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Chapter 1

Introduction

Conventionally, metals and insulators had been distinguished by the existence of band gaps.
About a decade ago, a novel phase which does not belong to either metals or insulators, called the
topological insulator, was found. It is notable that time-reversal invariant topological insulators
have bulk band gaps but also have gapless surface states. Further, topologically nontrivial phases
and trivial phases cannot be connected smoothly to each other. Namely, bulk band-gap closings
are required for the transitions between topologically nontrivial and trivial phases. Topologically
nontrivial and trivial phases are distinguished by the “topological invariant”. They are calculated
from the wave functions of systems. In addition, before the establishment of the concept of topo-
logical phases, different phases had been distinguished by the order parameters which indicate
spontaneous symmetry breaking. For example, magnetism can be understood as a consequence
of spontaneous spin rotational symmetry breaking. However, topological phases cannot be distin-
guished by order parameters. From the viewpoint of symmetry analysis, time-reversal invariant
band insulators and time-reversal invariant topological insulators cannot be distinguished. Topo-
logical invariants are not local quantities in contrast to conventional order parameters.

Recent extensive studies have revealed that spin-orbit coupling is essential to realize topo-
logically nontrivial phases. On the other hand, it has been known that electron correlations play
significant roles in condensed matter. Recent theoretical studies have shown that the interplay of
spin-orbit coupling and electron correlation can lead to various exotic phases and phenomena. Es-
pecially, it is interesting that topological phases can emerge in strongly correlated systems. This
suggests that electron correlations can also play an important role to realize topological phases.
However, preceding studies have mainly focused on the effects of short-range interactions. What
happens as a result of strong long-range interactions? The effects of long-range interactions in
topological phases have not yet been revealed. In Dirac fermion systems, the effects of long-
range interactions are expected to be important, since the screening effect is considered to be
weak due to the vanishing density of states near the Fermi level.

Based on these facts, the purpose of this thesis can be divided into two parts:

(I) We study the effects of long-range interactions in three-dimensional topological phases, fo-
cusing on their stability against strong long-range interactions.

(IT) We search for novel phases and phenomena which result from the interplay of spin-orbit cou-
pling and electron correlation.

In this chapter, we review theoretical and experimental aspects of various topological phases.
According to historical order, we start from quantum Hall insulators which are characterized by
the Chern number. Then we review two-dimensional and three-dimensional topological insula-
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tors which are characterized by the Z, invariants. We also review novel topological phases, Weyl
semimetals and Dirac semimetals. Here we emphasize that strong spin-orbit coupling is essential
to realize topologically nontrivial phases. Finally we review the interplay of spin-orbit coupling
and electron correlation.

This chapter is organized as follows. In Sect. [, we introduce the topological invariant
for time-reversal invariant topological insulators. In Sect. [, we introduce the experimental
and theoretical properties and the effective model of three-dimensional topological insulators of
BiySes; family. In Sect. I3, we introduce the theoretical properties and theoretical models of
Weyl semimetals. In Sect. [C4], we introduce the experimental and theoretical properties of Dirac
semimetals. In Sect. [, we introduce novel phases and phenomena induced by the interplay
of spin-orbit coupling and electron correlation. We also introduce theoretical studies on electron
correlation effects in topological phases.

This thesis is organized as follows. In Chap. B, we review an approach to interacting Dirac
fermion systems, the lattice gauge theory. We review the formulations for the lattice regulariza-
tion of Dirac fermions, and the lattice regularization of gauge fields. Then we review applications
of the lattice gauge theory to graphene, an interacting two-dimensional (2D) Dirac fermion sys-
tem. In Chap. B, we study the effects of strong 1/ Coulomb interactions in a 3D topological
insulator. Based on the U(1) lattice gauge theory, we analyze the system from the strong cou-
pling limit. We propose a possible global phase diagram of the system. In Chap. B, we study the
effects of strong 1/r Coulomb interactions in a time-reversal symmetry broken Weyl semimetal
with two nodes. Based on the U(1) lattice gauge theory, we analyze the system from the strong
coupling limit. We propose a possible global phase diagram of the system. In Chap. B, the effects
of strong 1/ Coulomb interactions in Dirac semimetals with four and sixteen nodes. Based on
the U(1) lattice gauge theory, we analyze the system from the strong coupling limit. We propose
a possible global phase diagram of the system. In Chap. B, we study the effects of short-range
interactions in a 3D spin-orbit coupled system. We present the mean-field phase diagram of the
system. Then we focus on the topological magnetoelectric response of the antiferromagnetic
insulator phase. Finally in Chap. [, we summarize this thesis.

1.1 Topological Invariants

In this section, we review an important concept, the topological invariant, which characterizes a
phase. According to historical order, we start from the quantization of the Hall conductivity in
quantum Hall insulators, and then move on to a recently discovered phase, quantum spin Hall (or
two-dimensional topological) insulators. Finally we consider the Z, invariant which distinguishes
topologically nontrivial phases from trivial phases in the presence of time-reversal symmetry.

1.1.1 Quantum Hall Insulators

The Quantum Hall insulator is a kind of topologically nontrivial phases, where its topological
invariant is given by the Chern number. In the following, we derive an important expression for
the Hall conductivity of a 2D system, known as the TKNN formula [[]. Let us start from the
Kubo formula for conductivity given by [J]

| Y A B
) = = fo Jpel @O fo A (J(=in DI, D), (1.1)
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where H is the unperturbed Hamiltonian of a system, 8 = 1/T, J,(t) = e'H'J,e7"H! and
(- deq. = Trle P ...1/Z with Z = Tr[e #H]. With the eigenvalues and eigenstates such that
H|n) = E,|n), the above equation is rewritten as

Zf(E) F(En) (n|JIm)m|Jy|n)
w+E,—E,+i6

o) = (1.2)

where we have replaced e #£#/Z by the Fermi distribution function f(E,). In a system with
translational symmetry (H (k) = E, i |u,x)) and with an energy gap in the Brillouin zone (E,,;, #
E,k), the static Hall conductivity oy, is given by

_ zhe Z Zf(Enk)<unk|Vx|umk><umkzlvy|unk:> - <unk|2Vy|umk><umk:|vx|unk>
(Enk - Emk)

> (1.3)

m#n

where k is the crystal momentum, the subscript n (and m) denotes the n-th band, and we have

used J, = —ev,. Noting that the velocity operator is written as v, = %}gﬂk)’ and the relation

0= %(unklumk) = (%unklumk) + <unk|%umk), we obtain the quantized Hall conductivity
H H H

2

e
o = — (1.4)
O xy . v
with
d’k (OA aﬂn x d*k
v—Zf ( ny ) Zf_(Vx.ﬂn) e, €7, (1.5)
where A, = —i{u,k|Vi|u,k) and the summation with respect to n is done over all occupied

bands. The integer v is called the (first) Chern number. The quantity o, = eh—zv is identical to the
Hall conductivity in the case where v Landau levels are occupied and the rest are empty (i.e., there
is an energy gap). The Hall conductivity is invariant as long as the number of occupied Landau
levels v is not changed. Namely, the Chern number can be said to be a topological invariant, since
it does not change when the Hamiltonian changes smoothly with finite energy gap.

1.1.2 Quantum Spin Hall Insulators

Recently discovered topologically nontrivial phases have attracted many researchers and offered
a new direction in modern physics [B-8]. The pioneering works appeared in 2005, where the
realization of a topologically nontrivial phase termed the “quantum spin Hall insulator” due to
intrinsic spin-orbit coupling was discussed in graphene [B,[]. Note that quantum spin Hall in-
sulators are also called two-dimensional topological insulators. In quantum spin Hall insulators,
the spin Hall conductivity oy, takes the quantized value [B-8]

h
2e
where Ji = oy Ey with Ji(= Jy T—J l) being a spin current and E, being an electric field. The

factor represents the conversion from the charge conductance to the spin conductance. Quan-
tum spm Hall insulators can be considered as the superposition of two quantum Hall insulators

3



1.1. TOPOLOGICAL INVARIANTS

(a) (b) i (c) (d)
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ﬁ(;:\llaelr:)trlonal v=0 \/ Insulator n=0 \/
EF E 0 i 1 E
T b NAANAAA F
EETIT spinx l \T : Quantum Hall ;
; = ' State n=
Hall insulator V=1 Valence Band Valence Band
' 1
—n/a 0 k -n/a : —n/a 0 k -m/a

Figure 1.1: Schematic pictures of the (a) helical edge states and (b) energy spectrum in a quantum
spin Hall insulator, and the (c) chiral edge states and (d) energy spectrum in a quantum Hall
insulator [B].
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Figure 1.2: (a) Schematic diagram of energy bands near the Fermi level in HgTe/HgCdTe quan-
tum well [B]. When the thickness of HgTe is larger than the critical value, the conduction and
valence bands are inverted. In such a state, the quantum spin Hall effect emerges. (b) Ex-
perimentally observed longitudinal four-terminal resistance as a function of the gate voltage in
HgTe/Hgo 7Cdg.3Te quantum well [[d]. The Fermi level can be tuned by the gate voltage. The
sample (I) [(II)-(IV)] is thinner (thicker) than the critical value. Although the samples (III) and
(IV) are different in size, the resistivity is almost the same. This implies the direct evidence of
the helical edge state.

with the chiral edge currents opposite to each other. Therefore, the Hall conductivity is zero, and
time-reversal symmetry of the system is preserved. The most important feature of quantum spin
Hall insulators is the existence of gapless helical edge states which are protected by time-reversal
symmetry. Figures [CTl(a) and [Ti(b) show schematic pictures of the helical edge states and en-
ergy spectrum in a quantum spin Hall insulator, respectively. For comparison, those of the chiral
edge states and energy spectrum in a quantum Hall insulator are shown in Figs. [Tl(c) and [TI(d).

