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Chapter 1

Introduction

1.1 Purpose of the study

In the ordinary metal, it is well-known that the magnetic susceptibility consists of
Pauli paramagnetism (spin term) and Landau diamagnetism (orbital term). Pauli
paramagnetism is positive magnetic susceptibility, while Landau diamagnetism is neg-
ative susceptibility. 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.

The purpose of study is to understand the magnetic response of various materials
with strong spin-orbit coupling (SOC), including two-dimensional (2D) Rashba /Dres-
selhaus system, the 2D surface state of topological insulator, and three-dimensional
(3D) nodal semimetals. We start with the well-known spin-orbit coupled system, i.e.
2D electron gas (2DEG) with Rashba and Dresselhaus SOC. In both cases, the spin-
orbit interaction is induced by the inversion symmetry breaking. The Rashba effect
occurs when there is structural inversion asymmetry in the junction of semiconduc-
tor hetero-structures [I, 2], while the Dresselhaus effect occurs when the asymmetry
exist in bulk crystal structure.[3] 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. We will show

that this leads to a significant difference in the spin-orbit cross term in the magnetic
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susceptibility.

Moreover, there are a variety of novel topological materials in which the spin or-
bit coupling is essential, such as topological insulator, the Dirac semimetal, and the
Weyl semimetal. They are new, but the magnetic response is not well known. The
topological insulator is a bulk insulator with topological surface states.[4, Bl [6l [7], 8]
The Weyl and Dirac semimetals are the systems with 3D gapless spectrum where the
energy bands touch at isolated points in the momentum space. |9, 61}, [62), (63, (64 [T0], T4,
16, 18, 19} 23]. We expand our standard knowledge of paramagnetism/diamagnetism
to those novel materials by calculating the magnetic susceptibility.

This thesis will be organized as follows: In Chapter 2, we calculate the magnetic
susceptibility for 2DEG with Rashba SOC and Dresselhaus SOC, and also the 2D
Dirac surface states of the topological insulator. In Chapter 3, we present the de-
tailed calculation of the magnetic response for 3D Dirac/Weyl semimetals. Lastly, the

conclusion will be presented in Chapter 4.

1.2 Background

1.2.1 Magnetism of metals

In the ordinary metal, it is well-known that the magnetic susceptibility consists of
Pauli paramagnetism and Landau diamagnetism. Pauli paramagnetism is caused by
the spin magnetic moment, while the Landau diamagnetism originates from the orbital
cyclotron motion. In the Pauli paramagnetism, an external magnetic field shifts the
energy levels up and down by +upH, where up is Bohr magneton, H is the magnetic
field applied. This immediately results in different numbers in the up spins and down
spins at the equilibrium and thus the system has a finite magnetization as a whole.
In Landau diamagnetism, on the other hand, the electrons makes a circular motion
under the Lorentz force, and it gives the magnetization. In the quantum mechanics,
the energy spectrum is quantized into the discrete levels (n+1/2)Aw,. where n is integer
and the spacing width is Aw. between the levels. & is Planck constant h divided by
27 and w, is the cyclotron frequency. This is called the Landau quantization and
this correctly explains the diamagnetic behavior. [24] For free electron, the magnitude

of Landau diamagnetism is 3 times smaller than the Pauli paramagnetism. In total,
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H/2 -  H

Figure 1.1: Energy band shifting in Pauli paramagnetism (left) and energy quantiza-

tion in Landau diamagnetism (right). [26]

therefore, the magnetic susceptibility is paramagnetic.

The above classic argument applies to the spin-independent free electron system
with the quadratic dispersion E = p?/2m. If the system has the spin-orbit interaction,
then the spin magnetism and the orbital magnetism cannot be treated independently
and we need a different approach to describe the magnetic response. In this thesis, we
show that the magnetic susceptibility in SOC is generally composed of three terms;

the spin-spin term (Y , the orbital-orbital term (X _,,,), and also the spin-orbital

spin)
term (X gp). We calculate those three terms for different electronic systems introduced
in the following, and argue the characteristic property of each term in a systematic

manner.

1.2.2 Rashba / Dresselhaus system

As mentioned before, the Pauli paramagnetism comes from the contribution of spins
and Landau diamagnetism comes from the orbital contribution. However it’s not
always true if we have system having spin-orbit coupling (SOC). The SOC effect may
give rise the cross term of spin-orbit contribution. Here we explain the well-known
spin-orbit coupled system, i.e. 2DEG with Rashba and Dresselhaus SOC. In both
cases, the spin-orbit interaction is induced by the inversion symmetry breaking.

The Rashba effect occurs when there is structural inversion asymmetry in the
junction of semiconductor hetero-structures. This effect was proposed by Bychkov-

Rashba to explain the splitting phenomena at GaAs — Al,Ga;_,As heterostuctures in
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Figure 1.2: Side view:(a). Band dispersion of 2DEG without SOC, (b). band dis-
persion for 2DEG with SOC. Top view: (c¢). Spin orientation for 2DEG with Rashba
SOC, (d). spin orientation for 2DEG with Dresselhaus SOC.

d

n- and p-type layers.[Il 2] Recently, experimental observations of giant Rashba spin-
orbit coupling have been reported. [30, B, [32] 33} [34] Theoretical research of magnetic
response in 2DEG with the contribution of Rashba effect had been recently calculated.
[35] B6] The Dresselhaus effect occurs when the asymmetry exist in crystal structure of
the bulk material. This theory was proposed by Dresselhaus in 1955 to describe the

SOC effect in zinc blende structures material.[3]

In the Rashba / Dresselhaus spin orbit interaction, the electrons feel the effective
Zeeman field depending on the electronic momentum, so that the spin direction cor-
relates with the momentum direction. Although the spectrum at zero magnetic field
is essentially equivalent in both Rashba and Dresselhaus systems, the spin texture in

the momentum space is completely different as illustrated in Fig. [[.2] Specifically, if
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Figure 1.3: The cone shaped band dispersion of the surface of topological insulator
(left). The view of the Fermi surface from the top (right). The spin’s vector is

perpendicular to momentum k.

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” (or "handedness”) of the spin texture. The similar chiral spin
texture is also found in the surface states of the topological insulator. [7, [8] The topo-
logical insulators are electronic systems which have a bulk band gap but also have
protected conducting states on the surface. The 3D topological insulators such as
BisSes and BisTes, the surface state band is approximates the 2D Dirac cone, where
the spin direction correlates with the momentum as in Fig.

In this thesis, we calculate the magnetic susceptibility of Rashba /Dresselhaus sys-
tems and also 2D Dirac mode for the surface states of the 2D topological insulator. We
demonstrate that the spin-momentum relationship makes an essential difference in the

spin-orbit cross term, and determines the amplitude and sign of the total susceptibility.

1.2.3 Weyl / Dirac semimetals

In this thesis, we also theoretically investigate the magnetic response of three-dimensional

(3D) gapless electron systems. The 3D version of the gapless band structure was the-
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Figure 1.4: Three dimensional schematic image of the Weyl semimetal in momentum

space. [47]

oretically proposed by [9, [611 [62] 63] 641 [0, 14! [16], [18, 19} 23]. In very recent exper-

iments, such 3D gapless electron systems were actually realized in various materials
[46, 58, 52} 53], (54, [55].

