectively. After brief light illumination, the electron density and mobility

of the 2D electron gas in our samples were ne = 1.28 ×1016 m−2 and µ= 111 m2/Vs,

respectively. Measurements were carried out at T=4.2 K in magnetic field up to 1

T on 50 µm wide Hall bars with distance of 250 µm between potential contacts.

Microwave radiation was supplied to the sample through a coaxial cable and was fed

to the 2D electron gas through current contacts of the Hall bars. The longitudinal

resistance was measured using 1 µA current at frequency of 888 Hz. Three samples

are measured. All samples demonstrate the same behavior.

3.3 Results

Dependence of the longitudinal resistance rxx of the 2D electron gas is presented in

Fig. 3.1 at different values of the DC bias. A positive magnetoresistance of the sample

is observed at zero DC bias. At a finite DC bias a strong negative magnetoresistance
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Fig. 3.1: Dependence of the differential resistance rxx on magnetic field at different DC
current from 0 mA to 0.4 mA in steps of 0.05 mA. For clarity, the curves are
shifted vertically by n×8 Ohm, where n=0,1...8. The experimental setup is shown
on the top.

occurs. With an increase of the DC current through the sample, non-monotonic, os-

cillating behavior of the longitudinal resistance is found, similar to reported earlier [5].

The positions of maximums (minimums) of the oscillations depend on the DC bias.

To make a direct comparison with previous measurements, we obtain numerically the

first derivative of the curves with respect to magnetic field. The result is presented in

Fig. 3.2a. Apparent oscillations of the drxx/dB are periodic in the inverse magnetic
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field. It is shown in the inset to Fig. 3.2a. The positions of the oscillation maximums

Bl in magnetic field correspond to the condition: l × ~ωc = γRc × eEH , where γ ≈ 2

[5]. At this condition ”horizontal” transitions between tilted Landau levels are pos-

sible with a momentum transfer ∆kx ≈ 2kF , where kF is the electron wave vector at

Fermi level.

The positions of the maximums of the drxx/dB are proportional to current density (see

Fig. 3.2b). From slopes of the linear dependencies of the drxx/dB maximums on the

DC density we have found γ= 2.06; 2.13; and 2.18 for l=1,2, and 3 correspondingly.

These values are close to the ones obtained in the previous work[5].

As we mentioned above, the main experimental and theoretical efforts have been

applied toward understanding the microwave induced oscillations of the resistance

and the ZRS in the 2D electron gas [6, 8, 13, 14]. The observed oscillations occurs at

microwave frequency ω, which is close to a multiple of the cyclotron frequency n×ωc:

ω ≈ n × ωc, where n = 1, 2... is an integer. The oscillations exist in the so-called

cyclotron resonance regime, at which the frequency of microwave radiation is much

higher than the momentum relaxation rate 1/τp: ω � 1/τp, where τp is transport the

mean free time. The low frequency excitation regime: ωτp < 1 has not been explored

yet. However, as shown above, even in the pure DC case there is very rich nonlinear

physics. Below we present the study of magneto-oscillations of the 2D longitudinal

resistance induced by AC external excitations observed in a broad frequency range

corresponding to the condition ωτp < 1.
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A dependence of the longitudinal (888 Hz) resistance on magnetic field at different

level of AC excitation (100 kHz) is presented in Fig. 3.3a. The figure demonstrates

oscillations of the linear resistance with magnetic field. Positions of the resistance

maximums BN indicated by arrows in Fig. 3.3a are plotted as function of the magni-

tude of the 100 kHz excitation current in Fig. 3.3b. The position of the maximums

are proportional to the magnitude of the AC density JF . The maximum positions are

periodic in the inverse magnetic field.

Similar oscillations of the linear resistance with magnetic field are found at different

level of RF and microwave excitations in the frequency range from 1MHz to 20 GHz.

One of the dependencies is presented in Fig. 3.4a at excitation frequency 11 GHz. The

oscillations are found to be periodic in the inverse magnetic field. The periodicity is

shown in Fig. 3.4b. Positions of the oscillation maximums depend on the microwave

power: maximums move to higher magnetic fields at higher level of the microwave

power Pω. For a linear microwave circuit current density through the sample should

be proportional to square root of the input microwave power Jω ∼ (Pω)1/2. We have

found that the positions of the maximums in the magnetic field is not proportional to

the (Pω)1/2 (see Fig. 3.4c). We suggest that due to strong dependence of the sample

resistance on the external microwave radiation the actual magnitude of the microwave

current applied to the sample does not follow the square root rule. Additional mi-

crowave experiments are required to check the dependence of the maximums on the

applied microwave current.
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Below we present the response to the low frequency (10 KHz , 100KHz) excitations

with well controlled current amplitude (see Fig. 3.3). We will show that oscillations

of the resistance at frequency 888 Hz with magnetic field are a result of a special

average of DC I-V curves. In other words the AC non-linear response at frequency

below 100 kHz is a direct consequence of the non-linearity at zero frequency.

The low frequency experimental setup is shown in Fig. 3.3a. The testing current

Iac at frequency 888 Hz and AC excitation current IF at frequency F = 10/100 kHz

are applied through current leads of the sample, using twisted pairs of conducting

wires. Due to negligible effect of the current leakage through a capacitance between

the wires at used frequencies, the AC currents were fixed with accuracy better than

5% during measurements. The AC voltage Vac at frequency 888 Hz were measured

using standard lockin amplifier synchronized with the testing current Iac.