After the theoretical prediction in HgTe/CdTe quantum well [B], the first experimental ob-
servation of the quantum spin Hall effect in HgTe/Hgy 7Cdy 3Te quantum well was realized in
2007 [M]. Hg;-,Cd,Te is a semiconductor with strong spin-orbit coupling. As shown in Fig.
[A(a), HgTe and CdTe have band structures opposite to each other near the Fermi level. In HgTe
quantum well sandwiched by CdTe, the conduction and valence bands are inverted when the

4
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thickness of HgTe is larger than the critical value. In such a state, the quantum spin Hall effect
emerges. The mechanism of the emergence is the sign inversion of the mass of the Dirac fermions
in the low-energy effective model [B], as in the case of three-dimensional topological insulators.
Band inversion (or, equivalent, sign inversion of the mass of Dirac fermions) is essential to re-
alize topologically nontrivial phases. In the experiment, the existence of the helical edge state
was directly observed by measuring the longitudinal four-terminal resistance [see Fig. [A(b)].
Further, it was shown that in the presence of external magnetic fields, which break time-reversal
symmetry of the system, the helical edge state is destroyed.

1.1.3 Z, Invariant

In the presence of time-reversal symmetry, topologically trivial and nontrivial phases can be
distinguished by the “Z; invariant”. Here let us define a time-reversal operator 7. When
a system is time-reversal invariant, the single-particle Hamiltonian (k) satisfies the relation
T H (k)T ~' = H(~k). Further let us define a unitary matrix wgy,(k) = (ua(k)|7 |up(k)) where
lup(k)) is the Bloch functions of the occupied bands. Then we see that wp,(k) = —wgp(—K),
due to the property 72 = —1. At the time-reversal invariant momenta in the Brillouin zone,
namely at the momenta which satisfy k = —k(= A,), the matrix w(A,) becomes antisymmetric.
Recall that the determinant of a antisymmetric matrix is equal to the square of its Pfaffian, i.e.,
det[w(A,)] = {Pf[w(A,)]}2. This relation is equivalent to 6, = =1 = Pf[w(A,)]/Vdetlw(A,)].
The Z, invariant of the d-dimensional (dD) system is given by the product of all the J, in the
Brillouin zone [[]:

2d
1= |6 (1.7)
a=1

We see that v can take two values, v = 0,1. The v = 1 (v = 0) phases are called topologically
nontrivial (trivial). This is a property of the bulk of a system. On the other hand, as mentioned
above, topologically nontrivial phases (with v = 1) are characterized by the existence of gapless
edge states (or surface states in three dimensions). This fact is referred to as the “bulk-boundary
correspondence”.

In the presence of spatial inversion (parity) symmetry, the Z; invariant has a simpler form
given by [, ]

24 N
0" =[] | enra, (1.8)

a=1 m=1

where &,,(A,) is the parity eigenvalue of the occupied 2m-th band at the time-reversal invariant
momenta A,, and 2N is the number of occupied bands. Note that the two Bloch states |us,,—1(k))
and |uy,,(k)) has the same parity eigenvalue due to the Kramers degeneracy.

In three spatial dimensions, there exists the other three Z; invariants in addition to Eq. (I2)
[[I-13]. The eight time-reversal invariant momenta A; of a three-dimensional lattice system can
be expressed as

1
Aa=(ninynz) = E(nlbl + naby + n3b3), (1.9)
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where n; = 0,1 (j = 1,2,3) and b; are primitive reciprocal lattice vectors of the lattice. Then
the three Z; invariant is given by [, T2A]

(=17 = l—[ Oa=(mnon) (= 1,2,3). (1.10)

}'l]'=1; n#_,:O,l

The phases with v = 0 and at least one nonzero v; are referred to as “weak” topological insulators,
while the phases with v = 1 are referred to as “strong” topological insulators. This is because
weak topological insulators have even numbers of surface Dirac cones and the surface states
are broken (i.e., becomes gapped) by disorder. On the other hand, strong topological insulators
have odd numbers of surface Dirac cones and the surfaces states are robust against disorder. 3D
topological insulators are usually labeled by the four Z; indices (v;v{v,v3).

In the following, we show that the calculation of the Z, invariant becomes much easier when
the single-particle Hamiltonian of a system with time-reversal and inversion symmetries is rep-
resented in terms of matrices which satisfy the Clifford algebra. Let us define a single-particle
Hamiltonian as H (k) = 22:1 R(k)a, with the 4 x 4 matrices a, satisfying the Clifford alge-
bra {ey,a,} = 20,,1. Time-reversal 7 and spatial inversion (parity) ¥ require the condition
THEYT ' = PH(k)P™! = H(-k). To be concrete, we define the matrices @, by the Dirac
representation. Namely, we obtain

[0 o oo o -
O

where j = 1,2,3 and o are the Pauli matrices. In this case, time-reversal and parity operators
are written as 7 = 1 ® (—io»)K (K is the complex conjugation operator) and £ = 03 ® 1. Then
we see that

Ta, 7' =Pa, P! = —a, (u#4), (012
TayT ' = PayP ™! = au. ’
At the time-reversal invariant momenta A, the Hamiltonian satisfies 7H (A,)7 ~' = PH (AP !
= H(A,). Then it follows from Eq. (IC48) that R{(A,) = R2(A,) = R3(A,) = Rs(A,) = 0. Here
note that ¥ = a4. The energy eigenvalue at A, is obtained as E(A,) = £R4(A,), where we have
used the fact that the eigenvalues of # are +£1. When the system is half-filled and the energy gap
exists throughout the Brillouin zone, we obtain an alternative expression for the Z; invatiant [[l]:

(—1) = [ [ {-senlRa(A}, (1.13)

a

where, in Eq. (L), we have used that £,(A,) is given by é2(A,) = —sgn[R4(AL)].

1.2 Three-Dimensional Topological Insulators

In this section, first we review experimental facts of three-dimensional (3D) topological insula-
tors, focusing on how they are realized and their peculiar surface properties. Then we introduce
an low-energy effective Hamiltonian for 3D topological insulators, and an important bulk prop-
erty, the topological magnetoelectric effect.
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Figure 1.3: (a) Schematic diagram of the bulk band energies of Bi;_,Sb, as a function of Sb
substitution x [[4l]. (b) Topological surface states on the (111) surface of Big 9Sbg ; [[4].

1.2.1 Basic Properties

Recently discovered topologically nontrivial phases have attracted many researchers and offered
a new direction in modern physics [B-H]. After the theoretical predictions of three-dimensional
(3D) topological insulators had been made in 2007 [, T2A], the first experimental observation
was realized by an angle-resolved photoemission spectroscopy (ARPES) in the 3D topological
insulator Bi;_,Sb, in 2008 [I4]. Pure bismuth is a semimetal with strong spin-orbit coupling.
The 3D topological insulator phase is induced by substituting bismuth with antimony. Such a
substitution in Bi;_,Sb, causes the band inversion between the conduction and valence bands
accompanied with the bulk energy gap opening, which results in the change of the Z, invariant
(B). A schematic diagram of the bulk band energies of Bi;_,Sb, as a function of Sb substitution
x 1s shown in Fig. [3(a). A direct experimental evidence for the (strong) topological insulator
phase is the existence of the gapless surface states which cross the Fermi level odd (five in this
case) times between two time-reversal invariant momenta I and M [see Fig I3(b)]. This is
because, from the discussion on the Z, invariant, it can be shown that an odd number of crossings
leads to topologically protected surface states [T, TA].

The discovery of Bi;_,Sb, offered a possibility of experimental researches on 3D topological
insulators. However, its bulk and surface band structure is rather complicated, since the band
inversions occur at three equivalent L points. In 2009, a new class of 3D topological insulators,
Bi;Ses; family, was discovered by an ARPES experiment [[3] and a first-principles calculation
[I8]. In these materials, the band inversion occurs only at single point (the I" point), resulting
in a (1; 000) topological insulator phase. Such a simple realization also leads to the existence of
a single Dirac cone on the surface. A schematic diagram of the energy level evolution near the
Fermi level in BiySes is shown in Fig.[T4(a). The three stages (I), (II), and (III) represent the
effects of the chemical bonding, crystal field splitting, and spin-orbit coupling, respectively. We
see that an energy level crossing occurs as the strength of atomic spin-orbit coupling becomes
stronger. Figure [C4(b) shows the energy levels of the p-orbitals P17 and P2 near the Fermi level
as a function of a dimensionless parameter x which represents the strength of atomic spin-orbit
coupling as AB! = x/lg‘i and A5¢ = x/l(s)'e (x = 1 represents the realistic value) [[[8]. These results
indicate that strong spin-orbit coupling is essential to realize topologically nontrivial phases.

Surface band dispersion of BiySes near the I' point observed by an ARPES measurement and
obtained by a first-principles calculation is shown in Fig. [3(a) and Fig. T3(b), respectively.
From these figures, we see that the surface band is isotropic in momentum space and has a

7
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Figure 1.4: (a) Schematic diagram of the energy level evolution at the I" point in BipSes3. The three
stages (I), (II), and (IIT) represent the effects of the chemical bonding, crystal field splitting, and
spin-orbit coupling, respectively. The dashed line denotes the Fermi level [[A]. (b) Energy levels
of two p-orbitals P17 and P2 as a function of a dimensionless parameter x which represents the
strength of atomic spin-orbit coupling. x = 1 represents the realistic value [[A].
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Figure 1.5: (a) Surface band dispersion of Bi»Se3 observed by an ARPES measurement for k, and
ky directions [[[J]. (b) Surface and bulk band dispersion of Bi,Se3 obtained by a first-principles
calculation [[Id].
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linear dispersion near the band touching point. Namely, the topological surface state is described
by 2D massless Dirac fermions. One of the most peculiar properties of surface states is the
“spin-momentum locking” of surface electrons [[R]. Such surface states are called to be helical.
A spin-resolved ARPES data on the surface electronic structure of Biy_sCasSes is shown in
Fig. [[A. It can be seen that the directions of the spins of surface electrons are coupled to the
electrons’ momenta. This can be understood as a consequence of strong spin-orbit interactions
and a requirement of time-reversal symmetry such that E(k. T) = E(—k, |). However, in contrast
to the bulk band structure, the spin-momentum locking requires non-degenerate band structure
for the topological surface state. The resulting effective Hamiltonian for the surface state is
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Figure 1.6: (a) Intensity plot of the surface state of Bip_sCasSes at the Fermi energy. Red arrows
represent the directions of spins of electrons. (b) Surface band dispersion of Biy_sCasSes for
the k, direction. (c) y component of the spin polarization of surface electrons along the I'-M
direction. (d) x and z components of the spin polarization of surface electrons along the I'-M
direction. All figures are from Ref. [J.

described by two-component massless Dirac fermions:
Hsurface(k) = VF(kyO—x - kxo-y) =vp(k X e;) - T, (1.14)

where v is the Fermi velocity of the surface state (i.e., the slope of the Dirac cone), and oy, 0y
are the Pauli matrices for the spin degree of freedom. The energy eigenvalues are readily obtained

as Egurface(k) = £V, /k,% + kyz. The value of the Fermi velocity of the surface states in BipSes is

experimentally obtained as vi ~ 5 X 10° m/s [[3], which is in agreement with a first-principles
value vg ~ 6.2 X 10° m/s [IA].

