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DISSERTATION TOPIC

One of the key goals in modern condensed matter physics is finding the materials with new
electronic properties. With the appearance of material classification from topological principles,
the list of known material classes (semiconductors and metals, differing in terms of band structure,
and superconducting, magnetic and some other materials with ordering mechanisms) has been
expanded by topological material classes with new physical properties.

Topological insulators are a promising class of materials with an insulating bulk and special
electronic states on the surface, characterized by a linear gapless spectrum and absolute spin po-
larization [6, 9]. The experimental realization of such a material opens wide possibilities for the
implementation of superconductors and Josephson junctions with non-trivial pairing [2, 8], obser-
vation of Majorana modes [1, 5] and spintronics [3, 4]. At the same time, despite the optimistic
progress of experimental and theoretical studies in this area, some key properties of topological
insulators are still not completely understood, which may raise doubts in the correspondence of
these topological insulator realizations to the proposed model.

The main concerns are connected to the topological protection - the phenomenon, that
should ensure the ballistic electron transport when no spin-flipping disorder is present. Experi-
ments demonstrate, that in real systems the electrons do backscatter, and the ballistic transport
is observed only for the shortest samples [7], with a poor quantization. Namely this fact is a
significant obstacle to the practical realization of the potential benefits, which distinguish the
topological insulators from the other materials. Despite the widespread interest in the scientific
community, at the moment there is no consensus present, regarding the microscopic properties of
electron transport and scattering in the edges, the nature of edge conductance and the realization
of topological protection.

Two-dimensional topological insulators based on mercury telluride quantum wells (HgTe /
CdHgTe) are the first and certainly the most studied material belonging to this group. Consid-
ering that the other materials, that are proposed as two-dimensional topological insulators, do
not demonstrate any significant advantages (see section 1.2) in the observed electron transport
properties, the study of this material as a one with the most developed manufacturing technol-
ogy seems to be the most appropriate choice for the purpose of solving fundamental problems of
topological insulator physics.

The main goal of this dissertation is to study the edge conduction in mercury telluride
quantum wells to obtain the evidence that either is supporting or is in disagreement with the helical
origin of edge electron states. To achieve this goal the following objectives were considered:

1. The effect of magnetic field on the edge conductance of HgTe/CdHgTe quantum wells was
studied at low temperatures in a dilution refrigerator.

2. The conductance and non-equilibrium electron noise of the 𝑝 − 𝑛 junctions formed at the
gate boundary of 14 nm HgTe/CdHgTe quantum wells were investigated.

3. A study of non-equilibrium electron noise in the long resistive (with a resistance exceeding
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the quantum ℎ/𝑒2) edges of the HgTe/CdHgTe quantum wells was performed at various
cryogenic temperatures and in a magnetic field.

4. A sensor based on an elastic diffusion nanowire probe was considered, which makes possible
the measurements of the local electron energy distribution function and is promising in the
context of studying electron scattering in the edge states of a two-dimensional topological
insulator. The operation of such a sensor was experimentally studied on a model system.

The theoretical significance of the obtained results is due to the new information on the
properties of electron transport in quantum wells of mercury telluride. This information is critical
for answering the fundamental question of whether this system is a realization of the concept of a
two-dimensional topological insulator, as well as the question of an unknown effective scattering
mechanism that violates the topological protection. These issues have been causing significant
interest in the scientific community over the past years, which is discussed in detail in chapter 1.

Considering the practical significance, the extreme sensitivity of the edge states of two-
dimensional topological insulators to the magnetic field can be used to create sensors/devices that
operate based on this property. Measurements of the distribution function using electronic noise
are a powerful experimental technique for studying nonequilibrium electronic systems, which can
expand the capabilities of experimental physics in studying various thermoelectric and optoelec-
tronic systems.

The reliability of the results is confirmed by their comparison with the existing theoretical
predictions, as well as the correspondence of the measurement results on several different samples
(in chapters 3.4).