3.4 Discussion

Since at frequency 888 Hz the response is linear with respect to the testing current

Iac we approximated the response by Ohm’s law :

Vac = Rxx(IF ) × Iac (3.1)

where Rxx(IF ) is a resistance of the sample, which depends on the external AC current

IF = I0cos(2πFt), where I0 is amplitude of the AC excitation. One can expand the
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resistance Rxx(IF ) in a sum of all possible harmonics (i × F ) of the external AC

current:

Rxx(IF ) = ΣRi(I0) × cos(i × 2πFt) (3.2)

where Ri(I0) a Fourier component of the Rxx(IF ) at a frequency i×F and i = 0, 1, 2...

is an integer.

The lock-in amplifier locked at frequency 888 Hz measures exclusively the zero fre-

quency (i=0)harmonic R0, because only the R0 provides a term oscillating at fre-

quency 888 Hz in the Eq. (3.1). Thus to find the resistance Rxx(H) at a magnetic

field H one has to obtain the zero frequency harmonic of the Rxx(I0, H):

R0(H) = 1/T

∫

Rxx(I0cos(2πFt)dt (3.3)

where T = 1/F is a period of the AC excitation.

In order to perform the integration in the Eq. (3.3), we need to know the dependence

of the resistance Rxx on the driving current I. This is done at zero frequency (DC

case). The dependence of Rxx on the current Idc (in fact the differential resistance rxx

(see Fig. 3.1) was measured at different magnetic fields. The dependence is presented

in Fig. 3.5a at several magnetic fields as labeled. Using the experimental data, the

integration in Eq. (3.3) was performed numerically. Values of the average resistance

R0 were obtained for different magnetic fields. Calculated resistance Rxx is presented
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in Fig. 3.5

Measured dependencies of the resistance Rxx(H) on magnetic field at two different

amplitudes of the external AC excitations are also shown in the figure for a compari-

son (solid lines). We note, that there are no adjusting parameters between measured

and calculated curves. Similar results are obtained at 100 KHz frequency (not shown).

The agreement indicates the validity of the interpretation of the AC induced oscilla-

tions of the longitudinal conductivity based on the special average of the differential

resistance rxx.



4. NONLINEARITY OF THE LONGITUDINAL RESISTANCE OF

TWO-DIMENSIONAL ELECTRONS IN A MAGNETIC FIELD

INDUCED BY A SMALL DC ELECTRIC FIELD

4.1 Introduction

In the previous chapter, the strong nonlinearity of 2D magnetoresistance induced by a

dc electric field was shown. In this section we will present experiments, which identify

the dominant mechanism responsible for the nonlinear response of the 2D electron

systems at a small electric field E (at small dc bias). Historically the experiments

have been performed to study the unusually strong reduction of the resistance rxx

at small dc bias, which has been observed in our experiments [20] presented in the

previous chapter (see Fig. 3.5a). This strong drop in the resistance with the dc bias at

a fixed magnetic field has not been clearly identified in the original paper [5], because

the authors were focused on the magnetoresistance oscillations at a fixed dc bias.

The intriguing point is that the strong reduction of 2D longitudinal magnetoresistance

occurs at small dc electric fields EH , which are substantially smaller than the ones

required for the ”horizontal” (Landau-Zener) transitions between Landau levels[5, 20].

This may indicate a new mechanism of nonlinearity dominating at small dc biases.
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Moreover, in contrast to the inter-Landau level scattering, we have found the effect at

small dc bias to be strongly dependent on the temperature. This main experimental

finding allowed us to identify later on the physical origin of the nonlinearity.

After critical analysis of an extended amount of different theoretical models (over-

whelming majority of them advocating for the Landau-Zener type mechanism), we

have found one, which describes reasonably well our results[10]. Following the the-

ory we suggest that the strong reduction of the resistivity in our experiments is due

to a substantial and nontrivial deviation of the electron distribution function from

equilibrium condition induced by the electric field EH . The deviation is result of

a non-uniform spectral diffusion electrons through the Landau levels. We are very

pleased that our paper [22] has been recognized as one of the three significant publica-

tions in condensed matter physics in September 2006 by Journal Club for Condensed

Matter Physics [23].

4.2 Samples and Experiment

The experiments are done on the samples, which were cleaved from a wafer of high-

mobility GaAs quantum well grown by molecular beam epitaxy on semi-insulating

(001) GaAs substrates. The width of the GaAs quantum well was 13 nm. AlAs/GaAs

type-II superlattices served as a barriers, which made possible to obtain a high-

mobility 2D electron gas with high electron density [19]. We have studied two samples.

The electron density and mobility of the 2D electron gas in the samples were n1 =
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1.22 ×1016 m−2, n2 = 0.84 ×1016 m−2,and µ1= 93 m2/Vs, µ2= 68 m2/Vs respectively

at T=2.7K. In fact the samples are very similar to one we have use in our previous

experiments[20].

Measurements were carried out between T=1.8 K and T=77 K in magnetic field up

to 3.2 T on d=50 µm wide Hall bars with a distance of 250 µm between potential

contacts. The longitudinal resistance was measured using a current of 0.5 µA at a

frequency of 77 Hz in the linear regime. Direct electric current (bias) was applied

simultaneously with AC excitation through the same current leads (see inset to Fig.

4.1). Although we have studied, strictly speaking, the differential resistance, for the

sake of simplicity we will refer to it below as resistance.

4.3 Results and Discussion

Typical curves of the longitudinal resistance rxx are shown as a function of the DC bias

in Fig. 4.1 at two temperatures. At high DC bias the resistance exhibits maximums

that satisfy the condition n×~ωc = 2RcEH , corresponding to ”horizontal” transitions

between Landau levels.[5, 20] Another striking feature is the sharp peak at zero DC

bias which broadens as the temperature is raised. This zero bias peak is the main

topic of this chapter.