So far we saw that the surface states of 3D topological insulators such as Bi,Ses are described
by 2D two-component massless Dirac fermions. Due to the spin-momentum locking, the surface
states are robust against disorder, as long as time-reversal symmetry is preserved. Namely, the
backscaterrings of surface electrons from (k, T) to (—k, T) are absent [[]. Theoretically, it have
shown that 2D two-component massless Dirac fermions cannot be localized in the presence of
nonmagnetic disorder [0, T]. However, surface states are not robust against magnetic disorder
which breaks time-reversal symmetry. This is because the surface Dirac fermions described by
Eq. (T4) can be massive by adding a term proportional to o, i.e., mo,. More precisely, adding
the exchange interaction such that Hexen. (k) = J Simp - & where Siy, is the spin of a magnetic
impurity to the Hamiltonian (ICT4) leads to a gapped spectrum

Eurtace(k) = i\/(kax + IS VP + (veky = JSE )7+ (TSP (1.15)

imp
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Figure 1.7: (a) Schematic picture of an experimental setup to detect the quantum anomalous Hall
effect in a ferromagnetically ordered topological insulator thin film. The chemical potential of the
film can be controlled by a gate-voltage applied on the back-side of the dielectric substrate [24].
(b) Gate-voltage V, dependence of the Hall conductivity o, and the longitudinal conductivity
0 xx 1n Crg 15(Big.1Sbo.9)1.85Tes [E4]. (c) Observed flow of the conductivity in the (oyy, 07xx)
plane in Crg22(Big2Sbgg)1.78Tes thin film. With decreasing temperature, the system evolves
toward two stable fixed points, oy = 0 or oy, = e%/h [O3].

Let us consider a general 2 X 2 Hamiltonian given by H (k) = R(k) - o. In the case of massive
Dirac fermions, R(k) is given by R(k) = (ky, ky, m). The Hall conductivity of the system can
be calculated by [[I, ]

e’ 1 . (0R OR e?
_e 1 . il ‘. 1.1
Ty = f dkdky, R ( ¥ aky) sgn(m) - (1.16)

where R = R(k)/|R(k)| is an unit vector. The integral is equivalent to the area where the unit
vector R moves on the unit sphere, which namely gives the winding number of R. Atk = 0,
the unit vector R points the north or south pole, that is, R = (0,0, sgn(m)) At large k with
k| > |m]|, R almost points the horizontal directions. Hence varying k, R covers the half of the
unit sphere, which gives 2.

Equation (IC18) indicates the (half-)quantum Hall effect occurs on the surfaces of 3D topo-
logical insulators, when magnetic impurities are doped or a magnetic film is put on the sur-
face [, D3]. The direction of the Hall current depends on the sign of m, i.e., the direction

10
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of the magnetization of surface electrons. Actually, the surface quantum Hall effect has been
observed experimentally [4,25]. The observed surface quantum anomalous Hall effect in Cr-
doped Bi,Sb;_,Tes thin film is shown in Fig. [A. Note that in those systems the magnetization
directions of top and bottom surfaces are the same, and thus the observed Hall conductivity is
2 x €%/(2h) = €*/h. It can be seen from Fig. [A(b) that the Hall conductivity is quantized when
the chemical potential lies in the surface band gap.

1.2.2 An Effective Lattice Model

In the following, we consider the low-energy effective Hamiltonian of 3D topological insulators
such as Bi;Ses;. As mentioned above, the bulk electronic structure of BipSe; near the Fermi level
is described by two p-orbitals P17 and P27 with + denoting parity. Then defining the basis
[P1F,T),IP1},1),IP27,1),|P27,T)] and retaining the wave vector k up to quadratic order, the
low-energy effective Hamiltonian for the bulk around the I" point is given by [[[8, 7]

MkEk) 0 Ak, Ak
0 Mk) Ak, —Aik;

Ark;  Axk- —M(k) 0 (1.17)

Ask, —Aik, 0 ~M(k)

= Azkxa’l + Azkya'z + Alkza/g + M(k:)a4,

7‘[eﬂf(k) =

where k. = k, + ky and M(k) = mg — Bik? — Bok3. The coeflicients are fitted with a first-
principles calculation for Bi;Ses; mg = 0.28 [eV], A; = 2.2 [eV-A], A, = 4.1 [eV-A], B; = 10
[eV-A2?], B, = 56.6 [eV-A?]. The 4 x 4 matrices @, are given by

0 “f], a4=[(1) _01], (1.18)

a; =
J O'j 0

where the Clifford algebra {a,,a,} = 26,,1 is satisfied. Namely, the above Hamiltonian is
nothing but an anisotropic 3D Dirac Hamiltonian with a momentum-dependent mass.

In Subsect. 13, the Z; invariant, which identifies whether a phase is topologically nontriv-
ial or not, was defined. Here note that the Z, invariant is calculated in lattice systems. Hence we
cannot directly show that the phase which is described by the effective Hamiltonian (IT2) repre-
sents a 3D topological insulator. From this viewpoint, let us consider the effective Hamiltonian
(CT2) on a cubic lattice. We replace k; and kl.2 terms by k; — sin k; and kl.2 — 2(1 — cosk;). This
replacement is valid when k; < 1. Then we obtain the lattice version of the effective Hamiltonian
as

Weff(k) = Asaq sin kx + Ay sin ky + Aja3 sin kz
+ [mo = 2B1(1 = cosk;) — 2Ba(1 = cosky) = 2Ba(1 - cosky) |

(1.19)
= vr(ag sink, + as sink, + a3 sink;) + (mo +r Z (1 —cosk)| ay,
1=X,y,2
where, in the second line, we have simplified coefficients as vg = A} = Ay and r = -2B;| =

—2B,>. As will be mentioned later, this Hamiltonian is called the Wilson Hamiltonian, which was
originally introduced in lattice quantum chromodynamics.

In cubic lattices, the 8 time-reversal invariant momenta A, are given by (0, 0, 0), (7/a, 0, 0),
0,7/a,0),(0,0,7/a), (x/a,n/a,0), (n/a,0,n/a), (0,7/a,n/a), and (x/a,r/a,n/a) where a is

11
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Figure 1.8: Energy spectrum of the effective model (CT9) in a slab geometry (i.e., finite layers
in the z direction) with (a) mgy/r = —0.5 and (b) mo/r = 0.5. The surface state exists in the topo-
logically nontrivial case (0 > mqo/r > —2). (c) mo dependence of the surface Hall conductivity
oy 1n the case where uniformly magnetized impurities are doped into the bulk and surface.

the lattice constant. With the use of the expression (I'I3), we can calculate the Z; invariant of
the system as

8

(-1 = l_[ sgn

a=1

mo+r Z (1 —cosAé)

R (1.20)
B { -1 (0> mgy/r >-2o0r —4 > mgy/r > —6)

+1 (mo/r >0, =2 > mgy/r > —-4or —6 >my/r).

Indeed, the topological insulator phase with 0 > mq/r > —2 satisfies the above realistic value for
BiySes; mo/r ~ —0.28/(2 x 10/3%) = —0.13 where we have assumed the value of the lattice con-
stantasa = 3 [A]. In this thesis, we adopt the lattice Hamiltonian (I'T9) as a model Hamiltonian
for 3D topological insulators.

Energy spectra of the effective model (CT9) in a slab geometry for the case of the topological
insulator and for the normal insulator are shown in Fig. [8(a) and (b), respectively. Indeed, we
can see the surface spectrum, the single Dirac cone around the I" point, in the topological insulator
phase. Therefore, the effective model (I'T9) can be regarded as an effective lattice model for 3D
topological insulators such as Bi;Ses. Further, as shown in Eq. (ICIA), the surface Hall current
flows when the surface spectrum is gapped (i.e., for example, when magnetic impurities are
doped to the surface). Figure [C8(c) shows the surface Hall conductivity oy as a function of my
in a slab geometry. In the topological insulator phase, we have oy = e¢?/h. Here note that the

12
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Figure 1.9: Schematic picture of the topological magnetoelectric effect in a 3D topological insu-
lator with magnetic impurities doped to the surface (green arrows). (a) Magnetization M induced
by an external electric field E. (b) Electric polarization P induced by an external magnetic field
B.

obtained value of oy is the sum of the contributions from the top and bottom surfaces, namely
— 62
oy =2 X 7

1.2.3 Topological Magnetoelectric Effect

Surface states of 3D topological insulators are robust against disorder by nonmagnetic impurities,
as long as time-reversal symmetry is preserved. However, the surface states can be gapped (i.e.,
the surface Dirac fermions can be massive) by magnetic disorder which breaks time-reversal sym-
metry. This results in the surface quantum Hall effect. As a consequence, a novel phenomenon,
the “topological magnetoelectric effect”, emerges in 3D topological insulators [Z8]. Let us con-
sider a case where the side surface of a cylindrical 3D topological insulator is ferromagnetically
ordered, as shown in Fig. 9. When an external electric field £ is applied parallel to the cylinder,
the surface Hall current 7y is induced as

2
ju = —sgn(m);—hﬁ % E, (1.21)

where 71 is an unit vector normal to the side surface. From the Ampere’s law, the magnetization
M with | M| = |gul|/c (c is the speed of light) is obtained as[see Fig. [9(a)]