In 2D gapless electron system (e.g., graphene), the low energy effective theory at
point degeneracies between the conduction and valence bands takes the form, H(k) =
v(kyoy + kyoy) where 0,0, are the Pauli matrices and v is the velocity parameter.
In 3D, the analogous Hamiltonian is H(k) = v(kyo, + kyoy + k.0.) with all three
Pauli matrices, and it is called a Weyl Hamiltonian as it describes a pair of linear
bands degenerating at a point. When the two different Weyl points happen to merge
at a single momentum, the system is called the Dirac semimetal, since the effective
Hamiltonian is given by 4 x 4 Dirac Hamiltonian around the four-fold degenerate point.
If the Weyl points are isolated in the momentum space, on the contrary, the system
is called the Weyl-semimental, and the effective Hamiltonian at each Weyl point is
given by 2 x 2 Weyl Hamiltonian. The schematic image of Weyl semimetal is shown
in Fig [47].

Therefore, we have three different categories of 3D band structures, the trivial

insulator (fully gapped), the Dirac semimetal and the Weyl semimetal. The Dirac
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semimetal exists on the phase boundary between the trivial insulator and the Weyl
semimetal. The Dirac semimetal can generally occur when the system has both the
time-reversal (T) symmetry and the spacial-inversion (I) symmetry and the Weyl
semimetal can be obtained by breaking either of T or I symmetries [9]. In recent
exeperiments these three-dimensional gapless band structures are actually realized in
specific compounds. The Dirac semimetal phase was found in [-cristiobalite BiOs,
CdsAsy and NagBi [46] 58], 52], and the experimental realization of a Weyl semimetal
state have been recently reported in TaAs and NbAs. [53, 54, G5l 56

The existence of Dirac points near the Fermi level is responsible for various un-
usual physical properties. One of the most spectacular examples is the magnetic
susceptibility, which is quite distinct from the conventional Landau diamagnetism. In
two-dimenisional graphene, the electronic orbital diamagnetism contains a singularity
expressed as a delta function in Fermi energy, which diverges at Dirac point where
the two bands stick, and vanishes otherwise. [41] 42] 43] The similar calculation of
the orbital magnetism was also done for 3D Dirac Hamiltonian, [50] and it was shown
that the susceptibility in the gapless case becomes a logarithmic function in the Fermi
energy.

The result seems to directly apply to the Dirac and Weyl semimetals, but there is an
important difference between the real relativistic Dirac Hamiltonian and the effective
Dirac Hamiltonian in the solid state physics. In the Dirac and Weyl semimetals, the
external magnetic field B enters the Hamiltonian in two independent manners, one in
the orbital part where p is changed to p+eA with the vector potential A, and the other
in the spin Zeeman term gupB, where g is the g-factor and pp is the Bohr magneton.
The two-different magnetic field terms give rise to the different terms in the magnetic
susceptibility, the spin-spin term, the orbital-orbital term, and the spin-orbital cross
term, which are not captured in the previous calculation including only the orbital part.
In this thesis, we calculate those components and correctly describe the total magnetic
response in the three-dimensional gapless semimetals. First we calculate analytically
the Landau level spectrum of 4 x 4 linear Hamiltonian which covers Dirac and Weyl
semimetal phases. Then we take the derivative of the thermodynamic potential to get

the magnetic susceptibility.
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Chapter 2

2DEG with Rashba/Dresselhaus
SOC and 2D Dirac System

In this chapter, we calculate the magnetic susceptibility of Rashba /Dresselhaus sys-
tems and also 2D Dirac mode for the surface states of the 2D topological insulator.
We show that the spin-momentum relationship governs the sign the spin-orbit cross

term, and that significantly affects the amplitude and sign of the total susceptibility.

2.1 Hamiltonian and Landau Levels

2.1.1 2DEG with Rashba and Dresselhaus Spin-Orbit Coupling

We start from the Hamiltonian of 2DEG with mass m without magnetic field written

as

2
Ho = L 2.1
0 2m’ (2.1)

From the equation we know the energy band is a parabolic curve in momentum (Fig.
(2.1) (a)). Next, we consider the Hamiltonian of 2DEG with Rashba SOC in presence
of magnetic field B parallel to z axis, [2]

20\
R —R(ﬂ'moy — Tyoy) + bo, (2.2)

He=s5, 7%

The Zeeman term is added as the consequence of the magnetic field presence in the

system. In the Dresselhaus SOC case, we only consider the linear Dresselhaus SO

9
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term. The Hamiltonian is written as [49)

7T2 /\D

Hp = om + ?(ﬂwam — myoy) + bo. (2.3)

Here 05,0y, 0. is Pauli matrices, Agr(Ap) is Rashba (Dresselhaus) coefficient, and
T=p-+eA, (2.4)

where A is vector potential giving in the magnetic field by B = V x A. Here note

that b is also dependent on the external magnetic field B as

1
b= S9nsB, (2.5)

where and g is g-factor and up = eh/(2myg) is the Bohr magneton, and my is the bare
electron mass.

When we add Rashba (Dresselhaus) term into the Hamiltonian, the energy band
splits into two bands crossing at zero point forming a single Dirac point like state as
in graphene and other Dirac materials (see Fig. (b)). Where 50 here is spin-orbit
energy proportional to Rashba(Dresselhaus) coefficient Ag(Ap).

(a) & l/ (b) \t E 4 p"'
Px Px

Figure 2.1: Energy band of 2DEG (a) without Rashba (Dresselhaus) SOC, and (b)
with Rashba(Dresselhaus) SOC.

To calculate the Landau level we define a lower and uppering operators as

at = ! e T
a= L (g — imy), (2.7)
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and we rewrite the Hamiltonian as

hwe(ata+ ) +b %ia

(2.8)
f@icﬁ hwe(ata+ 1) —b
B

HR(ngl) =

These operators operate on the Landau-level wave function ¢, as ad, = /nd,_1
and a'¢, = /n+1¢,.1. In Rashba system the eigenfunction can be written as
(c1¢n—1, c2¢y,) for n > 1, the Hamiltonian matrix for the vector (c1, ¢o) then becomes

hwe(n — ) +b  i¥2a/m

iB

Hrn<1) = (2.9)
—iY2r /0 hwe(n+ L) —b
This gives the two energy levels
1 2nA
gRsn = nh’wc + S\/(Qh(’uc - b)2 + (@)2 (210)
B

where s = 4+, w, = an is the cyclotron frequency and Ip = 4/ e% is the magnetic

length. For n = 0, the wave function is written as (0, cagg) which gives the only one

levels

%mc —b. (2.11)

The level €5 can be viewed as the n = 0 part of g s, in Eq. (2.10), but s = — part is

ERn:D =

missing.
In Dresselhaus system the eigenfunction can be written as (c3dp, cadn—1) forn > 1,

the Hamiltonian matrix for the vector (cs,c4) then becomes

hwe(n+ 1) +b Y2 /n

MHpn<t) = , (2.12)
- Y2 /0 hwe(n— 1) —b
This gives the two energy levels
1 V2n\
€D, = nhwc+8\/(2hwc+b)2+( ln Dy (2.13)
B

where s = +. For n = 0, the wave function is written as (¢3¢o,0) which gives the only

one levels

1
€D, o = 5we +b. (2.14)

The level €5 can be viewed as the n = 0 part of ep 4, in Eq. (2.13]), but s = — part is
missing. Note that Egs. (2.9) and (2.12) differ only in the sign in front of of b.
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£(&o)

00 05 10 15 20
B(By)

Figure 2.2: Landau level spectrum of Rashba system (solid lines) and Dresselhaus
(dashed lines) system for Ap = Ap = 24/ % and g, = mo/m*. Where By is unit

of magnetic field.