The evolution of the magnetoresistance with DC bias and magnetic field is shown in

Fig. 4.2. The zero bias peak appears at relatively high magnetic field B ≈ 0.2 − 0.3

T (see Fig. 4.2a). At these fields the Landau level width ~/τq extracted from the
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left), 9.9, 19.8 and 35 K (remaining curves in ascending order);Idc = 0A. The
experimental set-up is shown at bottom right.



4.3. Results and Discussion 51

0.0

0.2

0.4

0.6

0.8

10

20

30

40

-0.4
-0.2

0.0
0.2

0.4

0.89
0.90

0.91

0.92

0

25

50

-0.08
-0.04

0.00
0.04

0.08

(b)

rxx, 

I DC
, m

A

M
agnetic Field, T

(a)

rxx, 

I DC
, mA

M
agnetic Field, T

Fig. 4.2: (Color online) (a) The differential resistance rxx as a function of magnetic field and
DC bias at temperature T=4.3 K. (b) A similar plot at T=1.9 K over a narrower
range of the experimental parameters, yielding better resolution.



52 4. Nonlinearity of Rxx of 2DEG by DC Excitation

amplitude of Shubnikov de Haas (SdH) oscillations becomes comparable with ~ωc, and

the SdH oscillations are visible at low temperatures (see curve at T=1.9K in the top

insert to Fig. 4.1). The strength of the peak increases gradually with magnetic field.

Clear SdH oscillations are present in high magnetic field at zero bias. The magnitude

of the SdH oscillations at T=4.3 K is substantially smaller than the amplitude of the

zero bias peak. The peak is still present at temperatures above T=30K where no SdH

oscillations are detected. A better resolved snapshot of the peak evolution is shown

in Fig. 4.2b. The figure demonstrates the effect at low temperatures T=1.9K, where

the SdH oscillations are well developed.

The striking reduction of the resistance is observed at high temperatures where no

SdH oscillations are present. This is quite different from what one expects for electron

heating by the electric field. As shown in the insert to Fig. 4.1, the resistance increases

for higher temperatures, in contrast with the observed decrease with applied electric

field. It should also be noted that at low temperatures, the largest effect possible

due to heating is to reduce the resistance from its value at a SdH maximum to the

”average” baseline value (which is ≈26-28 Ω in the insert to Fig. 4.1). The observed

reduction in Fig. 4.2b is much greater than this, indicating this is a new phenomenon

associated with the application of an electric field.

Below we compare our results with the theory.[10]. The theory is presented in chapter

1 in a general form. Here we recall briefly main parts, emphasizing details significant

for the comparison. The theory considers 2D electrons in classically strong magnetic
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field at finite electric field Edc and at relatively high temperature kT > ~ωc. Due

to conservation of total electron energy (ε + eEdcx) in the DC electric field Edc, the

spatial electron diffusion translates into the diffusion of the electrons in energy space.

The solution of the diffusion equation in ε-space yields nontrivial oscillations of the

non equilibrium electron distribution function with period ~ωc. The temporal growth

of the oscillations due to the diffusion is limited by inelastic electron-electron scatter-

ing, which smear the non-equilibrium contribution. The inelastic scattering time τin

is inversely proportional to the square of the temperature (see section VII of ref. [10])

τin ∼ 1/T 2, making the stationary amplitude of the oscillations ( and nonlinear con-

ductivity) to be strongly temperature dependent. Relative to the Drude conductivity,

σD, in zero magnetic field, the theory predicts a longitudinal conductivity[10]

∆σxx/σD = 2δ2[1 − 4Qdc

1 + Qdc

], (4.1)

where δ = exp(−π/ωcτq) is the Dingle factor, τq is the quantum scattering time and

the parameter Qdc is

Qdc =
2τin

τtr

(
eEdcvF

ωc

)2(
π

~ωc

)2. (4.2)

Here τtr is the transport scattering time and vF is the Fermi velocity.

In order to compare with experiment, the differential conductivity at frequency ω,

σω = dJ/dE = d(σ(E)E)/dE, is obtained using Eq.4.1. The variation of the differ-
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ential resistance is found to be

∆rxx/R0 = 2δ2[
1 − 10Qdc − 3Q2

dc

(1 + Qdc)2
], (4.3)

where R0 is the resistance at zero magnetic field. In a classically strong magnetic

field ωcτtr � 1, the DC electric field is almost perpendicular to the electric current

Idc: Edc = ρxyIdc/d, where d is the sample width. Using Eq. 4.2, we rewrite the

parameter Qdc in the form Qdc = (Idc/I0)
2, where the scale I0 is a fitting parameter.

In accordance with Eq. 4.3, the parameter I0 is directly related to the width of the

zero bias peak and the peak magnitude is proportional to δ2. Below we refer to the

parameter I0 as the line width. Examples of theoretical fits to the data using Eq. 4.3

are shown by the solid lines in Fig. 4.1, using δ and I0 as fitting parameters.

The dependence of the width of the peak (I0) on magnetic field is presented in Fig. 4.3

at different temperatures. At high temperature kT > ~ωc (~ωc/k = 18K at B=0.925

T), the peak width varies considerably with magnetic field. The approximately linear

increase of the scale I0 with magnetic field agrees with the theory predicting the linear

dependence (see Eq. 4.2 and Idc = Edcd/(ρxy ∼B)). The deviations from the linear

dependence are beyond the scope of the theory. The oscillations could be related

to magneto-phonon resonances observed in these systems at high temperature.[21]

At low temperatures, kT < ~ωc, the width of the zero bias peak depends weakly

on magnetic field, in contradiction with a simple extension of the high temperature
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Fig. 4.3: (Color online) The dependence of the width of the peak I0 on magnetic field at
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zero bias peak using Eq. 4.3. The solid line presents the theoretical dependence of
the Dingle parameter δ on magnetic field, corresponding to a quantum scattering
time τq=1.5 ps.
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results (Eq. 4.1 and Eq. 4.2) to the low temperatures.