2
M = sgn(m)~—E. (1.22)
2hc

Similarly, when an external magnetic field B is applied parallel to the cylinder, the circulating
electric field E™ normal to the magnetic field is induced as V x E™ = — %. Then the induced
electric field generates the surface Hall current parallel to the magnetic field as

e’ OB

JH = sgn(m)ﬂg. (1.23)

On the other hand, a polarization current is equivalent to the time derivative of the electric polar-
ization. Finally the induced electric polarization P is given by [see Fig. [L3(b)]
2

e
P = —B. (1.24)
sgn(m)th

13
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Equations (I22J) and (24) clearly show the magnetoelectic effect. Here recall that the
magnetization and polarization can be derived from the free energy as M = —-90F/0B and
P = —0F/0E. To satisfy the relations (I”22) and (I24), the free energy must have the fol-
lowing form:

2

F:—fd3xe—E-B:—fd3x gezE-B (1.25)
2hc 4rhe ’

where we have omitted sgn(m) for simplicity, and € = . The integrand can be regarded as the
Hamiltonian density. The equivalent action is written as

Sy = | d*x e? E-B= | d* be? PR (1.26)
0= 4n2he - 3272he wEpds '

where F,,, = 8,A,-8,A, with A, being the electromagnetic four-potential, and €/"#* is the Levi-

Civita symbol. Note that % (= 1/137) is the fine-structure constant. This action is also called the
theta term. In particle physics, the phenomenon described by the theta term is termed the axion
electrodynamics, since 6 is regarded as the field of an elementary particle, axion. Under time-
reversal (t — —t, x — x), an electric field and magnetic field are transformed to be E — FE and
B — —B, respectively. Hence the term E - B is odd under time-reversal. On the other hand, 3D
topological insulators have time-reversal symmetry, which indicates that Sy remains unchanged
under time-reversal with § — -6 satisfied. Namely, the value of 6 has to be constant, i.e.,
0 = +nr. In normal (topologically trivial) insulators, & = 0. Unfortunately, regardless of intensive
experimental searches, the topological magnetoelectric effect has not yet been observed.

So far we have derived the topological magnetoelectric effect from a surface property of
3D topological insulators. In the following, we briefly discuss the ways to derive of the theta
term from the bulk. One way is the dimensional reduction from (4+1)-dimensions to (3+1)-
dimensions [8]. Another way is to use the so-called Fujikawa’s method [[Z2,PR]. Here we show
the derivation of the theta term based on the Fujikawa’s method. Let us start from the low-energy
continuum model for 3D topological insulators such as BipSe;. Namely, the Hamiltonian is given
by setting k; < 1 in Eq. (L19) as

7’{T1(k) =k -a+ moQag4, (1.27)

where mqy < 0. Except for the negative mass m, this Hamiltonian is the usual Dirac Hamiltonian.
Then the action of the system in the presence of an external electromagnetic field is written as

St = fd4x1ﬁ(x)[i7“(6ﬂ +ieA,) + moe™5 W (x), (1.28)
where y/(x) is a four-component spinor, and we have used the fact that mg = —mg(cosm +
iyssinm) = —mge™3. The gamma matrices y* are given by the Dirac representation as
1 0 ; 0 o 01
0 _ J — J 5 _
y _[O _1]9 7 _|:_O_j 0:|’ 7 _[1 0] (129)

It is convenient to study the system in the imaginary time notation. Namely, we rewrite ¢, Ay and
v/ ast — —itr, Ag — iAo, and y/ — iy;. The Euclidean action of the system is written as

Sti = f drd* s (0)ly (B + ieAy) — moe™ W (x). (1.30)

14
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First let us consider an infinitesimal chiral transformation defined by
Wy = e—ind¢y5/2w, g oy = lﬁe—indrm/z’ (1.31)

where ¢ € [0, 1]. Then the partition function Z is transformed as
Z= f Dy, gle Sl 7/ = f DY’ ' e~ 5ul" V1, (1.32)

The theta term comes from the Jacobian defined by D[y, ¢’] = JD[,¥]. The action (I30) is
transformed as

Sry = f drd3xlﬁ(x)[y#(8”+ieAﬂ)—moei”(l_d¢)75]w(x)+%ﬂ f drd®xdpd,Wry,cysw). (1.33)

The Jacobian is written as [Z2, PH]

7T€2

J =exp [—i f drd®xd¢ e E“VMFWFM] . (1.34)
Here F,,, = d,A, — 0,A, and we have written 7 and ¢ explicitly. We repeat this procedure infinite
times, i.e., integrate with respect to the variable ¢ from O to 1. Due to the invariance of the

partition function, finally we arrive at the following expression of Str:

St = f drd®xif (x)[y (0, + ieA,) — moly(x) + i f drd’x PR F,,  (1.35)

32n2hc
where we have dropped the irrelevant surface term. The first term is the action of trivial Dirac
fermions, since their mass —my is positive. The second term is nothing but the theta term in
imaginary time, and we obtain Eq. (I26) by substituting 7 = it.

1.3 Weyl Semimetals

In this section, we review a novel three-dimensional topological phase, the Weyl semimetal. Weyl
semimetals have not been experimentally observed so far. Thus we review the basic theoretical
aspects, and introduce some theoretical models for Weyl semimetals. Finally we discuss the
stability of Weyl semimetal phases against disorder or electron correlation.

1.3.1 Basic Properties

As a novel topological phase of matter, the Weyl semimetal has attracted much attention since
a theoretical prediction in a realistic material was made [Z9]. Weyl semimetals have three-
dimensional (3D) linear dispersions near the band touching points, the Weyl nodes, in the bulk
band structure. The low-energy effective model near a band touching point kg is described
by the Weyl fermions, namely by the 2 x 2 Hamiltonian such that Hweyi(q) = Z?: | Vi * qO;
where ¢ = k — ko and o; are the Pauli matrices. The energy dispersion of the Weyl fermion

is obtained as Eweyi(q) = i«/Zle(Ui - q@)%. Each Weyl fermion possesses chirality defined by
¢ = sgn[v; - (v2 X v3)] = £1. In the simplest case, the Weyl Hamiltonian can be written as

Hweyi(q) = £veq - 0, (1.36)

15
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Figure 1.10: (a) Phase diagram obtained by a first-principles calculation for a class of pyrochlore
iridates such as Y;Ir,O7, as a function of the strengths of on-site interactions and an external
magnetic field. The “Dirac Semi-metal” phase shown in the phase diagram corresponds to the
Weyl semimetal phase [Z9]. (b) A band structure near a band touching point, a Weyl node, and
(c) the locations of the 24 Weyl nodes, shown by circles with + denoting the chirality, in the first
Brillouin zone [23].

where v is the Fermi velocity, i.e., the slope of the 3D cone, and + denotes the chirality of the
Weyl node. Here note that a single Weyl fermion cannot be massive by itself, since all the three
Pauli matrices which anticommute with each other are used. Namely, the existence of a single
Weyl node is robust against perturbations. An energy gap opens only if pairs of Weyl fermions
with opposite chirality meet and annihilate each other. Therefore, it can be said that the Weyl
semimetal is a topological phase. Breaking of at least time-reversal or inversion symmetry is
required to realize the Weyl semimetal [BO-38]. The Weyl nodes always appear in pairs, and thus
the minimal number of the Weyl nodes in a Weyl semimetal is two.

One of the attractive aspects of Weyl semimetals is that the first theoretical prediction showed
the emergence of a Weyl semimetal phase in a class of iridates R,Ir;O7 (R is yttrium or a
rare earth element), a strongly correlated 5d electron system with spin-orbit coupling on the
pyrochlore lattice [Z9]. The predicted phase diagram as a function of the strengths of on-site
interactions and an external magnetic field is shown in Fig. [I0(a). Namely, Weyl semimetals
can emerge as a consequence of the interplay of electron correlation and spin-orbit coupling.
Remarkably, the predicted Weyl semimetal has 24 Weyl nodes in the Brillouin zone. See Fig.
[CTO(b) for a energy band near a Weyl node, and see Fig. [LTU(c) for the locations of the 24 Weyl
nodes. Other theoretical studies on R,Ir,O7 have also suggested the existence of Weyl semimetal
phases [B7,BR].

16
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-3m2 o

Figure 1.11: (a) Schematic picture of the Weyl nodes (red circles) and the surface Fermi arc
(yellow line) in a Weyl semimetal in momentum space. Blue arrows indicate the directions of the
Berry connection. [B9]. (b) Surface bands of a Weyl semimetal with two nodes (W.). The Fermi
arc connecting two Weyl nodes appears in the projected surface Brillouin zone [EQ].

Topological nature of Weyl semimetals can be understood from the fact that each Weyl node
can be regarded as a “monopole” with its charge given by the chirality [Z9], and from the resulting
existence of surface Fermi arc [29,B3,B0]. Schematic pictures of a Weyl semimetal in momen-
tum space and the surface Fermi arc are shown in Fig.[CT1. To understand these natures, let us
consider the anomalous Hall conductivity of a Weyl semimetal. In general, intrinsic anomalous
Hall conductivity can be calculated by [ET]

2=y J, L s 137
o = TE€, > .

@ — Jpz (2m) "I nk (1.37)
where A, 1s the Berry connection given by A,k = —i{u,k| Vglu,g) with |u,) being the Bloch
state at momentum k in the n-th band, B, is the Berry curvature given by 8, = Vi X Ak,
and f(E,) is the Fermi distribution function. The summation of n is done over the occupied
bands. The above equation can be rewritten as

dk
o = f 2T (k). (1.38)

Here a')%yD(kZ) is the Hall conductivity of a 2D system at a fixed k;:

2 2
iy (k) = % Zn: fB , %f (Enk, (k:)B,, (ks), (1.39)
where k| = (ky, ky). Except for the k, dependence, Eq. (L39) is equivalent to the expression of
TKNN formula [Eq. (I3)]. In the following, we show that Weyl semimetals in momentum space
can be regarded as the stacking of 2D quantum Hall layers.

