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Abstract

In ordinary metal, it is well-known that the magnetic susceptibility consists of Pauli
paramagnetism (spin effect) and Landau diamagnetism (orbital effect). However, it is not always
true when we have spin-orbit (SO) interaction in the system. The SO interaction may give rise to a
new term of magnetic susceptibility, which is not the spin paramagnetism nor the orbital
diamagnetism.

A well-known example of spin-orbit coupled system is the 2D electron gas (2DEG) with
Rashba and Dresselhaus SOC. The Rashba effect occurs when there is structural inversion
asymmetry in the junction of semi-conductor hetero-structures, and the Dresselhaus effect occurs
when the asymmetry exist in bulk crystal structure. Although the energy dispersion at zero
magnetic field is essentially equivalent in both Rashba and Dresselhaus systems, but the spin
texture on the momentum space is completely different between them. Specifically, if we rotate the
equi-energy contour in the momentum space in the clock-wise direction, then the spin also rotates in
the clockwise direction in Rashba system, while in the counter-clockwise direction in the
Dresselhaus system. In that sense, the two systems have opposite "chirality" of the spin texture.
This may lead to a significant difference in the magnetic susceptibility, but the detailed study on the
chirality effect on the magnetic response has not been carried out.

Moreover, there are a variety of novel topological materials in which the spin orbit
coupling is essential, such as topological insulator, the Dirac semimetal, and the Weyl semimetal.
The topological insulator is a bulk insulator with topological surface states. The Weyl and Dirac
semimetals are the systems with 3D gapless spectrum where the energy bands touch at isolated
points in the momentum space. The magnetic response in those new system is also not well known
and a systematic study is needed.

The purpose of study is to understand the magnetic response of various materials with
strong spin-orbit coupling (SOC), including two-dimensional (2D) Rashba /Dresselhaus system, the

2D surface state of topological insulator, and three-dimensional (3D) nodal semimetals.
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We consider the Hamiltonian of 2D Rashba /Dresselhaus system, the 2D surface state of topological
insulator, and 3D nodal semimetals. We calculate the Landau level spectrum and the
thermodynamic potential, and derive the analytical expression of the magnetic susceptibility.
Using the formula, we actually calculate the susceptibility in those systems and argue about the
characteristic properties. The magnetic susceptibility in those systems can be formally decomposed
into three different contributions: spin-spin term, orbital-orbital term, and spin-orbital cross term.

The results in the thesis are summarized as follows.

1. General formulation of the spin-orbit cross susceptibility

The conventional knowledge tells us that the magnetic susceptibility is composed of the
spin part and orbital part. Here we provided a generic formulation to calculate the magnetic
susceptibility from the Landau levels, and found that the materials with spin-orbit coupling
generally has the spin-orbit cross susceptibility on top of the spin susceptibility and orbital
susceptibility. The important point here is that the Hamiltonian depends on the external magnetic
field in two different ways, via the orbital term and the spin Zeeman term, and therefore we have
three susceptibility components.

2. Chirality dependence of spin-orbit cross susceptibility.

The Rashba SOC and Dresselhaus SOC have essentially the same energy dispersions,
while the spin-texture on the momentum space is different. Specifically, if we rotate the equi-energy
contour in the momentum space, then the spin rotates in the opposite directions in Rashba and
Dresselhaus systems. One may naively think that the magnetic susceptibility is insensitive to such
the chirality of the spin texture, but here we found it is not the case. Namely, the spin-orbit cross
susceptibility i1s found to have opposite signs in Rashba and Dresselhaus case, while orbital
susceptibility and spin susceptibility are just identical. We also found that the sign of spin-orbit
cross susceptibility is closely related to the n=0 Landau level, which is also chirality dependent. We
applied the same method to the 2D Dirac system and 3D Dirac / Weyl system, and found that the
dependence of spin-orbit cross susceptibility on the chirality of the spin texture is quite general.

3. Magnetic susceptibility of 3D Dirac / Weyl semimetals.

The Dirac / Weyl semimetals are novel materials attracting much interest in the recent
years, while very little was known about the magnetic susceptibility. Here we provided systematic
calculations of the magnetic susceptibility for generic 4x4 Hamiltonian, which covers the Dirac
semimetal, the Weyl semimetal, and the gapped semiconductor. We calculate the Landau levels and
and analytically derive the expression of the magnetic susceptibility. Using the formula, we
actually calculated the susceptibility in various different cases. As a typical example, we show
orbital susceptibility, spin-orbit cross susceptibility and spin susceptibility calculated for the Weyl
semimetal phase . We have the strong diamagnetism at the band touching point of Weyl and Dirac
semimetal, where the orbital susceptibility logarithmically diverges. This should be observed as the
dominant part of the magnetism. On the other hand, spin-orbit cross susceptibility is the only term
which has different sign in the electron side and the hole side, where the electron side is more

paramagnetic or diamagnetic than the hole side, depending on the chirality of the spin texture.
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