Fig. 2.2)is the plot of Landau level for Rashba system (solid lines) and Dresselhaus
system (dashed lines) with A\g = Ap and the same g-factor. Their energy levels in

B — 0 limit are differ only in n = 0, while all other levels are almost degenerate.

2.1.2 2D Dirac System

Now we consider the 2D Dirac Hamiltonian which describes the surface state of the
3D topological insulator. It is similar to the Rashba /Dresselhaus system, while the
p? term is absent.

The Hamiltonian is,

0 V(P — 1
HBirac = (pe = ipy) (2.15)
—vi(py + ipy) 0
and
s 0 v(pz + ipy)
HDirac = (216>

U(pw - Z'py) 0
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which are analogous to the Rashba and Dresselhaus systems, respectively. It looks
similar to graphene, but here the vector components correspond to the real spin de-
gree of freedom. The two Hamiltonians have different spin-texture as a function of
momentum. The surface band of the typical topological insulators such as BisSes
corresponds to the case Eq.(2.15). The differences between those Hamiltonians are
the imaginary parts in the off diagonal parts and the sign in front of p,. Although the
Hamiltonians are different, their energy bands are identical, written as

R,D
s

e = sup (2.17)

where s = =+.

We can see the plot for the energy bands in Fig. We have Dirac point at (0,0).

27

Figure 2.3: Energy bands for 2D Dirac systems [Eqs. (2.15) and (2.16)] at zero

magnetic field.

The Hamiltonian in presence of external magnetic field B in z axis is

b vi(my — AT
Hgirac = ( y) (218)
—vi(my + imy) —b
and
b v(my + T
Hgirac = ( y) (219)
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for Rashba dan Dresselhaus case respectively.

Figure 2.4: Landau levels for 2D Dirac systems. Solid and dashed thick lines are
the n = 0 level for the Rashba type [Eq. (2.15)], and Dresselhaus type [Eq. (2.16))],

respectively. Thin curves are n # 0 levels which are shared by the two cases.

The Landau levels for both cases are identical for n # 0
D — 51/(b)2 4 v22heBn. (2.20)
For n = 0 the Landau level is,
el — ap.pb (2.21)
where,
ar = —1 for Rashba type,

QR,D =
ap =1 for Dresselhaus type.

2.2 Magnetic susceptibility

The magnetic susceptibility can be derived from the thermodynamic potential. The

thermodynamic potential of the system at temperature T is written as

Q= —%Zln[l +exp —B(ea — ¢)], (2.22)
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where « is the index labeling the all eigenstates of the system, § = 1/kgT, and ( is

the chemical potential. The magnetization is then given by

o9 o0 o0
M=———=————+—-]. 2.23
9B (aBspin * aBorb> (2:23)
The magnetic susceptibility is given by three components
v _ o
0B |5_,
_ 0%Q 9 0%Q 0%Q
B B2 TOBOBoy, 0B2, |5,
= Xspin + Xso + Xorb'
(2.24)

We analytically derived the magnetic susceptibility using the Landau level spec-

trum Eq. (2.10) and Eq. (2.11). The thermodynamic potential in Eq. (2.22) per unit

volume can be written as,

1 1 -
= —EWZZW[%W]

B s=+n=0
1—75
(1 - 5n0> 7 (2.25)
2
where
80(5#571) - h’l[l + exp _5(5;1,577, - C)}? (226)

lg = \/h/(eBo) is the magnetic length, ¢ is the chemical potential.

2.2.1 2DEG with Rashba and Dresselhaus Spin-Orbit Coupling

The energy defined as,

Eusn = Tn+ 5V (Az/2+ pb)2 + 2,750 (2.27)

with

2m*)\2so .

T, = nlAzx, Ax =2heB.,,, Tso = 7

(2.28)

Here Aso is Rashba(or Dresselhaus) constant, Ag(orpy. The variable y = 41 denotes

Rashba and Dresselhaus systems as we already know that the difference of their energy
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level is the sign in front of b,

—1 for Rashba system,
o= (2.29)
1 for Dresselhaus system.

We also introduced the variable 7, = 1 as

—1 when g4,y = —¢y,
= 0 0 (2.30)
1 when 4,9 = €p.
Equivalently, we have 7, = +1 when the Landau level sequence of (s) start from n = 0,
while 75 = —1 when it start from n =1 (i.e., the n = 0 level is missing).

In small magnetic field, using the Euler-Maclaurin formula, the thermodynamic

potential can be expanded in power of B, as

Q:QO+O‘1(B0rb)+a2(Borb)+O( orb) (231)
where
Qp =11 Z/m(o)d (2.32)
0 — 5271'[23 = Jy P T, Z, .
1 1 eh (7
%= 55 e (5900
/ 9¢(z, A) dx) (2.33)
 9Axr Aze0

Eq. (2.33)) expresses the contribution of spin-orbit part. The first term in the bracket

tells us that SO term is solely dependent of n=0 Landau level.

1 1 1/ eh\?>
5T 22 <m>

Ay =
(/ Tl L) g,
0 8Al‘2 Az=0
Tsa@(ov A:Z?)
0Azx Aze0
1 0 0
9p(,0) 7
12 O 0
(2.34)
Then we have,
9%Q
or = 720[27 spin
X b X P aBspin
(90[1
=-2 (2.35)
XSO 8Bspin Beapin=0




2.2. MAGNETIC SUSCEPTIBILITY 17

Here we expect that only X has opposite signs in Rashba and Dresselhaus systems,

because it is the first derivative in b. While Y and X, is even-number (2 or 0)

spin
derivative in b, so the sign of b doesn’t change the results.

Finally, we get the magnetic susceptibility as

% 1 EF
Xoww = 5\/1+g9(—6F)9(5F+€SO)

1 2
—=0(er) — zes00(er), (2.36)
6 3
and
* 1 2 EF
Xspin = igm 1+ 79(_€F)9(€F + €SO)
€s0
1 2
+50(Er)gm, (2.37)
where
gm*
9m = 2m0 (238)
X* = x/xo0, and
_ (2.39)
XO T 2rm* ’
is unit of susceptibility and
m*\2
€350 = WQR (2.40)

Xspin and X, are completely identical for both systems if if they share the equal

€so. Our stressing point is that Y ¢, comes with opposite signs, written as

. g
XSO = ugmma(—€p)9(€F+5SO)~

The sign of p will change as the system changes.

(2.41)

The difference of X, in both systems results the difference of total magnetic

susceptibility, expressed as

. 1 €
Xioa = 1)1+ = (gm + w)*0(~er)b(er + s50)
€so

1 1 2
+=(92, — §)29(5F) - 55505(5}7)

(2.42)
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X r—-orb(xo)

AR :.1)1'11(XUJ

Xr-solxo)

Xr-Tota( o)

er(es0)

Figure 2.5: Magnetic Susceptibility for Rashba system (X z):(a) X_, (b) Xr (c)

Xreo (DXg,,,.,- Dashed lines are analytical results and solid lines are numerical

results with kT = 0.0lego.
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X oo X0)

(a)

RN

XD t.'pin(XU)

Gm = +08

N

(b)
Gm — 104 ]
Im =0

Xp-solxo)

XD-Tota (¥0)

19

Figure 2.6: Magnetic Susceptibility for Dresselhaus system (X p):(a) X p_ . (b) X Dapin

(©) Xpso (D)X p.,,,.,- Dashed lines are analytical results and solid lines are numerical

results with kT = 0.0lego.
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2.2.2 2D Dirac

Now, we focus on The Dirac cone in Rashba and Dresselhaus case.