For several different temperatures, the insert to Fig. 4.3 shows the A dependence

of the Dingle parameter, δ, which is obtained from comparison of the magnitude

of the zero bias peak with the theory (see Eq. 4.3). The parameter δ decreases

with decreasing magnetic field, and disappears below B=0.2T. We have plotted the

parameter δ = exp(−π/ωcτq), vs magnetic field using the quantum scattering time τq

as a fitting parameter (see the solid line in the inset to the figure). The quantum time

τq =1.5 ps obtained by the fitting is close to the quantum time extracted from the

usual analysis of SdH oscillations at different temperature and/or magnetic field[4]. A

comparison between these two results is shown in the bottom inset to Fig. 4.4. Using

the new method, the quantum time τq is found for temperatures up to 24K, where

SdH oscillations are absent and previous methods fail to work. Thus the method

extends considerably the temperature range in which the quantum scattering time

can be studied.

The temperature dependence of the width of the peak is shown in Fig. 4.4. At low

temperatures the width of the peak is found to be proportional to the temperature

T . At higher temperature a noticeable sublinear deviation is observed, followed by

a super-linear temperature dependence of the line width at temperatures T > 30 K

(not shown for sample N2). The solid lines in the figure are theoretical curves plotted

in accordance with Eq. 4.2 in which the temperature variations of the transport

time τtr (shown in the top inset to the figure) are taken into account. The inelastic
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scattering time τin is approximated by the theoretical expression [10] τin = α/T 2

with the constant α used as the only fitting parameter. For the inelastic time we

have found τ
(1)
in = 10×10−9/T 2 s and τ

(2)
in = 12×10−9/T 2 s for samples 1 and 2. The

corresponding theoretical estimates[10] of the inelastic time give τ
(1)
in,t = 4.8×10−9/T 2

s and τ
(2)
in,t = 3.2 × 10−9/T 2 s. We consider this as satisfactory agreement, in light

of several approximations used in the theory. The somewhat larger values of the

inelastic time τin obtained in the experiment could also be due to additional electron

screening of the 2D electrons by X-electrons in AlAs/GaAs type-II superlattices.[19]

Although the theory works for kT > ~ωc, Fig. 4.4 shows there is good agreement

between the experiment and the theory (Eq. 4.1 and Eq. 4.2) at much lower tem-

peratures (kT � ~ωc). Such correspondence does not appear for the magnetic field

dependence of the width of the peak at the low temperatures discussed above (see

curves at T=4.3 K and 2.3 K in Fig. 4.3). Thus, despite reasonable agreement

between our experiments and the theory, additional investigations are required to

understand the nonlinear response in the low temperature regime.



5. ZERO DIFFERENTIAL RESISTANCE STATE OF 2DEG

ELECTRON SYSTEMS IN STRONG MAGNETIC FIELDS

5.1 Introduction

In accordance with the findings[10, 22] presented in the previous chapter the nonlin-

earity of the longitudinal resistance is strongly enhanced at low temperature due to

a reduction in the electron-electron scattering needed to equilibrate the distribution

function. A natural question arises: what will happen at low temperatures where the

nonlinearity is so strong, that resistance drops very rapidly with electric field? In

this chapter we investigate this question. We found that at low temperatures and at

dc bias Idc above a threshold value Ith the differential resistance of the 2D electron

systems stabilizes suddenly near the value zero. In other words, for Idc > Ith the longi-

tudinal dc voltage Vxx becomes independent of the dc bias. This is accompanied by a

sharp dip in the differential resistance at the threshold bias. At higher bias, Idc > Ith,

temporal fluctuations of the differential resistance around the value zero are observed

at low temperatures. The differential resistance is found to be positive again at very

high bias where inter-Landau level transitions become important [5, 20, 22, 24, 25].

Our experiments thus demonstrate that in the presence of an electric field and strong
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magnetic field, the 2D electron system undergoes a transition to a quasi-stationary

state with zero differential resistance.

5.2 Sample and Experimental Setup

The samples studied in this research have a slightly low electron density than the

ones used in the experiments presented in the previous chapters. The samples are

cleaved from a wafer of a high-mobility GaAs quantum well grown by molecular beam

epitaxy on semi-insulating (001) GaAs substrates. The width of the GaAs quantum

well is 13 nm. Three samples (N1,N2,N3) are studied with electron density n1=8.2

×1015 (m−2), n2=8.4×1015 (m−2), n3=8.1×1015 (m−2) and mobility µ1=85 (m2/Vs),

µ2=70 (m2/Vs) and µ3=82 (m2/Vs) at T=2K. Measurements are carried out between

T=0.3K and T=20 K in magnetic field up to 1 T on d=50 µm wide Hall bars with a

distance of 250 µm between potential contacts. The differential longitudinal resistance

is measured at a frequency of 77 Hz in the linear regime. Direct electric current (dc

bias) was applied simultaneously with ac excitation through the same current leads

(see inset to Fig. 5.1). All samples demonstrate similar behavior. We show data for

sample N1 (except in Fig. 5.4).