To be specific, let us consider a minimal two-band model on a cubic lattice with broken
time-reversal symmetry [E2], whose Hamiltonian is given by

H(k) = tsinkcoy + tsinkyoy + [t(cosk; — cos Q) + r(2 — cosky, — cosky)]o,

= R(k)- o, (1.40)
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where t > 0, r < —t(1—cos Q)/2 and o; are the Pauli matrices for the spin degree of freedom. The
two Weyl nodes appear at the points W. = (0, 0, +Q). Around the Weyl nodes, the Hamiltonian
is expanded up to linear order in g(= k — W..) as

H(g + W) = tq,ox +tgyoy F(tsinQ)q.o. (1.41)

This is nothing but the Weyl Hamiltonian. Recall that the TKNN formula is rewritten as Eq.
(18), in the case where the Hamiltonian is given by the form H (k) = R(k) - o. Namely, the
Chern number C is given by the Winding number:

1 . (R OR
C(kz):afdkxdkyR- (ak X aT)' (1.42)
X y

The Hall conductivity is given by U)%}]?(kz) = eh—zC (k7). Consider a k,-ky plane which lies between
the Weyl nodes, i.e., the case of —Q < k, < Q. Then the vector R(k) points the north pole at
(kx, ky) = (0, 0), while it points the south pole at (k,, k,) = (7, 0), (0,7), (7, 7). This means that
C(k;) = 1. On the other hand, when —r < k, < —Q or Q < k,; < m, the vector R(k) points the
south pole at the above four points, which results in C(k;) = 0. The above result such that the
Chern number becomes unity can be also obtained by considering a torus enclosing a Weyl node.
Therefore it can be said that a Weyl node is regarded as a monopole, since the Chern number is
given by the integration of the Berry curvature. Further, recall that there exists a chiral edge state
in a quantum Hall insulator. This means that the surface Fermi arc connecting two Weyl nodes is
given by the intersection of such gapless chiral states and the Fermi level.
Finally, from the above discussion, we obtain an analytical expression for the anomalous Hall
conductivity of Weyl semimetals with two Weyl nodes as
™ dk e?
o= | Sroii) = =2 (1.43)
where 20 is the distance between the two Weyl nodes in momentum space. When the two nodes
meet and annihilate each other by the change of a parameter, the system becomes gapped, i.e
becomes an anomalous Hall insulator, and the anomalous Hall conductivity reaches the quantized

value cr?cyD = ¢2/(ha), where a is the lattice constant.

1.3.2 Theoretical Models

As mentioned above, the realization of Weyl semimetals requires breaking of at least time-
reversal or inversion symmetry [BO-B38]. To understand this nature, let us consider a simple
model. We start from the 3D four-component Dirac fermions, which possess both time-reversal
and inversion symmetries. The Hamiltonian is given by

Hpirac(k) = vk - o + moay, (1.44)

where vg is the Fermi velocity, my is the mass of Dirac fermions, and «, are 4 X 4 matrices which
satisfy the Clifford algebra {a, a,} = 26,,1. To be concrete, we adopt the Dirac representation

for a, as
10 oy |11 0 10 —i
aj = [O_j O] , Q4= [0 _1] , Q5= [i O] . (1.45)
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Table 1.1: Transformation properties under time-reversal 7~ and spatial inversion (parity) £ of
16 independent matrices consisting of @, with {a,, a,} = 26,1 (u,v = 1,2,3,4,5).

Matrices 1 a; a4 as % Z;. IT; I,
Time-reversal 7~ + — + - - - + +
Inversion P + - + - + + - _

In this case, time-reversal and parity operators are written as 7 = 1®(—io)K (K is the complex
conjugation operator) and = 03 ® 1. It is easy to show that the Hamiltonian ("44)) has time-
reversal and inversion symmetries as 7 Hpirac(E)T ~' = PHpirac(B)P ™! = Hpirac(—k), which
results from the fact that

Ta, 7' =Pa,P ' = —a, (u+4),

(1.46)
Tas T ' =PayP ! = ay.

Next we consider to add symmetry breaking perturbation terms to the Hamiltonian (["Z44)
[B1,B4]]. It is known that there exist 16 independent matrices which consist of @,. The 16 matrices
are given by 1 (the identity matrix), a, (1 = 1,2,3,4,5), and @, = —%[aﬂ,ay] (u < v).
The matrices 1 and a, are trivial. Let us closely look at the 10 matrices @,,. In the Dirac
representation, they are written explicitly as

o; 0 , o 0
ijaikeikj:[J ] ZjEQ’jSZ[OJ ]

0 oy -0
0 ‘ 01 (1.47)
_lo-.
Hanj4:[ia'j OJ], H05a45:[1 O]’

where j = 1,2, 3. Note that these are Hermitian matrices. It is easily shown that X; and Z} are
odd under time-reversal but even under parity:

77 =TT =1, PLP =PEP T = 41 (1.48)
On the other hand, I, are even under time-reversal but odd under parity:
TI,7 ' =+1, PILP'=-1 (1.49)

The properties of the 16 matrices are summarized in Table 1. With these matrices, the most
general perturbation Hamiltonian can be expressed as

H =Aas+b-X+b -2 + polly + p - II. (1.50)

Let us consider the simplest realization of a Weyl semimetal with broken time-reversal sym-
metry and with two Weyl nodes in our setup. In this case, the Hamiltonian is given by

W(k)ija’j+WLOa’4+bZ3, (1.51)

where we have set b = (0, 0, b) without loss of generality, and have set vg = 1. Here note that
repeated subscripts represent the summation over the subscript. The energy eigenvalues of this
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Hamiltonian E(k) are obtained easily by taking the square as follows:

H? = (kja; + moay + bZ3) - (kjay + moay + bZ3)
= kiki{a;, ai}/2 + kjmola;, asy + md + k;bla;, T3} + mob{ayg, T3} + b*

(1.52)
a2 2 2 moos k3
=" +my+b )1+2b[ ks _m00'3]
with k% = k? + k2 + k3. The second term is diagonalized as
2
moos ks g2y 2y (1.53)
ks  —myos 3 07
which results in
H? = (k* + mg + bH1 + £2b[k2 + m21. (1.54)

Finally, we obtain the four eigenvalues

2
E(k) = J_r\/klz + k3 + [,/kg +ml b] , (1.55)

and we see that the two Weyl nodes W, are given by W, = (0,0, +,/b% — m(z)) with b > |my|.

Then the energy bands near the Weyl nodes are found to be E(q) = i\/qf +q5 + (1 = m}/b)q3

where ¢ = k — W.. Note that these bands are not degenerate. Hence this is the dispersion of
Weyl fermions, since E(q) can be obtained by diagonalizing the Weyl Hamiltonian Hweyi(q) =

Z?:l viqgio; withvy =vy =1and v3 = i,ﬂ - I’}’l(z)/b2

Similar discussions can be applied to the cases of 2}, Iy, or I1; [B4]. For example, in the case
where the Hamiltonian is given by H (k) = kja; + moays + b’%), there exists a line (circle) node
when b” > |my|. In the case where the Hamiltonian is given by H (k) = k;a j+moas+pollp+p111;,
there exists a line (circle) node only when mg = 0.

1.3.3 Topological Magnetoelectric Effect

Another topological aspect of Weyl semimetals with broken time-reversal symmetry is the emer-
gence of the topological magnetoelectric effect described by the theta term (L26) [E3-#4d]. Unlike
3D topological insulators, due to the breaking of time-reversal symmetry, the coefficient 6 does
not take the quantized value . In the following, for simplicity and concreteness, we consider a
simple model of a two-node Weyl semimetal with broken time-reversal symmetry described by
Eq. (CXT). In this case, the value of 6 reads

0(x) =2b-x, (1.56)

where 2b is the vector connecting the two Weyl nodes in momentum space, and « is a real-space
three-dimensional coordinate vector in the bulk.
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Let us derive the above expression for 6. To this end, we start from the Minkowski action of
the system in the presence of an external electromagnetic field A,:

Swsm = f d*xp (O[iy* (0, + ieAy) — mo — bly'y’ W(x), (1.57)

where /(x) is a four-component spinor, and the gamma matrices y# are given by the Dirac rep-

resentation as
1 0 . 0 o 0 1
0 _ J — J 5 _
y - [0 _1] s '}’ - |:_0_J O] s '}’ - [1 O] . (158)

Noting thatyy = ¢"y?, 9 = a4, and y%y/ = @;, the noninteracting Hamiltonian of the system is
given by

H= f dxp’(x)[—ia;d; + moas + b - ZWy(x), (1.59)

which reproduce Eq. (ICXT). For simplicity, we consider the case of my = 0. Then the two Weyl
nodes locate +b. It is convenient to study the system in the imaginary time notation. Namely, we
rewrite t, Ag and y/ as t — —ir, Ag — iAp, andy/ — iy;. The Euclidean action of the system is
written as

SwsM = f drd®xiy (x)[yo(do + ieAg) +y;(0; + ieA; + ibys) )k (x). (1.60)

From this action, we see that b;, which generates the Weyl semimetal phase, can be regarded
as a kind of gauge fields. To derive the theta term, we employ the so-called Fujikawa’s method
[72,2R]. The procedure is the same as in the case of 3D topological insulators [see Subsect.
[23]. We write down again the procedure briefly in what follows. First let us consider an
infinitesimal chiral transformation defined by

v — '70/ — e—i@(w)d¢y5/2w’ lﬁ N lﬁ, — lpe—ig(m)d¢y5/2’ (1.61)
where ¢ € [0, 1] and 6(x) = 2b;x; = 2b - x. Then the partition function Z is transformed as
Z= f Dy, gle”Swsmlb il 77 = f DY’ e Swsuld" 1, (1.62)

The theta term comes from the Jacobian defined by D[y, ¢'] = JD[y,¥]. The action (LR3I) is
transformed as

Stvsm = fd7d3x1ﬁ(x) {y0(80 +ieAg) +y;[0; +ieA; +ibj(1 - d¢))’5]} Y(x)

i i (1.63)
+ 5 f drd3xd¢8ﬂ[6(a:)wyﬂy5tﬁ].
The Jacobian is written as [274, PH]
0 2
J = exp [—i f drd3xd¢%eﬂwmm]. (1.64)
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Here F,, = ,A, —8,A,, and we have written 7 and ¢ explicitly. We repeat this procedure infinite
times, i.e., integrate with respect to the variable ¢ from 0 to 1. Due to the invariance of the
partition function, finally we arrive at the following expression of Swswm:

_ 0(z)e?
Swsm = f drd® xr(xYy (O + ie A, (x) +i f drd3x%eﬂwnﬁm, (1.65)

aenc

where we have dropped the irrelevant surface term. The first term is the usual action of the Dirac
fermions with unbroken symmetries. The second term is nothing but the theta term in imaginary
time.