T |
|
:
.

b
-3 -2 -1 0 1 2 3

er(&o)

Xs0,5(X0)

Figure 2.7: X4 for Rashba(solid black line) and Dresselhaus(dashed red lines) 2D

Dirac cone.

The energy defined as,
eBD = /b2 +a, (2.43)
with
T = nAz, Az =20?heBgp. (2.44)

The magnetic susceptibility are,

XR,D = —ap DguBe
50 "7 wh
(=0(—ler|) +20(cr)) (2.45)

2.3 Discussion

In Fig. and Fig. we show the magnetic susceptibility as a function of the
Fermi energy er in 2D Rashba and Dresselhaus systems, respectively. Here (a) the

orbital component, (b) the spin component, (c¢) the spin-orbit component, and (d)
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the total susceptibility are plotted in separate panels. We can see that Rashba and
Dresselhaus systems have identical orbital and spin susceptibility for Ag = Ap. The
orbital susceptibility X, is positive (paramagnetic) in e < 0, and it diverges to
the negative infinity at ep = 0, and becomes constant in e > 0. The divergence at
zero energy is related to the band crossing point in the energy bands of zero magnetic
field. This crossing point resembles Dirac point in graphene case. It has been shown
that the orbital magnetic susceptibility of graphene diverges at zero energy [38]. The
spin magnetic susceptbility Xspin is always paramagnetic due to its dependency of g2.
In negative Fermi energy it is an increasing function of Fermi energy, and it becomes

constant in positive Fermi energy.

The difference of Rashba case and Dresselhaus case comes from the spin-orbit cross
susceptibility, X q5- The sign of the spin-orbit magnetic susceptibility is completely
opposite in Rashba and Dresselhaus systems, as argued in Eq. and also seen in
panel (c) of Figs.[2.5/and Xso I8 linear in gp,, so it is diamagnetic or paramagnetic
depending on g,,. The X is solely determined by n = 0 Landau level, while other
susceptibility components depend on the whole Landau level spectrum. Indeed, the
sign of the energy of n = 0 Landau level is opposite in Rashba and Dresselhaus
systems, while all other Landau levels are just identical. This fact agrees with that

the difference between Rashba and Dresselhaus systems is only found in Y-

The difference in Xy significantly affects the total magnetic susceptiblity. We
show the total susceptibilities for the Rashba and Dresselhaus systems in (d) of Figs.
235 and 2:6] In ep < 0, the total magnetic susceptibility is always paramagnetic as is
obvious from the first term of Eq. . In e > 0, the total susceptibility is purely

given by the X, and X . just as in the conventional metal without SOC, and it

spin
can be paramagnetic or diamagnetic depending on g-factor. The central delta-function

peak is orbital effect, and it always exists independently of g,,.

In 2D Dirac case, the Rashba type and Dresselhaus type spin texture results in the
opposite sign in X'y, as shown in Eq. , and also plotted in Fig. We see the
positive step function for the former and the negative step function in the latter. This
is essentially the same behavior as the discrete steps found in 2DEG with Rashba and

Dresselhaus SOC in Figs. 2.5 and

In the material with large |g| factor, i.e. GaAs, with m/m0 = 0.067,9 = —0.44, g,,, =
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—0.015 we will have large value of X . and X¢q-[36] Refer to the results in Fig.

spin
the magnetic susceptibility will be paramagnetic for negative Fermi energy and dia-
magnetic for positive Fermi energy.

From the above results, we conclude that the spin texture in the momentum space
is crucial for the sign of X'y, and it deeply influences the observed total susceptibility.
In the next section, we calculate the magnetic response in the Dirac / Weyl semimet-

als and also demonstrate that the spin-momentum relationship is important in those

systems.



Chapter 3

3D Dirac/Weyl Semimetal

In this chapter, we calculate magnetic susceptibility in 3D Dirac semimetal and Weyl
semimetal. We first introduce 4 x 4 Hamiltonian which covers the Dirac semimetal,
Weyl semimetal as well as the gapped semiconductor. Then we applied the general
formulation in the previous section to the Hamiltonian, and analytically obtain the
three susceptibility components: spin-spin term, the orbital-orbital term, and the spin-
orbital cross term. We also consider the Hamiltonian with the opposite chirality in

the spin texture, and argue about how it affects the magnetic susceptibility.

3.1 Electronic Structures of Dirac and Weyl Semimet-

als

3.1.1 Band dispersion at Zero Magnetic Field

We will introduce 4 x4 Dirac-Weyl Hamiltonian matrix. In the absence of the magnetic

field the Hamiltonian is,

m-+b 0 vp, v(pe — ipy)
0 m—b V(ps +1 —Up,
H= (st ipy) P ; (3.1)
vp v(pz —ipy) —m+b 0
v(pg + ipy) —up, 0 —-m—b

23
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Figure 3.1: Energy spectrum for Dirac semimetal case.m and b are equal to zero.

Where v is taken as 1.

2t | .
1 -\L/_
S ]
s Obp—-—————H—H——""— = — — 4
A
-1 ]
2L | ]
. I .
-2 -1 0 1 2

Pz

Figure 3.2: Energy spectrum for semiconducting case (m = 1, b = 0.5). Where v is

taken as 1. The spectrum is fully gapped.
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Energy

Pz

Figure 3.3: Energy spectrum for Weyl semimetal case (m = 0.5, b = 1). The two
bands are touching in p = (0,0, +v/0> — m2/v). Where v is taken as 1.

where m is an effective mass, v is the velocity parameter, and b is the intrinsics
Zeeman-like term coupled to the electronic spin, which may exist in magnetic materials
without the time-reversal symmetry. We assume m > 0 and b > 0 in the following.

By diagonalizing the Hamiltonian matrix, we obtain the energy spectrum as,

e(p) = j:\/m2 + b2 + v2p? £ 20y/v%p2 + m2. (3.2)

For the case of p, = p, = 0, we will have the energy spectrum in p, direction which is

given by
£(0,0,p,) = £[b] £ /v2p2 + m?2. (3.3)

The energy spectrum €(0, 0, p,) is plotted in Figs. andfor three different
cases of m = b =0, m > b and b > m, respectively. The case of m = b = 0 is the
Dirac semimetal, where we have the four-fold degeneracy at the zero energy and the
dispersion is completely linear. The second one m > b describes the semiconducting
case where the spectrum is gapped in the energy range between £ = m — b and

—m + b. The last one b > m is the Weyl semimetal case where the the middle two
bands touching at the wave points p = (0,0, £v/b% — m?2/v).
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3.1.2 Landau Level Structures