5.3 Experimental Results

Dependence of the longitudinal resistance rxx = dVxx/dI on the DC bias is presented

in Fig. 5.1 at temperature T=0.3(K) and magnetic field B=0.784 (T). This magnetic
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field corresponds to the Shubnikov de Haas (SdH) oscillation maximum indicated by

the arrow in the top left inset to the figure. For small dc bias the differential resistance

decreases approaching zero. As the dc bias is raised further, the resistance exhibits

a reproducible sharp negative spike at Ith=5.45 (µA), and then stabilizes near zero.

At higher biases Idc > 15µA temporal fluctuations of the differential resistance are

observed. The top right inset to the figure shows Vxx vs Idc for the same experimental

conditions. At Idc > Ith the longitudinal voltage Vxx stabilizes near a constant value

V ∗, in agreement with the behavior of the differential resistance rxx.

Fig. 5.2a shows the dependence of rxx on dc bias at different temperatures in a fixed

magnetic field B=0.784T. The transition to the zero differential resistance state is

observed at temperatures below 4K. At higher temperatures the differential resistance,

although quite small, does not undergo a transition to the zero differential resistance

state. A possible reason for this behavior is that the nonlinear response to dc bias is

much weaker at higher temperatures due to increased inelastic scattering scattering

[10, 22]. The weaker nonlinearity thus requires stronger dc bias for the same nonlinear

change of resistance. The higher dc bias induces more inter-level scattering [5, 20, 22,

24, 25], increasing the longitudinal resistance.

The density of electron states is highest at SdH maximum and the high density

of states enhances electron diffusion in energy space (spectral diffusion) providing a

strong nonlinear response to the dc bias[10, 22]. Fig. 5.2b shows rxx versus dc bias for

different magnetic fields corresponding to SdH maximum. At T=2.16K the transition
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to the zero differential resistance state occurs at magnetic fields above B=0.4 (T).

At lower magnetic field the differential resistance reaches a minimum positive value

at a dc bias Imin. The resistance rmin increases with decreasing magnetic field[21].

This behavior can be attributed to several effects. One is related to the decrease of

the modulation of the density of states with energy at low magnetic fields due to the

overlap of Landau levels. The weak modulation of the density of states results in

more uniform diffusion in energy space, causing a reduction in the magnitude of the

oscillating non-equilibrium distribution function and the nonlinear conductivity [10,

22]. Another effect is the increase of the (bias induced) inter Landau level scattering

due to the decrease of the Landau level separation at low magnetic field[5, 25]. Thus, a

transition to the the zero differential resistance state occurs when there are substantial

modulations of the coefficient of the spectral diffusion, weak inelastic relaxation and

small inter-level scattering.

The longitudinal voltage Vxx is plotted as a function of Idc in Fig. 5.3a for different

temperatures in a magnetic field B=0.784T corresponding to a SdH maximum. Vxx

depends strongly on temperature. As noted earlier, the transition to the zero differ-

ential resistance state occurs for temperatures below 4 K, where Vxx tends toward

a constant value V ∗ at sufficiently high currents Idc. The value of V ∗ at high bias

varies with temperature above 2 K and tends toward a value that is independent of

temperature below 2 K. The Vxx − Idc curves in Fig. 5.3b taken at magnetic fields

corresponding to different SdH maximum indicate that the longitudinal voltage V ∗
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also varies with magnetic field. At very high dc bias the inter-level scattering becomes

important and the system returns to a state with positive differential resistance. This

is shown in Fig. 5.4a.

5.4 Discussion of the ZRS states in the Samples

To the best of our knowledge, the zero differential resistance state is a new, strongly

nonlinear state of 2D electron systems under dc bias in high magnetic field. The

state has not been observed before in studies of highly mobile electrons [9, 21, 20, 22,

24]. A possible reason is, that in our lower mobility samples the stronger transport

scattering 1/τtr stimulates more effective spectral diffusion and, therefore, the stronger

nonlinearity. This point is also supported by recent experimental observation of the

microwave induced ZRS in low mobility 2DEG [26]. Thus, very high mobility samples

may not exhibit the strongest nonlinear response.

Although the dominant mechanism of the nonlinearity in the two dimensional electron

systems in strong magnetic fields becomes to be more apparent, the experimental

study of the strongly nonlinear stationary states of the 2D electron systems require

additional efforts. There are several theories [16, 28, 29, 32, 51] that have analyzed

the stability of non-equilibrium 2D electron systems in magnetic field. In this paper

we use the approach developed by Andreev et al.[16]. Assuming the local relation

~E = ρ(J2) ~J between electric field ~E and current density ~J and taking into account
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continuity and Poisson’s equations, the stability conditions were found to be [16]:

ρxx(J
2) ≥ 0 (5.1)

ρxx(J
2) + αJ2 ≥ 0 (5.2)

,where ρxx is longitudinal resistivity and α = 2(dρxx( ~J2)

d ~J2
).

In our case the longitudinal resistivity is positive ρxx > 0 at the transition. To

analyze the second condition for stability (Eq. 5.2) we note that ρxx = Ex/J and

dρxx

dJ
= 2J dρxx

d(J2)
, where Ex is longitudinal component of the electric field ~E. With these

relations Eq. 5.2 can be rewritten in the following form:

ρdiff
xx = dEx/dJ ≥ 0 (5.3)

where ρdiff
xx is the longitudinal differential resistivity. The longitudinal differential

resistance rxx differs from ρdiff
xx by a geometric factor γ (in our samples γ=5): rxx =

γρdiff
xx . Thus, according to Eq. 5.2, the 2D electron system is unstable at negative

differential resistance, rxx < 0. Our experiments demonstrate there is a transition

to the zero differential resistance state at rxx = 0, in complete agreement with this

theory [16]. We note also that the stability condition rxx ≥ 0 is quite general and has

been used to analyze a broad set of instabilities, in particular the Gunn effect[31].