Next let us consider the consequence of the existence of the theta term in Weyl semimetals.
Notice that the theta term (in real time) can be rewritten as

4 0(:[3)62 pvp/l 4 62 ,qu/l
S@ = d X%E GHAVOPAA = - d X%E [(9'[19(15)]14,,6[)14/1, (166)

where in the second equality, we have dropped the surface term and used e"*4 0,0,A) = 0. The
induced current j can be obtained from the variation of the above action with respect to the vector
potential A,,:

2 2

m___°© mnpa L 1.67
J 2ﬂ2hcbm6 0pA, e (b x E),, ( )

where n = 1,2,3. Apparently, this equation indicate the anomalous Hall current due to time-
reversal symmetry breaking. For concreteness, let us set b = (0,0,b5). Then we get the Hall
current j, = =0 E, withoy, = eh_zg This value of the Hall conducticity oy, is exactly the same
as Eq. (C43). Similarly, we obtain the induced charge density p as

2 2

_ .0 e mOpA €
=V=_ b P19 Ay = ——b- B. 1.68
p=J 2n2hc me %A nhe ( )

So far we have focused on a case where time-reversal symmetry is broken but inversion
symmetry is not broken. What happens if we add an inversion symmetry breaking term ibgygys
to the action (C&3)? The term ibgyy(yys corresponds to Iy in the Hamiltonian formalism. In such
a case, we can apply the same procedure as above to obtain the value of 6. The result reads

O(x,t) =2(b-x — bot). (1.69)
The induced current is modified to
)
j=—-(bx E-byB), (1.70)
whe

where the second term is referred to as the chiral magnetic effect [E]. The equation indicates
that a dissipationless ground-state current proportional to an applied magnetic field is generated.
If the chiral magnetic effect is present, it would lead to interesting applications. However, recent
theoretical studies suggest that there does not exist the chiral magnetic effect in realistic (lattice)
systems [E3, E4d].
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Figure 1.12: An ARPES data on the electronic structure of Na3Bi [EIl]. (a) Two Dirac nodes in
the bulk and projected surface Brillouin zones. (b) Stacking plot of constant energy contours at
different binding energies in the k,-k, plane. (c) [(d)] Schematic picture of the Dirac cone in the

(kx, ky, E) [(kx, k;, E)] space.

1.4 Dirac Semimetals

Dirac semimetals in three spatial dimensions have gapless three-dimensional (3D) linear disper-
sions, i.e. 3D Dirac cones, in the bulk band structure. In contrast to Weyl semimetals, time-
reversal and spatial inversion symmetries are not broken in Dirac semimetals. Hence they can be
regarded as a 3D analog of graphene. After the theoretical predictions had been made [E8-50], the
Dirac semimetals such as Na3Bi and Cd3As, were experimentally discovered recently [RIHRT].
The low-energy effective model near a band touching point (the Dirac node) kq is described by
the Dirac fermions, namely by the 4 X 4 Hamiltonian such that

3
Hoinae(@) = D | Vi) (1.71)

J=1

where q¢ = k — ko, v; is the Fermi velocity for the kj-direction, and «; are 4 X 4 matrices
which satisfy the Clifford algebra {a,,a,} = 26,,1. The doubly-degenerate energy eigenvalues

are obtained as Epjrac(q) = £/, i(viq j)z_ The observed Dirac semimetals Na3Bi and Cd3;As;

possess two Dirac nodes which are protected by crystalline symmetry. The electronic structure
of Na3Bi observed by an ARPES measurement is shown in Fig. [CT2. It can be seen that indeed,
the Fermi surface consists of two points (Dirac nodes) and the dispersion is linear near the Dirac
nodes. It should be noted that there exist large out-of-plane Fermi velocity anisotropy such that
veL/vE| = 0.25 with v = 3.74 X 10° [m/s] in Na3Bi [ED] [see Fig. TTX(c) and (d)], and
veL/ve) ~ 0.1 with vg = 1.5 X 10° [m/s] in Cd3As, [R2]. Here we have defined vlﬁ = yp, and
vi ~ vi = vg). This contrasts to the case of graphene, where the Fermi velocity is isotropic

F
(vg =~ 1 x 10° [m/s]) [BA].
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Topological Insulator

Her(k) = vek - o + may

Dirac Semimetal

(time-reversal and/or inversion)

Symmetry Breaking
Heg(k) = vik -

Weyl Semimetal

Heg(k) = vk - o

Figure 1.13: Schematic diagram of the relation of Dirac semimetals with Weyl semimetals and
3D topological insulators. vg is the Fermi velocity. “CB” and “VB” represent the conduction
and valence bands, respectively. In 3D topological insulators such as BiySes, the mass of Dirac
fermions m becomes negative. (Conversely, m > 0 in normal insulators.) The matrices a; and
ojare 4 x 4 and 2 X 2 matrices, respectively, where {a;, a;} = 26;;1 and {0, 07} = 26;;1.

One of the important meanings of the realization of Dirac semimetals is on the point that
they can lead to various topological phases, since they lie next to various topological phases
in the phase diagrams. In 3D topological insulators, the bulk energy gap closing is required
to make the system turn into normal band insulators [[, T2, Id]. At these transition points,
Dirac semimetals can be realized. Experimentally, such a continuous transition is observed in the
solid-solution system TIBi(S;_,Se, ), [E2]. Further, Weyl semimetals can be realized when time-
reversal or inversion symmetry breaking occurs in Dirac semimetals [B0-32,84, 88]. Regardless
of intensive searches, Weyl semimetal phases have not been experimentally observed so far.
Hence, it is expected that recent experimental realization of the Dirac semimetals also gives
rise to the realization of Weyl semimetal phases. A schematic diagram of the relation of Dirac
semimetals with Weyl semimetals and 3D topological insulators is shown in Fig. [T3. Here
note that spin-orbit coupling is strong in experimentally observed Dirac semimetals NazBi and
CdzAsy. As was shown in Sect. [l and Sect. [, strong spin-orbit coupling is essential to
realize topologically nontrivial phases.
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The low-energy effective model of Dirac semimetals and that of Weyl semimetals are resem-
ble. To show this, let us consider a simplified low-energy effective model for a Weyl semimetal
with 2N nodes. The Hamiltonian of such a system can be written as

N
Hijey = Z 3 vey {uh () (ko] W () + 0 [~Eikiori] (k)
. (1.72)
ikioi
= > Nyl [f o ene l]wfae)
k f=1

where ¢y = [c,//f+,wf_]T with ¢¢. being a two-component spinor, the subscript + denotes the
chirality of each Weyl node, and we have introduced the Fermi velocity anisotropy &; defined by
& =& = 1and & = vi,/vp. The second line of the Hamiltonian (I”72) represents a Dirac
semimetal with N nodes, since the 4 X 4 matrices 73 ® o7; satisfy the Clifford algebra (usually this
representation is called the Weyl or chiral representation). Namely, this indicates that in a rough
approximation, the low-energy effective model of a 2N-node Weyl semimetal is equivalent to that
of a N-node Dirac semimetal. However, note that the mass term can be added (i.e., the spectrum
can be gapped) in Dirac Hamiltonians, whereas it cannot be added in Weyl Hamiltonians. In this
sense, it is expected as a bulk property that Weyl semimetals are more robust against perturbations
than Dirac semimetals.

1.5 Spin-Orbit Coupling and Electron Correlation

So far we have reviewed “noninteracting” topologically nontrivial phases. We have seen the
importance of spin-orbit coupling, namely, that strong spin-orbit coupling is essential to real-
ize topologically nontrivial phases [B3-8]. On the other hand, the importance of strong electron
correlations has been acknowledged in the field of condensed matter physics [R3-B1]. For ex-
ample, unconventional (and high temperature) superconductivity and colossal magnetoresistance
can emerge as a consequence of strong electron correlations. Then it is a natural question that
what happens when both spin-orbit coupling and electron correlation are present. In this section,
we review phenomena and phases which emerge in the presence of both spin-orbit coupling and
electron correlation.

1.5.1 Emergence of Novel Phases and Phenomena

One of the triggers to recent intensive studies on the interplay of spin-orbit coupling and electron
correlation is due to the discovery of a novel Mott insulating state in SryIrOy4, a correlated 5d-
electron system with spin-orbit coupling [B2,63]. In the absence of spin-orbit coupling, electrons’
spin S is a good quantum number. However, in the presence of spin-orbit coupling Hso = AL-S
where L is the orbital angular momentum of an electron, the total angular momentum J = L+ S
should be used instead of S. In Sr;IrOy4, the 5d orbitals are split into eg(x2 - y2, 3z2 — r?) and
he(xy,yz,zx) orbitals by the crystal field with O;, symmetry. Then the 5d electrons take tgg
configuration due to the splitting of 10Dg. Taking into account the spin-orbit coupling in the 75,
orbitals results in the effective orbital angular momentum Leg = 1. Then the 7, orbitals form
effectively Jog = 1/2 and Jog = 3/2 bands where the Jog = 1/2 band is half-filled. The wave
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Figure 1.14: Schematic diagram for the realization of the J.g = 1/2 Mott insulating state in
SrIrO4 [B2]. (a) 5d orbitals in the presence of crystal field and spin-orbit coupling. (b) Energy
bands of tgg configuration with spin-orbit coupling and without electron correlation. (c) Those
with spin-orbit coupling and electron correlation. {so and U represent the strength of the spin-
orbit coupling and on-site interaction, respectively.

functions of the Je.g = 1/2 state are given by [B2, B3]
1 .
| Jef = 1/2;m = £1/2) = % [lxy, Fo) F |yz, £0) + i|zx, 07)] , (1.73)

where o denotes the spin state. Finally the on-site electron-electron interactions open a gap in
the Jeg = 1/2 band (i.e., the Jeg = 1/2 band is split into the upper and lower Hubbard bands).
The realization of the Jog = 1/2 Mott insulating state is schematically shown in Fig. [CT4. In
similar Jog = 1/2 Mott insulating systems, it has been shown that the quantum compass model
can be derived [B4] and the quantum spin Hall effect can emerge [BI].