In the case of the presence of magnetic field B perpendicular to z axis, the Hamiltonian

becomes,

m+b 0 v, v(my —imy)
0 m—b v(my + i uT
- (e + imy) ol e
VT, v(my — imy) —m+b 0
v(my + imy) —uT, 0 —m—b
where
T =p+eA, (3.5)

and A is vector potential giving in the magnetic field by B = V x A. Here note that

b is also dependent on the external magnetic field B as
b=0by+ gupB, (36)

where by is the intrinsic Zeeman term in the absence of B, and g is g-factor and
up = ehi/(2mg) is the Bohr magneton, and my is the bare electron mass. We define a

lower and uppering operators,

al = T s .
\/thB( » Himy) 37
0= ———(my —im)), (3.8)

which operate on the Landau-level wave function ¢, as a¢, = v/nd,_1 and aT(bn =

VN + 1é,41. The eigenfunction can be written as (¢1¢n—1, C2dn, C3Pn_1, cady) for

n > 1, the Hamiltonian matrix for the vector (¢1, ca, c3,¢4) then becomes

m+b 0 VP, Apy/n
0 m—>b Apgyn —Up,
H,<1 = BV b ) (3.9)
Up, Agyn —m+b 0
Apy/n  —vup, 0 —-m—b

where

Ap = V2hv2eB. (3.10)



3.2. FORMULA TO CALCULATE MAGNETIC SUSCEPTIBILITY 27

This gives the four energy levels

Esppon = 5\/m2 + b2 + v2p2 + ALn + p2b\/v?p2 + m? (3.11)

where s, u = +. For n = 0, the wave function is written as (0, cagyg, 0, cadp) and the

Hamiltonian matrix for (c2,cq4) becomes

m+b P,
Hy_o = b=l (3.12)

vp, —m-+b

which gives the only two levels

Eup.0 = b+ p\/v?p2 +m?, (3.13)

with @ = £. The level €,,_0 can be viewed as the n = 0 part of ;. in Eq. ,
but either of s = & branches is missing.

The Landau level spectrum is plotted against p, in Figs. [3.4] B-5] and [3.6] for m =
b=0, m > band b > m, respectively. We note that the Landau levels of n < 1 [Eq.
] is completely electron-hole symmetric with respect to the zero energy because
the existence of s = + branches, while that of n = 0 [Eq. (3.13)] is not symmetric
except for b = 0. The dashed curves in the figures indicate the energy level —¢,0
which actually does not exist. As we will see in the following sections, the symmetry
breaking of n = 0 level is actually responsible for the electron-hole asymmetric term

in the magnetic susceptibility.

3.2 Formula to Calculate Magnetic Susceptibility

3.2.1 Decomposition of susceptibility

In the following we will calculate analytically the magnetic susceptibility of the Dirac-
Weyl Hamiltonian.

The thermodynamic potential is written as

1 dp 1 —Tgpup.
2= B 277[2 / orh Z Z Z@ Esup. (Tn) (1 - 5n02”p> ) (3.14)

=+ pu=+n=0

where

o(e) = In[l + exp —B(e — ()], (3.15)
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\ /

Pz

Figure 3.4: Landau level energy spectrum for m = b = 0.

3 —_——
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Figure 3.5: Landau level energy spectrum for m = 1,b = 0.5. The dashed line is non

exist energy level.
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T N — =

—— - —

R B e eSS
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Pz

Figure 3.6: Landau level energy spectrum for m = 0.5,b = 1. The dashed line is non

exist energy level.

Ip = \/h/(eBop) is the magnetic length, ¢ is the chemical potential, and we defined

Esup: (Tn) =  Espp.n

= 5\/m2 + 02 + 0v2p2 + x,, + p20\/02p2 + m? (3.16)

with

T, =nAz, Az= A% =2m?eBy. (3.17)
We also introduced the variable 7y, = %1 as

1 when €5,p,0 = €up.0s (3.15)

TSI"'pz =
—1 when €40 = —€up.0-

Equivalently, we have 7,,, = +1 when the Landau level sequence of (s, u,p,) start
from n = 0, while 75,,,,, = —1 when it start from n = 1 (i.e., the n = 0 level is missing).

In weak magnetic field, the summation over n in Eq. can be written as a
continuous integral over variable x, and additional terms can be Taylor-expanded in

Bgp. For convenience, we introduce the notation,

F(z) = o¢lesup. ()] (3.19)
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By using the Euler-Maclaurin formula, we can rewrite the summation over n in the

case of 75, =1 (i.e., n starts from 0) as,

S Fle,) = € U Fa)dz + F(0)22 — F’(O)A—x +O(Ax )} (3.20)
P Az | Jo 2 12
and in the case of 7,,,, = —1 (i.e., n starts from 1) as
= 1 °° Az . Ax?
;F(azn) = = UO F(z)dw — F(0)—- — F'(0) =5~ + O(Ax )} (3.21)

The two expressions are united into a single equation as

= 1 — Toup, 1 e Ax Az?
(3.22)
Noting that Az o< Beyp, the thermodynamic potential can be expanded within the

second order of B}, as

1 1 1 o d
- wmar) s 22

> Ax 0 Az?
X {/ Plesup. (T)]dT + Tspup, PlEsup. (O)}T T 9 Plesup. (17)”;,;:0 12 + O(AIS)
0 xXr

= QO + A1 Borb + A2 B orb + 0( orb) (323)

where

_ 1 dp.
o = ﬂ4ﬂ'h2v2/ 2wmh Z Z/ Plesup. (T (3.24)

1 1 dp: 2hev?
A T B S S ) 2
! B 4mh2v? [m 271-58 iuz Tspups PlEspp. (0)] —— 5 (3.25)
1 1 > dp, 4R2e204
A2 = EiEe s a—. (3.2
’ B Amh2v? /m zwﬁsziuz 3 elesup. (@)ll,—0 =75 (3:26)

Finally, the three susceptibility components are written in terms of Qy, A1, A2 as

0%
Xspin = 632

spin

oA

’ XSO = OB..:
Bapin=0 SPI | Bopin=0

 Xow = 202 (3.27)
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3.2.2  Calculation of X, Xs0, and X,

3.2.3 X term

For zero magnetic field By, = 0, we have

< dp. dp.dp
=0 = 5[ HE Y | B e, (262 + D)

(3.28)

where

oy, (V252 + p2)) = 51/ 02 (02 + p2) + A3,

and,
A =b+ p/v2p? +m2, (3.29)

s = is =£.

Denote more simply expression for p, and p,, we have
v (p? +p§) =v’p, =z

20%p, = dx
//dpmdpy _/oo 2mp1dpy :/‘x’ 2mdx _ 1 /Oodac
2mh)? o (27h)? o 2v%(2wh)?2  4wh?v? J,

Then we rewrite {0y as,

UBor =0) = jﬁ;z 3 / el D),
(3.30)

To calculate Y we need to take the second derivative of €y. Replace vp, with

spin’
II,, Xspin can be written as
_ 9%Q

Xspin - aBQ

spin
ob?