It is known from the Gunn effect [30, 31] that the instability of the homogeneous

state at rxx < 0 leads to the formation of electric domains moving through the
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sample. Possible 2D domain structures have been considered recently[32] where the

electric current and the Hall electric field are bistable. In the Hall bar geometry,

two parts of the sample carry stable currents I1 and I2 with the same longitudinal

voltage V ∗ as shown in the Fig. 5.4b. The horizontal boundary between these two

regions must carry additional electrical charge, as the Hall electric field EH changes

in a step-like fashion across the boundary. Due to the presence of the longitudinal

electric field E∗
x = V ∗/L (L is distance between potential contacts) the electrically

charged boundary is not stationary and propagates across the sample with velocity

vy = [E∗
x × B]/B2. Thus, the electric current I(t) oscillates in time with an average

value equal to the dc bias: < I(t) >= Idc. At the same time, the longitudinal voltage

Vxx is independent of the dc bias Idc and is determined by the rule of equal areas

(A1 = A2) see Fig. 5.4b) [30].
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6. DIRECTED ELECTRON TRANSPORT THROUGH

BALLISTIC QUANTUM DOT UNDER MICROWAVE RADIATION

6.1 Introduction

A quantum dot is made from a semiconductor nanostructure that confines the motion

of charged carriers in all three spatial directions. There are several types of confine-

ment based on different technologies. An important restriction is due to electrostatic

potentials generated by external electrodes, strain, doping, impurities etc. Due to

very limited spatial size, a quantum dot has a discrete quantized energy spectrum.

The corresponding wave functions are spatially localized within the quantum dot,

but extend over many periods of the crystal lattice. A quantum dot contains a small

finite number of charged carriers. The transport through quantum dots is shown to

be heavily influenced by their spatial structure.

Nonlinear directed transport in mesoscopic objects is the subject of considerable fun-

damental interest because of potential applications in nanoelectronics. At high fre-

quency, the unavoidable breaking of the inverse symmetry of small quantum systems

by an impurity potential is reflected in photovoltic effects[39, 41, 43, 42, 40]. More

recently, various competing mechanisms of rectification in quantum dots have been
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proposed [32, 45, 42, 44, 43]and found experimentally [45]. Most efforts have been

focused on the nonlinear properties of mesoscopic objects in the regime where the

electron transport is governed by quantum interference. In this chapter we study

nonlinear electron transport in a different regime, where classical ballistic trajectories

appear to provide the dominant contribution to rectification. In the presence of mag-

netic fields, we have observed a gigantic reduction of the directed electron transport

through a ballistic dot with a lateral size d ≈ 1µ significantly smaller than the mean

free path lp = 8µ of the 2D electron gas in adjoining 2D layers.

6.2 Sample and Experiment Setup

The dot is fabricated from high mobility GaAs/AlGaAs heterostructures using elec-

tron beam lithography and consecutive plasma etching. The electron density n and

mobility µ of the 2DEG are n = 3.08 × 1011cm2 and the µ = 0.91 × 106cm2/Vs.

A schematic view of the sample is presented in Fig. 6.1. The dot is restricted by

boundaries of three insulating disks of diameter 5µ etched inside the 2D conducting

layer [see Fig. 6.1b].Three narrow leads (left, right, and top conducting channels)

with a width approximately 0.3µ, formed by the discs, provide electrical connections

between the dot and three electrically isolated macroscopic 2D electron systems. In

order to change the dot resistance a semitransparent metal gate is placed on top of

the structure at a distance 86 nm above the 2D electron gas.

Measurements were done in vacuum chamber of an He-3 insert at a temperature 0.3
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-6K and a magnetic field up to 2T. Microwave radiation (1-40 GHz) is applied through

a semirigid coaxial cable terminated by a parallel two-wire line. The line is placed at

3-5 mm above the sample. The electric field of microwaves is oriented along an edge

of the sample as shown in Fig. 6.1a. The resistance of the dot (and the 2D electron

systems) is determined by standard 4- points method at frequency 10 Hz in the linear

regime. The rectified voltage is measured using high impedance digital multimeters.
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6.3 Experiment Results

Linear properties of the dot are shown in Figs. 6.1c and 6.1d. Fig. 6.1c illustrates

the dependence of the dot conductance on the top gate voltage at different current

voltage configurations. The data in Fig. 6.1c show that there is good conductance

through the horizontal leads (σ5d,34), while the conductance σsd,23 through the vertical

contact with slightly less width is small, especially at low gate voltages Vg ≈ −0.08V .

At low gate voltages the conductance σsd,23 demonstrates an activated dependence on

temperature indicating the lack of conducting channels in the vertical lead. The con-

ductance σ5d,34(−0.08V ) ≈ 3e2/h through the horizontal channels remains roughly

same between T = 1 and 6 K. At lower temperatures the gate voltage causes repro-

ducible conductance oscillations reported earlier [33]. The magnetic field dependence

of the conductance σsd,23 is shown in Fig. 6.1d. Conductance increases by a factor 1.5

to 2 in the magnetic field up to 2 T and displays quasiperiodic oscillations observed

in ballistic dots [33, 46].

Rectification of microwave radiation by the quantum dot is shown in Fig. 6.2a. The

rectified voltage V2−3 is measured between contacts 2 and 3 [see Fig. 6.1a]. One of

the main properties of rectification is a very strong dependence on the magnetic field.