There are many theoretical studies which suggest that other phases and phenomena, espe-
cially topological phases, can emerge as a consequence of the interplay of spin-orbit coupling
and electron correlation. The emergence of a quantum spin Hall insulator, which can exist with-
out electron correlation as we saw in Subsect. [T, in a layered iridate (iridium oxide) is one
of the examples [B3]. In another iridate on the pyrochrore lattice, the topological Mott insulator
(or fractionalized topological insulator) phase, where there is a bulk gap but the spinons have
nontrivial topology, has been predicted [see Fig. TT3(a)] [BA]. In the antiferromagnetic insulator
phase of correlated 3D topological insulators, the realization of the dynamical axion field by the
spin-wave excitations has been predicted [BZ]. The resulting phenomenon, the axionic polari-
ton, has a notable property such that the frequency for the total reflection of incident light can
be tuned by external magnetic fields, compared to the phononic polariton where the frequency
is determined by the materials parameter [see Fig. [I3(b)]. The Weyl semimetal phase in py-
rochlore iridates introduced in Subsect. 31 is also a topological phase [ZQ]. It has also been
reported that a topological order occurs in a 2D topological insulator [BR] and a 3D topological
insulator [BY].

The possibility for the realization of topological insulator phases solely by electron corre-
lations (i.e., without spin-orbit coupling) should be noted here. At the mean-field level, some
studies have suggested the realization in two-dimensions [[[0] and three-dimensions [[[1,[/]. The
mechanism is that long-range (inter-site) interaction terms can result in the same form as spin-
orbit interactions by the mean-field decoupling. However, recent studies beyond the mean-field
approximation do not support the realization in at least two-dimensions [[Z3, [Z4].
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(a) Magnetic order

Ast

Figure 1.15: (a) Predicted phase diagram of a pyrochlore iridaite. A and U represent the strength
of the spin-orbit coupling and on-site interaction, respectively. TMI, TBI and GMI indicate the
topological Mott insulator, topological band insulator, and gapless Mott insulator, respectively
[BA]. (b) (left) Without external magnetic fields, the incident light can transmit the material.
(right) In the presence of external magnetic fields and when the dynamical axion field is realized,
the incident light which frequency is within a range is totally reflected [BZ].

1.5.2 Stability of Topological Phases

Topological phases are stable against weak perturbations, since the topological invariants do not
change when the Hamiltonians change smoothly, i.e., do not depend on the detail of band struc-
tures. Then what happens when strong perturbations are added to topological phases? Stability of
topological phases against electron correlations is one of the attractive themes. Preceding studies
have mainly focused on the effects of strong short-range interactions on the bulk of topological
insulators. It has been shown that strong short-range interactions described by the Hubbard term
break 2D topological insulator phases [[3-88] and 3D topological insulator phases [Bf, B]. The
disappearance of these topological insulator phases is due to the development of time-reversal
symmetry breaking orders, mainly antiferromagnetic phases, with increasing on-site interactions.
Note that these topological insulators have half-filled bands. In the intermediate interaction-
strength regions of topological insulators with short-range interactions, several interesting phases
have been reported. For example, an antiferromagnetic topological insulator phase, where the an-
tiferromagnetic order and nontrivial topology coexist, has been reported in two-dimensions [Bd],
although the concept of antiferromagnetic topological insulators was originally proposed in a sys-
tem without interactions [B1]]. Fractionalized topological insulator phases, where there is a bulk
(charge) gap but the edge spinons are gapless, have also been reported in two-dimensions [[/3,[78]
and three-dimensions [BA].

Next we consider the stability of Weyl semimetals against electron correlations. As men-
tioned in Sect. [3, a single Weyl fermion cannot be massive by itself, since all the three Pauli
matrices which anticommute with each other are used. Namely, the existence of a single Weyl
node is robust against perturbations. An energy gap opens only if pairs of Weyl fermions with
opposite chirality meet and annihilate each other. Recent theoretical studies have reported that
strong short-range interactions open a gap, namely they break Weyl semimetal phases [R9,02,23].
Another study has suggested that long-range interactions also break a Weyl semimetal phase [B4].
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Chapter 2

Lattice-Gauge-Theoretical Approach to
Interacting Dirac Fermion Systems

In this chapter, we review the lattice gauge theory, an approach to interacting Dirac fermion
systems. First we show how the quantum field theory is realized in interacting electron systems.
Then we introduce the formulations for the lattice regularization of Dirac fermions, and the lattice
regularization of gauge fields. Finally we introduce recent lattice-gauge-theoretical studies on
graphene, a two-dimensional Dirac fermion system in condensed matter.

2.1 Introduction

The lattice gauge theory was first proposed in 1974 by K. G. Wilson to describe the confinement
of quarks [B3]. In quantum chromodynamics (QCD) which describes the strong interactions be-
tween quarks and gluons, it is difficult to perform perturbative calculations from weak coupling,
compared to quantum electrodynamics (QED) where the interactions between electrons and pho-
tons are weak. One of the powerful methods which enable us to treat strong interactions properly
is the lattice gauge theory. The lattice gauge theory defines Dirac fermions and gauge fields on
lattices. Note that finite lattice spacing a prevents physical quantities from diverging, since there
exists momentum cutoff 7/a. Another important point is that there is no need to do gauge fixings.
Further, as we shall see later, the action of gauge fields have the coefficient 1/g? with g being the
coupling strength between fermions and gauge fields. This enables us to perform perturbative
calculations from the strong coupling limit g — oo. We will use such a calculation method, the
strong coupling expansion of the lattice gauge theory.

In condensed matter physics, 1/r Coulomb interactions between electrons can be taken into
account via the presence of U(1) gauge field (or scalar potential), as in the case of QED. Particu-
larly, Dirac fermion systems with 1/r Coulomb interactions look very similar to QED, except for
the small Fermi velocity compared to the speed of light and for the absence of spatial components
of U(1) gauge field. Graphene is one of the most famous Dirac fermion systems in condensed
matter [BA], and the effects of long-range Coulomb interactions in graphene have been studied
widely [B6]. Monolayer graphene on a substrate with sufficiently small dielectric constant has
been predicted theoretically to be insulating (i.e. Dirac fermions become massive) due to strong
1/r Coulomb interactions [E2-I0OA]. However, as the number of layers is increased, it has been
found that the semimetal phase survives strong 1/r Coulomb interactions [@7, B, T00, [0, TT3].
As a powerful method which enables us to treat strong 1/r Coulomb interactions properly,
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the U(1) lattice gauge theory has been applied to discuss the semimetal-insulator transition in
graphene [[[OIHIOT]. In this theory, the value of the chiral condensate, which is the dynamically
generated mass of Dirac fermions, is used as the order parameter for the transition. It should be
noted that the value obtained in an analytical calculation, the strong coupling expansion of the
lattice gauge theory [[J], and the value obtained in a numerical calculation [0, I072] are in
good agreement in the strong coupling region.

Here we mention an important point. In the lattice-gauge-theoretical description for electron
systems with 1/ Coulomb interactions, the on-site interactions are not included. The reason is
as follows. Introducing a finite lattice spacing a is equivalent to introducing an ultraviolet mo-
mentum cutoff of 7r/a in the continuum model. If on-site interactions in the 1/7-type interaction
are included, 1.e., if 1/r with r — 0, then the system diverges. This divergence corresponds to the
ultraviolet divergence in the continuum model. Therefore, introducing a finite lattice spacing re-
sults in the absence of on-site interactions. Next we consider whether the system is well-defined
on a lattice. As mentioned above, Dirac fermion systems with 1/r Coulomb interactions on a
lattice are very similar to QED. In QED, up to all orders of perturbation theory, ultraviolet di-
vergence can be eliminated [[0OX]. Equivalently, QED is referred to as a renormalizable quantum
field theory. Thanks to this nature, the lattice QED (QED on a lattice) is well-defined and has been
studied so far [[O9-ITT]. Hence, it is expected that Dirac fermion systems with 1/r Coulomb
interactions on a lattice are also well-defined. This suggests that unphysical states due to the
absence of on-site interactions, such as phase separation, can be eliminated from consideration.

2.2 Quantum Field Theory in Condensed Matter

Let us consider the case of graphene as an introduction to interacting Dirac fermion systems in
condensed matter. Graphene is a two-dimensional (2D) carbon material which forms a honey-
comb lattice. The noninteracting Hamiltonian of graphene is well described by a tight-binding
Hamiltonian on the honeycomb lattice, Hy = — 3. ;. j>(b;a jo +H.c.) where a;, (b;s) 18 an elec-
tron annihilation operator at site i on sublattice A (B) with spin 0. Then the low-energy effective
Hamiltonian near the Fermi level can be written as [[T2]

H.g = Vg Zl/’;m_(k : Oé)lﬁko-, (21)

k.o

where ve(=~ 1 x 10° [m/s]) is the Fermi velocity, Yo = [AK,+kos VK, +ko> OK_+k.o> bKik,a]T
is a four-component spinor, and K. are the two band-touching points. The matrices «; are given
by, for example, @ = 1 ® 0| and a2 = 73 ® 02, where the Clifford algebra {a;, a;} = 26;; is
satisfied. The doubly-degenerate energy eigenvalues are obtained as E(k) = +vg|k|. The above
Hamiltonian is nothing but the four-component massless Dirac Hamiltonian.