> dII,
- ‘i%fia(“ / QWZZ / dxab2¢5%< )]
(3.31)

= —(g9uB)
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The first derivative is given by,

0 e Ble=0) Oe
) = e g
d
= (—ﬁ)f(€)a% (3.32)
where
1
fle) =+ A0 (3.33)

and € = g4p, ()

The second derivative is given by,

2 oo = (-8) (f’(f) (%) + f<a>gb§) (3.34)

Taking the limit of 7' — 0 of Eq.(3.34), Eq.(3.31)) becomes
_ (gpp)?, 1. [ dI, % ? %
Xooin = s / 27ho Z Z / e o) T
(91B)* /°° dIL, / 9e\? &
anhz? | 2nho Z D [ dr|de—en) (G ) Hoer—agn

=4 pu==+
(3.35)

The first term is Pauli paramagnetism and the second term is Van-Vleck paramag-

netism. Therefore, we can divide the calculation to these two parts:

Xspin = Xf;‘)in + X;{Jin’ (336)
where Xspm is a Pauli paramagnetism term, which given by
00 2
P (91B)* / / Oe
= = d — il
Xspin 4dmrh?v? 2mhv ;EIZ v| o —er) 0b
(g15)* /°° / A\
yo— ooho Z Z dr | =0(e—ep) (2 ) |, (337)
and Xspm is a Van-Vleck paramagnetism term given by

e - dw( -%5)
- _fjrl;gq); /OO 2rhu Z Z/ dx °r _5)53) (3.38)
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For Dirac semimetal (b = m = 0) case, u = + energy levels are degenerated. If
we have the Fermi energy less than zero, we will have only s = 1 contribution for our

calculation. Therefore, the Eq. (3.37) now is given by

- 2
p_ _(gus I,
Xspin - 471'7’12’02/ 21 ho Z/ dlL’( 6 7€F) (E) >
_ (gps)? /'EF dIl, / _ L\’

T a2 | 271'7111; ; de2e | 6(e —er) -

(QMB) 8|f3F|2
32783 3 (3.39)

and the Eq. (3.38) now is given by,

v (gps)? [T dll,
Xspin = 477?12112/ 2mhv Z/ dx €F75) 3)

—E&¢

(g15)* /E“’ dIt, / x
= 4 — —_
Arh2ev? J,  2mhv de (H(ep 5)53)
_ ,lgup)® /E“ dIL, /EC (e —112)
= 447rh2v2 ) 2mho Ju de2e (O(erp —¢) =
(g15)* /“' dIl, / 12 / dIl, / 12
= de (1— 22 de (1 ==
847rh2v2 o 2mhv i, © g2 + ler| 2mh0 Ji1, c e?

(guB)? (8lec|*  8lep|?
Sm2hdvd \ 3 3 (3.40)

where . = vp.. From the above results we know that the one of the term of XX

cancels the term of y&'. The remaining term is only dependent of &..

For the next case, we put m # 0 where b is still equal to zero. The Dirac point in
the previous case is not exist because of the appearance of the effective mass here. If
we assume the Fermi energy negative and lies inside the gap, the susceptibility will be
a constant. Now, if the Fermi energy lies below the gap (¢p < —|m|) the Eq.(3.37) is

given by

2 [VERTT GIL T2+ m?
XP = 8 (g,UfB) / z :tm (341)
0

spin 4rh2v? 2rhv  |ep|
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and the Van Vleck term now is given by

V.o = g (915)° (/OW dI, /lgcdg (1—(H3+m2))

spin 4dmwh2v? 2mho

_ Glons)? (/Oﬁ dIL. <(€c+ <n§+m2)) ) (5F+ (ng+m2)>>

4mh2v? 2mhv e ER

+ /;W 262_;; <<ec + (ng_zmz)) - (2 2 + m2)>> (3.42)

As well as b = m = 0 case, Pauli term is canceled by one of Van Vleck terms, and the

remaining terms are

(91m) L VEF m? + |ep|

Xspin = 88ﬂ2h3’l)3 Xspin (O) (343>

where X ;(0) is the constant corresponds to the susceptibility for zero Fermi energy.

Here is given by

(gup)® [% dII, 112 + m?
Xopin(0) = 85553 oo cot 2 2 /T2 +m?). (3.44)

€c

3.2.4 X4 term

To obtain X ¢, we have to take the first derivative of A; on Bgpin. We will start from

the energy spectrum for x = 0, which is given by

Esup. (0) = s ‘b + p/v?2p2 + mz‘ : (3.45)

For more simply calculation, we can convert the above equation to

. (0) = b+ 5\ /P2 + (3.46)

where,

oM
Xeo = — (3.47)
SO aBspin Bapin=0
For T'— 0(B — o0), we have
pe) = In(l14+exp—p(e—cr))

~ —fe—ep)lep —e) (3.48)
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or,
1
~5#(e) = (= er)fler —2)
For ep =0,
. ~ dp 2hev?
A= 4mh2v? /—OO 2mh g/#/(Eslu’pz —ep)l(ep — Es/ulpz)T
! = dp 2hev?
= - b " 2p2 2\ 2Nev
4mh2v? /_OO oh s/:i( + s'\/v?p2 + m?) 5
_ /”C dp- , 2hev?
© Arhx? ), 2mhT 2
_epeb
- 27h
For0<ep < (b—m)
Define,
prl = V{e+b)?—m?/v
p-| = (e—=0)2—m2/v
Then,
L [P dp- 2hev?
Al = Ap,
1 Arh2v2 /pc o27h (p) 2
For p+ < ‘pz|,
Ap:) = DWW+ s o?p2 +m? —ep)
s/,ul
= (b= 22+ m2 —ep) — (=b— /22 + m2 —ep)
= 2b

For p_ < |p.| <p4
Alp.) = (b=vv2p2+m?—cp)—(=b+ Vo2p2+m? —ep)
(b T — )
= 3b—v2pZ+m2+ep

For |p.| < p_

Ap,) = —(=b+Vv2p2 +m? —ep) — (=b— /v2p2 + m2 —ep)

2b+2€p

35

(3.49)

(3.50)

(3.51)

(3.52)

(3.53)

(3.54)

(3.55)
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Then we have,

A

1 Pe dp, 2hev?
A -
Anh2v? /pc oen AP

1 Pe dp, 2hev?
——(2 A
Tz 2 /0 2 P2) 5

1 1 P P+
(2 L(2b 42 L(3b — /02p? + m2
47rh2v227rh()l0 dp.(2b+ €F)+/p dp.(3b v2p2 +m? +ep)

Pc 2 2
+ / deZb] hev
P+ 2

1 1
T2z o7 A (20 + 2ep)p— + (30 + ep) (p+ — p-) + 2b(pe — p+)

Pt 2hev?
—/ dp.\/v?p? + m? 5 (3.56)
For (b—m) <ep < (b+m)
Define,
lp+| = V(e +0)> —m?/v
For py < |p:|,
Alp.) = (b—=vVv2p2+m?—cp)—(=b—/v2p2+m? —ep)
= 2b (3.57)
For |pz| <P+
Alp,) = (b—=+v2p2+m?2—cp)— (=b+/v2p2+m? —cp)
(b= TR — o)
= 3b—vPpZ+m?+ep (3.58)
Then we have,
2hev?

At

+

1 1 P+ De
N ()] — S22 2 9
A h2p2 27Th( ) [/0 dpz(3b v°py +m +5F) +/p dpz b

1 1

— + P 2hev?
Anh22 + — — 2,2 2
drh2v? 27rh(2) [<3b er)p+ +20(pe — p+) /0 dpz/v?ps +m ] 5

(3.59)

Forep > (b+m)
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Define,
lp+] = V(Ee+b)?—m?/v
lp—| = (e =02 —m?/v (3.60)
For py < |p:|,
Ap.) = (b= 2p2+m2 —ep) — (=b— V/v2p2 +m? —ep)
= 2b (3.61)

For p_ < |p.| <ps+

A=) = (b= V22 +m? —ep) = (=b+ V/o2p2 +m? —er)
—(=b—/v?pZ+m? —ep)
= 3b— V22 +m? tep (3.62)

For |p,| < p—

Ap:) = b+ V2p2+m?2—cp)— (=b+ Vo2p2+m? —ep)
+(b— V022 +m? —ep) — (—b— \/v?p2 + m? —er)

= 4 (3.63)
Then we have,
Moo= L (@) [(4b)p_ + (3b+ er)(ps — po) + 2(pe — py)
VT ko onh p— EF)\P+ — DP- Pec — P+
Pt 2hev?
—/ dp./v?p? + m? ;U (3.64)

For semiconducting case X4 is given by,

egp
o = g () 6

for |b —m| < ep < |b+m| and,

Xso = —gopm (VEr+07—m?+/er —bP —m? +22.)  (3.60)

for (b+m) < ep.