The reduction of rectification by 2 orders of magnitude is observed in the magnetic

field H > 0.5 T at the dot conductance Gsd,23 below e2/h. This decrease is much

stronger than variations of the dot conductance Gsd,23 with the magnetic field [see Fig.
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6.1d]. At higher dot conductance the rectified voltage V2−3 is smaller [upper curves

on Fig. 6.2a]. A negligibly small rectified voltage V4−3 is found between contacts 4

and 3 (not shown). Fig. 6.2d demonstrates the dependence of microwave rectification

on gate voltage Vg at three different magnetic fields: H = 0, +0.56 T, and −0.56 T.

The strong reduction of directed electron transport by the magnetic field is observed

in a broad range of gate voltages.

At the same time the dot conductance σsd,23(Vg)[Fig. 6.2b] and its logarithmic deriva-

tive d[lnσsd,23]/dVg(Vg)[Fig. 6.2c] are not changed considerably by the magnetic field.

We estimate a scale of magnetic fields essential for rectification by measuring the

width W of the first curve in Fig. 6.2a at half maximum (marked by a horizontal line

in the figure). The half-width W/2 = 0.088T is close to field H = 0.085 T at which

the cyclotron radius rHof electrons at the Fermi level is equal to the dot size d. Thus,

the directed transport is reduced by half of its zero field efficiency at the magnetic

field corresponding to the condition rH ≈ d. This is strong evidence for a ballistic

origin of the microwave rectification.

Fig. 6.3 presents an evolution of the magnetic field dependence of the rectification

with the microwave frequency. The component symmetric (antisymmetric) with re-

spect to magnetic field is shown in the left (right) panel. While the antisymmetric

part of the directed transport is quite similar for different frequencies, the symmetric

component shows a significant change in the magnetic field dependence for microwave

frequencies above 10 GHz. An additional structure occurs at the microwave frequen-
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cies above 10-15 GHz, changing the direction of the rectified transport at zero mag-

netic field. The physical parameters relevant to the temporal behavior of the quantum

dot are level spacing: ∆ = 2π~
2/(m∗A) = 28 mK, bulk momentum relaxation time:

τp = 34 ps and time of ballistic electron flight across the dotτf ≈ 2d/VF = 10 (ps).

Thus, Fig. 6.3 reveals that, if the microwave period ∼ 1/ω is comparable or shorter

than the time of ballistic electron flight τf : ωτf ≥ 1, then significant changes of the

directed transport through the dot occurs. Again, it points toward the ballistic origin

of rectification.

At zero magnetic field the rectified voltage increases by 10%-20% with the temper-

ature decrease from 6 K down to 1 K at σsd,23 ≈ e2/h. The weak temperature

dependence is in agreement with the ballistic origin of rectification.

Below we discuss the mechanisms of rectification. One of the simplest mechanisms

is related to the modulation of dot conductance induced by microwave oscillations

of the gate voltage Vg. During the first half of the microwave period, when the

dot conductance is big, the microwave current through the dot is stronger than the

current during the second half of the period, when the dot conductance is small.

At small modulations the net direct current (average over the microwave period)

is proportional to the first derivative of the dot conductance σ to the gate voltage

Vg : Irect = A[dσ/dVg]V
2
ω , where Vω is microwave voltage applied to the dot and

A is a constant. The rectified voltage Vrect equals Vrect = Irect/σ. Thus Vrect =

A[(dσ/dVg)/σ]V 2
ω is proportional to the logarithmic derivative [d(ln σ)/dVg] of the
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dot conductance.

The dot conductance σ, its logarithmic derivative [d(σ)/dVg]/σ, and the rectified

voltage Vrect versus the gate voltage are shown on Figs. 6.2b-d, respectively. Although

some correlations exist, there is a significant difference between the curves presented

in Figs. 6.2c and 6.2d. The microwave rectification [Fig. 6.2d] is quite efficient at

Vg ≈ −0.08 V and −0.073 V at which the conductance [Fig. 6.2b] shows a plateaulike

behavior and the gate modulation of the dot conductance is negligibly small [Fig.

6.2c]. Moreover, the strong reduction of rectification by the magnetic field in Fig. 6.2d

is in apparent contradiction with a very small (almost unrecognizable) effect of the

magnetic field on the logarithmic derivative in Fig. 6.2c. Thus, experiments indicate

that microwave modulation of the dot conductance is not the main mechanism of dot

rectification.

Below we suggest a different mechanism of rectification. Figure 6.2 demonstrates that

electron trajectories with a length l, which is no shorter than the dot size d(l ≥ d),

provide the main contribution to the rectification. Shorter trajectories with l < d,

which are changed considerably by stronger magnetic field (H > 0.088 T), do not

provide any significant contribution to the rectification: Vrect(H > 0.088T ) ∼ 0. On

the other hand, Fig. 6.3 demonstrates that trajectories, which are not much longer

than the size of the dot, are important. To understand it, we consider an electron

with Fermi velocity vF propagating along a trajectory with length l during time

tp = l/vF . If microwaves with low frequency ωtp � 1 are applied, the electron sees a
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quasistationary electric field. At high frequency ωtp � 1, the electric field oscillates

during time tp, and as a result the accumulative effect of the high frequency field on

electron motion is significantly different from the low frequency case. The crossover

from one regime to another occurs at frequency ωt − p ≈ 1. In the experiment the

crossover occurs at frequency ωcr/2π ≈ 10 − 15 GHz [tp = 1/ωcr ≈ 10 − 15(ps)],

indicating, that the trajectories with length l ≤ 2d − 3d are essential for microwave

rectification. Thus the data in Figs. 6.2 and 6.3 demonstrate that electron trajectories

with lengths comparable with the dot size l ∼ d are most effective for rectification.