KEY RESULTS AND CONCLUSIONS

Key aspects to be defended:

1. It has been demonstrated for the first time that in 14 nm and 8.3 nm wide HgTe quantum
wells in the edge conduction mode and at 50mK temperature, the application of a small ex-
ternal magnetic field around 50mT causes a sharp increase in resistance up to 103 times both
for edges with the initial resistance (without a magnetic field) equal to ℎ/𝑒2, and for edges
with higher initial resistance. The resistance increase is accompanied by the appearance of
reproducible mesoscopic fluctuations and a pronounced activation temperature dependence,
in contrast to a weak temperature dependence in zero field. Additionally, when applying a
magnetic field, a non-linear current-voltage characteristic is observed with a transport gap
reaching 1mV, where the current does not exceed 1 pA. This behavior can be explained
by the Anderson localization of the helical edge states due to the processes of coherent
backscattering arising in the magnetic field.

2. In 14 nm wide HgTe quantum wells, when the 𝑝 type conductivity is archived under the gate,
𝑝− 𝑛 junctions with resistance close to ℎ/2𝑒2 are formed, which have linear current-voltage

3



characteristics. The studies of electron noise in such 𝑝 − 𝑛 junctions have been performed
for the first time. Via variation of an unknown hole-phonon heat coupling parameter, the
observed non-equilibrium noise can be fully explained by the overheating of the resistive
leads of the sample structure, without any shot noise of the 𝑝 − 𝑛 junction. This data is
in agreement with the model of electronic transport in such 𝑝− 𝑛 junction by two ballistic
helical edge channels on the junction sides.

3. For the first time, the studies of electronic noise in HgTe quantum wells in the edge transport
mode have been performed at temperatures below 0.5 K. In the long edges, when applying
electric current 𝐼, a shot noise with a Fano factor (the relation of noise spectral density
to the Poisson value 2𝑒𝐼) of 0.1 < 𝐹 < 0.3 is observed. The Fano factor grows with the
temperature decrease. This data unambiguously indicate an incoherent mode of electron
transport and can be compared with the existing models of electron scattering in helical
edge states.

4. It has for the first time been demonstrated experimentally that the measurements of elec-
tronic noise as a function of voltage from one of the terminals of an elastic diffusive conductor
can be directly converted to the electron energy distribution function at the second terminal
of this conductor. This approach works both in the case of equilibrium and in the case of
non-equilibrium electron distribution at the second terminal. In the present experiment,
the distribution function in the studied metal strip corresponds to the local thermodynamic
equilibrium.

Authors personal contribution to the aspects to be defended consists in performing
all the experimental measurements presented in this paper, developing a methodology for mea-
suring samples with high resistance, interpreting and processing the experimental results, and the
mathematical modeling described in chapter 4. This work was performed by the author in the
Laboratory of Electronic Kinetics of ISSP RAS in the period from 2015 to 2020.
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CONTENTS

This dissertation contains an introduction, six main chapters and a conclusion. The total length
of dissertation is 94 pages with 39 figures and one table. The reference list contains 166 items.

In the introduction the confirmation of the dissertation topic relevance is given, the goals
of the study and the aspects to be defended are formulated, the structure of the work is described,
and also an author publications list on the dissertation topic is given

In chapter 1 the review of experimental and theoretical studies concerning the HgTe/CdHgTe
quantum wells and other two-dimensional topological insulators is provided.
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In chapter 2 the basic methods of experimental study and the process of data processing is
described. Some information on the sample structure and fabrication process is also located here.

Chapter 3 is dedicated to the transport measurements of the edge transport in HgTe/CdHgTe
quantum wells in external magnetic field. The observed behavior suggests the transition to an
insulating state when the magnetic field is applied. Such behavior is expected from theoretical
studies due to the breakdown of the topological protection mechanism in two-dimensional topo-
logical insulators is violated.

In chapter 4 the experimental study of the conductivity and current noise of p-n junctions
in HgTe/CdHgTe quantum wells is presented. The conduction of short edge channels shunting
the depletion region is expected to dominate in electron transport through such junctions, which
is confirmed here by the measurements of resistance and current noise.

In chapter 5 the shot noise measurements in edge transport of HgTe/CdHgTe quantum wells
is reported. The obtained results are compared with the existing models of helical electron scatter-
ing in two-dimensional topological insulators. A reasonable agreement with the phenomenological
model of 1D-diffusion is present.

Chapter 6 describes a method of determining the local energy distribution function of
electrons via measuring the electronic noise. This is the first experimental implementation of such
technique. The wide possibilities for measuring nonequilibrium electronic systems, in particular
the study of the boundary conductivity of two-dimensional topological insulators, are opened by
this method.

The conclusion contains the list of main results of this dissertation.
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