For Weyl semimetal case X4 is given by,

egp
Xso = _%ghl;v <\/(5F +b)2 —m?+/(er — )2 —m? + 21/1%) (3.67)
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for (b+m) < ep.

Xso = —smm (Vier +07 —m?+20p.) (3.68)

" 2m2h2y

for (b —m) <ep < (b+m).

egp
o =~ (VT VG ) 6

for 0 <ep < (b—m)

3.2.5 X, term

_ 1 1 o dp. 0 (2hev2)2
M= e /, o 27 - 5z PlEsmn- (05 (3.70)
For T'— 0(B — o0), we have
Lo O(er — Eoup. (0))
/86(17 [ Spp ( )H =0 2&_5”1)2 (0) ( )
where,
Esup. (0) = s[b+ py/v2p? +m?|
or,
Egrprp. (0) = b+ §'\/v2p2 + m?
and we have,
Ao = _l 1 /00 dp, O(er — é?lslulpz (0)) (25602)2 51
2= B 4rh2v? | 2nh o 2515,#% (0) 12 .
For ep =0,
> G(EF _6// ’ (O)) Pc
dp. s'pu'ps - 2/ dp.A(p,) (3.73)
/—oo S’Z,u’ 28{9/#'112 (O) o
Introducing
1
|P0| = E\/m (3'74)
For ‘pz| < pOa
1 1
Ap-) = + (3.75)
—b+/02pZ+m? | —b— \Ju2pI +m?
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For |p.| > po,
1 1

_l’_
—b—\/v?p2+m?  b— /v2p2 +m?
Then,Eq. (3.73) becomes,

Alp:) =

(3.76)

o0 Oer —€l,, (0 Po 1 1
L TG o +
—0o0 s’ 2€s’y’pz (O) 0 b+ Ung + m2 —b— Ung + m2

Pe 1 1
+/ dp- +
Po —b—\/v2p2 +m?  b— Jv2p2 +m?

(3.77)

For 0 <ep < (b—m)

Define,
Ips o= m2/
p-| (e —b)? —m?/v (3.78)
For pi < |p:|,
Ap.) = + ! (3.79)
b b JPE L2 —b— [ '
For p_ < |p.| <p4
A(p.) 1 " 1 " 1
p =
: —b+o2p2+m2  b— /22 +m2  —b— \Jv2pZ+m?
1
= 3.80
—b— /v2p2 + m? (3.80)
For |p.| < p—
A(p,) = + ! (3.81)
b —b+\/v?p2 +m?  —b— \/v?p2 +m? '

Then we have,

0 O(erp —€ly, (0 P 1 1
/ dpz Z ( F : 12 pz( )) = 2 / dpz +
—00 sy’ 255//L/pz (O) 0 —b + \/W —b— \/W
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For (b—m) <ep < (b+m)
Define,

pil = VET 02 —m2/v

Then we have,

/oo dp Z 9(6 ESIM I (0)) _ /pc dp 1
e s’ 26/9 'p'p= (O) P+ b— V U2p§ + m?

For ep > (b+m)

/OO dp Z Q(EF Es’u’p (0)) - 9 /pc dp 1
—0o0 : s’ 263’# "D (O) p— : —b— 1/ U2p§ + m2
De 1
THY L R -
~/:D+ i b— /v +m?
(3.84)

Finally, we have the final expression of X', in semiconducting case given by

= ° ! —2barctan( bec )
Xow = 247120%0 |\ /m? — b2 \/|m2 b2|(e2 +m?2)

+2+/Im? — b?|log(v(e. + /€2 + m?)
/ b2) — 2 b/ b2) — m2
L)’In + arctan( €F + ) m ))

m? — 0| VIm? = b2|(er +0)?
++/Im? — b2|log(v(v/eF + b2) —m2+(5F+b)))) (3.85)

for |[b —m| <ep < |b+ m| and,

+b(arctan(

= c ! —2barctan( bec )
Xow = 2472h2v | /Im2 — b2| \/|m2 b2|(e2 + m?)
+24/Im? — b2|log(v(e. + /€2 + m?2)
b2) — m2 b b2) — m2
Ver b —m? + arctan( cr 0 —m
Im? — b?| VIm? = 0[(er +0)2

+vV/|[m? = 0*|log(v(Ver +b2) —m? + (er +)))

“02) — m2 b —52) —m2
Ver b —m? + arctan( °r J—m )
= 7] Vi = Pler — 02

—mZ =02 log(v(\/er — b2) —m2 + (e — b)))) (3.86)

for (b+m) < ep.

+b(arctan(

+b(— arctan(
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3.3 Magnetic susceptibility of Dirac-Weyl semimetals

3.3.1 Time-reversal symmetric case (b =0)

In this chapter, we argue about the basic properties of the magnetic susceptibility of
Dirac-Weyl semimetal in various choices of (m,b). We first consider the the case of
b =0, i.e., in the absence of the intrinsic Zeeman term. The susceptibility components

at T = 0 are expressed as functions of the Fermi energy ep as

2 2 2 _ 2
e*v ( g ) m20(|ep| — m) In Ver —m? + |ep| N
m

Xspin(EF) - +47‘r2h mov?

2
Xsoler) = —35= (mg) sgu(er)f(ler| —m)y/ek —m? + Xs0(0),  (3.87)

Xspin (O)’

2¢e.
2 In |5F‘ <m,
(ep) = — g
Xor 12721 In = ler| > m.
Ver —m? + |ep|

Here X ;,(0) and X, (0) are constants which solely depend on the energy cut off
€c. We should note that these terms may not be physically meaningful because in the
real material, the susceptibility generally have some offset which is determined by the
whole band structure beyond the present description. In the following, therefore, we

argue about relative susceptibility with X ; (0) and X4, (0) substracted.

The three susceptibility components in Eq. are separately plotted as solid
curves in Fig together with the (90°-rotated) band structure in the top panel.
The orbital-orbital term X, is negative and logarithmically decays in higher |ep|.
It actually corresponds to the orbital diamagnetism in 2D graphene, and equivalent

to the previous calculation in 3D [50]. The spin-spin term Y corresponds to the

spin
summation of the Pauli and the van Vleck paramagnetism, and it is positive and
increases as |er| becomes larger. Interestingly, the spin-orbital term X is an odd
function of e unlike other two components being even functions, and it monotonically
decreases in increasing €. It is because Xg, is solely contributed by the n = 0 Landau

level, which is responsible for breaking the electron-hole symmetry as we argued in

Chapter 2.