We refer to it below as effective trajectories (electrons).

Let us consider an equilateral triangular dot with three conducting leads placed at

its corners: top, left, and right, and with a microwave electric field ~Eω(r) applied

across the dot. The microwaves create a voltage Vω between left and right leads.

Because of the long mean free path lp � d, the linear response to the electric field

~Eω(r) is nonlocal: the electric current I(r) at a position r inside the dot is determined

by all electron trajectories coming to this point r, which have been exposed by the

microwave electric field E(r
′) at a different point r′ inside the dot. Most likely the

direction of an electron motion along a particular trajectory ~x(t) at the point r is

different from the direction of the electric field ~Eω(r) at the same point r.

For each electron trajectory ~x(t) the electric field ~Eω(r) can be decomposed on normal

E⊥(r) and tangential E‖(r) to the trajectory components.

The tangential component E‖(r) changes the energy (speed) of the effective electrons
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δε = pF δvl,(r) =
∫

E‖(r)dxl,(r) = ±αVω , where pF is the Fermi momentum, α is a

constant, and δvl,(r) is the change of the speed of the effective electrons ejected from

the left (right) lead. The sign ”+(-)” corresponding to the velocity vl(vr) is a result

of dot symmetry. The normal component E⊥(~x) changes the direction of the velocity

of the effective electrons and, as a result, bends the effective trajectories ~xl,(r)(t). The

ejection of electrons from the hornlike leads [see Fig. 6.1a] is substantially anisotropic

and, therefore, the bending changes the density nl(nr) of the effective electrons coming

from the left (right) channel to the top lead. At a small bending the change of

the density nl(nr) is proportional to the amplitude of the microwave electric field:

δnl,(r) = ±βVω, where β is a constant. The sign ”+(-)” corresponding to the density

nl(nr) is a result of the dot symmetry. The rectified current through the top lead is

found to be

Irect = eδnlδvl + eδnrδvr = (2αβ/pF )V 2
ω (6.1)

An important property of the proposed mechanism is a natural sensitivity of the di-

rected transport to the magnetic field. A strong magnetic field (H > 0.085 T) affects

substantially the effective trajectories with l ∼ d, forcing the effective electrons to

perform a cyclotronlike, circular motion inside the dot. It should reduce significantly

the electron flux transported by the effective trajectories between the leads. Another

important outcome from the suggested picture is a natural sensitivity of the recti-

fication to the microwave frequency. At high microwave frequency (ωτf � 1) the
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rectification should be less effective, because of a significant decrease of speed varia-

tions of the effective electrons:δv ∼
∫

eE‖(x, t)dx ∼ 1/ωτfas well as due to a reduction

of the electron bending in the high frequency microwave field. Observable changes of

rectification should be detectable at ωτf ≈ 1, corresponding to the experiment (see

Fig. 6.3).
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7. SUMMARY

In summary, the nonlinear properties of low dimensional electron gas at low temper-

atures are the focus of this thesis. Several new phenomena have been observed in our

experiments.

In the beginning, for the samples of highly mobile two dimensional gas, we found

that strong oscillations of the resistance are periodic in inverse magnetic fields in DC

biased samples. The position of the oscillation maximums is found to be proportional

to the DC density. Similar oscillations are observed with AC excitations applied to

the samples at different frequencies ranging from 10 KHz to 20 GHz. We have shown

that the oscillations in the resistance observed at frequencies below 100 KHz are due

to the non-linear response of the DC biased two dimensional electron systems.

Further investigations revealed that at small dc bias a strong reduction of the lon-

gitudinal resistivity is not related to Joule heating even at temperatures down to

2K, where strong quantum oscillations (SdH) are present that are highly sensitive

to the temperature. At low temperature (2-10K), the scale of the electric fields at

which the effect occurs is proportional to the temperature. In the high temperature

regime, kT > ~ωc, reasonable agreement is established with recent theory[10] that has
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predicted significant and nontrivial variations of the electron distribution function in

response to a DC electric field. Comparison with the theory allowed us for the first

time to obtain the inelastic electron-electron scattering time τin in the presence of

magnetic fields, and the quantum scattering time τq of the two dimensional electron

systems at high temperatures.

Additional study demonstrated a zero differential resistance state rxx = 0 in two-

dimensional electron systems above a threshold value Ith of dc bias Idc in the presence

of strong magnetic fields at low temperatures. The transition to this state is accom-

panied by a sharp dip of the differential resistance. Temporal fluctuations of the

longitudinal resistance are observed for Idc > Ith at the lowest temperatures(0.3K).

We have suggested that the quasi-stationary nonlinear electron state forms due to lo-

cal instability of the electric current at rxx < 0. The instability is stimulated by strong

spectral diffusion of the electrons induced by the Hall electric field. This suggestion

is supported by an analysis of the stability of two dimensional electron systems in a

magnetic field.

Finally, in the research of a zero dimensional sample, a ballistic quantum dot, an

unexpected gigantic reduction of directed electron transport through the ballistic

quantum dot under microwave radiation is observed in magnetic fields, at which the

electron cyclotron radius at the Fermi level rH is smaller than the lateral size of the

dot d: rH ≤ d. The effect exists in a broad range of the dot conductances and depends

weakly on temperature. Rectification varies significantly with microwave frequency
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ω above 10-15 GHz, at which the period of microwave oscillations is comparable with

the time τf of the ballistic flight through the dot. A ballistic model of the directed

transport is proposed.
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