It is also important to note that the three susceptibility components have different
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magnitudes. The relative magnitudes are roughly estimated as
2
. E E
Xspin N< 9 2) . Xso 9 -, (3.88)
Xorb mov Xorb mov

where E is the energy scale corresponding to ep and m. Here mg is the bare electron

mass which originates from pp in the Zeeman term. The typical velocity operator is of
the order of 10° m/s (e.g., 3x 10% m/s for TaAs|54]), and then mov? becomes the order
of 100 meV. In the case of moderate e and m much smaller than 100 meV, therefore,
we expect X, is dominant so that the system becomes diamagnetic in total.
Finally it is worth to argue the Dirac semimetal case m = b = 0. Eq. except

for the constant terms becomes,

Xspin(gF) = 0’

2’U
Xso(er) = 537 (g) 2 (3:89)

mov?

e2v €c

Xom(P) = ~fomag I ]

which are plotted in Fig as dashed curves. There Y completely vanishes, X ¢

spin

becomes a simple linear function, and X, gives a negative logarithmic peaks which

diverges at zero Fermi energy.

3.3.2 General cases (b > 0)

We plot the result of semiconducting case (m > b) in Fig where the band structure
and the plot of Xspin® X507 and X, is shown respectively. Unlike b = 0 case, we have
kink-like structures in all three terms at ep = +(m+b) and +(m —b) corresponding to
the specific band structure such as band edges, while the overall behavior is similar to

(m =1,b=0) case in the previous section: The relative Y is paramagentic inside

spin
the energy bands. The spin-orbital term susceptibility is again an odd function unlike
other two, but not a simple linear function anymore and it is constant inside the gap.
Xopp I8 diamagnetic and logarithmically decays while it is constant inside the gap.
Lastly, we show the plot of Weyl semimetal case in Fig[3.9] We observe in all
three terms the kinks corresponding to the band edges as in the previous gapped case,
while the property is now significantly different. Importantly, the diamagnetism X_ .

logarithmically diverges at e = 0 similarly to the Dirac semimetal case (m = b = 0),
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Figure 3.7: Dirac semimetal case (m = b = 0; dashed line) and semiconducting case
(m = 1,b = 05 solid line). (a) Band structure. (b) Spin-spin term susceptibility
Xspin — Xspin(€F = 0). (c) Spin-orbital term susceptibility X g5 — Xgo(er = 0). (d)
Orbital-orbital term susceptibility X

orb*
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and this actually reflects the existence of the linear dispersion around the Weyl nodes at
zero energy. In the same region, Xspin ~ Xspin (er = 0) vanishes and this is also similar
to the Dirac semimetal case. Outside the linear band region, X ;. — X pin(€r = 0)
becomes negative near the second band edges e = £(m + b), and it increases again
outside. X is rather featureless and monotonically decreases in increasing of Fermi

energy.

3.3.3 Chirality Dependence

Similar to the Rashba/Dresselhaus case in the previous section, the sign of the spin-
orbit cross susceptibility X, depends on the spin-texture in the momentum space.

Here we consider the Hamiltonian,

m+b 0 vp- v(pe + ipy)
0 m—>b v(pgy — 1 —up,,
vps v(ps +ipy,) —m+b 0
”U(px - ipy) —Upz 0 —-m—>b

where p, + ip, in Eq. is inverted to p, F i¢py. The difference between Eq.
and Eq. can be understood as the handedness of the spin texture. Specifically,
when we go clockwise around the equienergy contour on p,, p, plane (ie., fix p.),
the spin zy component rotates clockwise in Eq. , while counter-clockwise in Eq.
(13.90)).

We can calculate the Landau level structures for Eq. in the exactly same
manner as in Eq. , then we immediately find that the sign 7y, is inverted:
namely, the existing level and non-existing level of n=0 sector are interchanged. All
other Landau levels n # 0 are identical in Egs. and . As a result, only
the spin-orbit cross susceptibility X'y inverts its sign from Eq. , while X, and
Xspin Temains unchanged. Only the X is sensitive to the "handedness” of the spin
texture, and it affects the total susceptibility.

In Fig we plot Xy for the Dirac semimetals (with m = b = 0) with opposite

chiralities, i.e., Egs. (3.1) and (3.90).
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Figure 3.8: General semiconducting case (m = 1,b = 0.5). (a) Band structure. (b)

Spin-spin term susceptibility X spin — Xspin (er = 0). (c) Spin-orbital term susceptibil-

ity Xso — Xso(eér = 0). (d) Orbital-orbital term susceptibility X
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Figure 3.10: X4 for 3D Dirac semimetal case with opposite chirality. Dashed line

for Eq. (3.1) and Solid line for Eq. (3.90).
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Chapter 4

Conclusion

In this thesis, We calculated the magnetic susceptibility in various types of materials
with spin-orbit coupling, including 2DEG with Rashba / Dresselhaus spin-orbit cou-
pling, 2D Dirac model to describe the surface state of 3D topological insulator, and 3D
Dirac / Weyl semimetals. The new findings in the thesis are summarized as follows.
(1) General formulation of the spin-orbit cross susceptibility X -

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 X, on top of the
spin susceptibility Xspin and orbital susceptibility X . 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 X -

The Rashba SOC and Dresselhaus SOC have essentially the same energy disper-
sions, 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 (or handedness) of the

spin texture, but here we found it is not the case. Namely, the X is found to have

49
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opposite signs in Rashba and Dresselhaus case, while X', and X are just identical.

spin
We also found that the sign of X 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 X'y, 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 4 x 4
Hamiltonian, which covers the Dirac semimetal, the Weyl semimetal, and the gapped
semiconductor. We calculate the Landau levels and and analytically derive the ex-
pression of the magnetic susceptibility. Using the formula, we actually calculated the

susceptibility in various different cases.

We found that that Xorb and Y

spin L€ even functions of the Fermi energy i.e.,
electron hole symmetric with respect to zero energy, while only the X is found to
be an odd function of Fermi energy unlike the other two. This makes sense since
Xgo is solely determined by the n = 0 Landau level and it breaks the electron hole
symmetry. In the Dirac and Weyl semimetal case, in particular, we showed that Xq
is a monotonically increasing or decreasing function in the Fermi energy, while X, .
is a logarithmic function which diverges at zero energy. The log divergence is reflects
the formation of the band touching points. Using the parameters in experimentally-

realized Dirac or Weyl semimetals, we showed that X, is the largest while other

terms also have the significant contributions.

We also investigated the susceptibility of the Hamiltonian with opposite chirality
in the spin texture, and confirmed that the sign of Y, becomes opposite by inverting

the chirality, while X', and X remain unchanged.

spin

Lastly, let us argue about how one can experimentally observe the effects predicted
in this thesis. For Rashba / Dresselhaus system, X g governs the total susceptibility
in ep < 0 (below the Dirac point). If one can measure of the magnetic susceptibility
in Rashba/ Dresselhaus system in ep < 0, it should be the direct measurement of

the chirality dependent part of the magnetic susceptibility. For the surface states of

the topological insulator, we predicted the X'q, jumps at the Dirac point, and its the
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direction (negative / positive) depends on the chirality of the spin texture. It should
be observed as the jump of the total susceptibility in changing the Fermi energy.

For Weyl / Dirac semimetals, our calculation predicts the strong diamagnetism at
the band touching point of Weyl and Dirac semimetal, where the X, logarithmically
diverges. This should be observed as the dominant part of the magnetism. On the
other hand, X is the only term which has different sign in the electron side and
the hole side. The present result suggests that the electron side is more paramagnetic
or diamagnetic than the hole side, depending on the chirality of the spin texture. So
in principle, we can directly detect the chirality by measuring the dependence of the
susceptibility on the Fermi energy near the Dirac point. Of course the electron-hole
symmetry is generally broken in the real material, and it may also contribute to the
electron-hole asymmetry in the susceptibility. The detailed study on this is left for the

future work.
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