Let us recall that the density of states of massless Dirac fermion systems, where the disper-
sions are written as E(k) o +|k|, is given by p(E) « |E| in two-dimensions and p(E) o E?in
three-dimensions. Then the screened Coulomb interactions between electrons are written as

2 —koR

1 e
Hcoulomb = 5 f d3rd3r'n(r) [E R

] n(r’), (2.2)

where n(r) = cj,c,a is the electron density operator at 7, € is the dielectric constant of the system,
and R = |r — 7’| is the distance between two electrons at  and r’. kq is the Thomas-Fermi
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wavenumber given by kg o« +/p(Efr) with Ep being the Fermi energy. Note that when Ef is
located just at the Dirac node (Dirac point), i.e., when Er = 0, the Coulomb interactions are not
screened. This indicates that long-range interactions can be important in Dirac fermion systems.

Henceforth we consider the unscreened Coulomb interaction, namely we set ko = 0. In
momentum space, Eq. () is written as

1 4rre?
Hcoulomb = ﬁ qu ?nql’l—q, (2.3)

where L3 is the volume of the system and ng = Dk c,ic/ﬁq. Taking into account this Hamiltonian
is equivalent to employing the (Euclidean) action of the form

) 1
SCoulomb = fdrd3x1er(r)n(r) + Efdrd%c Z:[ajAo(r)]2
J
2.4)
T ) 1T
=73 Z ieAggn_q + oV E Z Ao,qquo,_q

q,wn q,wy

with ¢ = (wy, q), T being the temperature of the system, and A( being a scalar potential, since it
follows from the Hubbard-Stratonovich transformation that

1e? 1 :

exp l—ignqn_q} = f DAgexp [—EAo,qquo,_q - zer,qn_q] : (2.5)

Combining Eq. (1) in real space and Eq. (ZZ4)), we obtain the low-energy effective (Euclidean)
action of graphene with 1/r Coulomb interactions given by [, T3]

_ 1
Seff = Z f a’szxw(T(x)[yo((?T+ieA0)+vaj(9j]¢/U(x)+5 f dtd’x(9;A0)’,  (2.6)
o=11

where we have used the fact that y = ¢ 'y, and a; = yoy; with {y,,yy} = 26,,. Repeated
subscript represents the summation over the subscript. Note that the above action consists of
(2+1)D Dirac fermions and the (3+1)D Coulomb potential. The kinetic term of the Coulomb
potential can be rewritten as (9;A0)* = %F wFuy, where Fyy,, = 0,A, — 0,A, (A; = 0). Namely,
Eq. (Z6) can be regarded as a kind of (2+1)D QED where the electromagnetic four-potential A,
is equivalent to the U(1) gauge field.

2.3 Lattice Gauge Theory

In this section, we show the formulation of gauge theories on a lattice. First we consider the
naive discretization of Dirac fermions. However, this naive discretization suffers from the so-
called fermion doubling problem. To solve this problem, we introduce two formulations, the
Wilson fermions and the staggered fermions. Finally we consider the discretization of gauge
fields.

2.3.1 Naive Discretization of Fermionic Action

In the following, we derive the action of noninteracting Dirac fermions regularized on a four-
dimensional (4D) hypercubic lattice. To this end, let us start from continuum Dirac fermions,
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whose Minkowski action is given by
S = f A (Oliy" G = mp (x), 2.7

where ¥/(x) = Ty is a four-component spinor and y* (u = 0, 1,2, 3) are 4 X 4 matrices which
satisfy {y*,y”} = 2g"”. The metric is given by gV = diag(1, —1, —1, —1). Let us move on to the
Euclidean action, i.e., the imaginary time notation. We rewrite ¢ and y* as t — —it, ),0 — Y0,
andy/ — iy ;. The Euclidean action of the system is written as

Sp=—iS¥ = f drd’xif (x)[y 0, + mlp(x), (2.8)

where 7y, are Hermitian matrices with {y,,y,} = 26,,. Note that in the Euclidean spacetime, we
do not distinguish between superscripts and subscripts. For example, the matrices y,, are given
by the Dirac representation as

1o [0 —ioy o1

where j = 1,2, 3 and o; are the Pauli matrices.
Next let us consider to discretize the action (I¥) on a 4D hypercubic lattice with lattice
constant a. Up to linear order in a, we can readily show that

2a 2a
where n = (ng, ny, ny, n3) is a site on the hypercubic lattice, and i denotes the unit vector along
the i direction. Then redefining variables to make them dimensionless as a*/% —  and ma —

m, we obtain the fermionic action on a lattice:

Sk = %Z [‘pny,uwntu _‘/;nﬂﬂ’,u‘/’n] + mzlﬁn‘//n (2.11)
n,u n

At first sight, it seems that we have succeeded in discretizing the action of Dirac fermions. How-
ever, it is well known that the action (IZTT) suffers from the so-called “fermion doubling prob-
lem”. To understand this problem, let us consider the Green’s function of the system. Applying
the Fourier transform ¢, = % i e mp with V being the 4D volume of the system, we obtain

SE =Yk [iy# sink, + m] Y. The Green’s function is readily obtained as

1

Grk) = ————.
F() Iyusink, + m

(2.12)
In the low-energy limit, i.e., in the continuum limit, k, satisfies the condition sink, < 1. There
are 16 solutions such that k = (g1, ¢2,93,q4), k = (m + q1,92,93,q4), k = (q1, 7 + q2, g3, g4),
c-e,and k = (m+q1,m+ g2, + g3, + q4) (qu < 1). Then, for example, the above Green’s
functions with k = ¢ and k = 7 + ¢ become

Gr(@) Yuqu +m’ —iyuqu+m
These two describe apparently the same physics. This means that equivalent 16(= 2*) Dirac
fermions appear due to the discretization of the original action (ZZ8). This problem is referred to
as the fermion doubling problem. The famous Nielsen-Ninomiya theorem has proved that lattice
fermions with chiral symmetry can have fermion doublers [[T4]. Although there exist several
ways to remove fermion doublers, we show two basic ways in the following subsections.

Gr(n+q) = (2.13)
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2.3.2 Wilson Fermions

One of the basic lattice formulations without fermion doublers is called the Wilson fermions.
Let us consider to add an O(a) term, the “Wilson term”, which vanish in the continuum limit
(a — 0):

—de XnOn ~ =7 nzl;l//n |Wnsa +n — 2], (2.14)
where r > 0. Then the total lattice action of the system is given by

sWitson _ _% Z [lpnPﬁwnﬂg + lﬁnmP;lﬁn] + (m + 4r) Zlﬁnlﬁn
n,u "

Y7
k

where P;—; = (r £vy,)/2. The momentum-dependent mass M (k) = m +r ZM(I — cosk,) at the
momenta around which the doublers appeared in the naively discretized action (ZZIT) is written
as

(2.15)

iyusink, +m+r > (1 = cosk,) |
u

{m at k =0,
Mk) = (2.16)

m+2rN at k= (r,0,0,0),---,
where N = 1,2,3,4. Note that m is written as ma, when the dimension of mass is recovered.
Then the masses of fermion doublers become M (k) = m + 2rN/a — oo in the continuum limit
(a — 0). Therefore, the Wilson fermion describes single-flavor Dirac fermion with the mass m in
the continuum limit. This is because the Wilson fermions break chiral symmetry, i.e., the action
(I13) are not invariant under the chiral transformation y,, — €'¥5y,, ¥, — ,€'??5 in the limit
m = 0 (chiral limit).

It must be noted that the Wilson fermion with negative mass (m < 0) is equivalent to the
effective lattice model for 3D topological insulators such as Bi;Ses [see Eq.(LIQ)]. The Wil-
son term (the term proportional to r) arises as a result of strong spin-orbit coupling. We adopt
the Wilson fermions with scalar potential as the model for a 3D topological insulator with 1/r
Coulomb interactions.

2.3.3 Staggered Fermions

Another formulation without fermion doublers is called the staggered fermions [[13, [TH]. As
mentioned above, in four-dimension, 2* = 16 doublers appear due to discretization. The stag-
gered fermion (Kogut-Susskind fermion) formalism takes advantage of the fermion doubling
problem. Namely, the staggered fermion formalism interprets this doubling problem such that
there exist four-component Dirac fermions of four flavors. First let us consider the following
transformation called the spin diagonalization (or the Kawamoto-Smit transformation) [[21]:

Yn = @0)" )" (r2)"(y3)"n, (2.17)
where n = (ng,n1,n2,n3) and &, is a four-component spinor given by &, = [x1, x2, x2, x*7.

For example, the term y,,y2y, , 5 becomes

Uny s = |Ena) 02" )" 0)™ | 72 [ 0) )" (r2) 2 (73,5

- (2.18)
— (_ 1 )n0+nI§n§n+Q-
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Then we can rewrite the naively discretized action (1) as

4
SF =

| =

4
D M [ = K]+ m >0 e, (2.19)
1 n,u a=1 n

a=

where 7, , = (=1)"*""*"-1_ The staggered fermion is obtained by retaining one of the four
components in y,:

S?aggered = % Z M. [)Zn)(nﬂa - )Zn+,z)(n] +m Z)En)(n, (2.20)
n,u n

Note that 16 four-component fermion doublers appear in the continuum limit of the action (Z19).
Then, 4 four-component fermion doublers appear in the continuum limit of the staggered fermion
formalism. Since y, is a single-component operator, there is no spinor structure in the staggered
fermions. The absence of spinor structures makes practical calculations much easier. The exis-
tence of fermion doublers results in the possession of chiral symmetry in the chiral limit (m — 0).
Namely, the action of staggered fermions is invariant under the chiral transformation defined by
Yn — ei(ze(n))(n’)zn — eiae(n))zn with e(n) = (_1)n()+n1+n2+n3’ when m = 0.

2.3.4 Discretization of Gauge Action

Let us consider the discretization of the action of gauge fields. Here we follow the discussions
in Ref. [IR. First let us derive the Euclidean gauge action. In the Minkowski spacetime, the
continuum SU(Ng) gauge action is given by

1 1 ;
i = =g [ @y = - [ @, @21)

where F),, = %[Dﬂ, D,] = 0,A, — 0,A, +ig[A,, A ] with the covariant detivative D,, = d,, +
igA,. Here A, = AZT“ is an SU(Ng) gauge field with Ng X Ng matrices T¢ satisfying (TH =
T, T = 0, tr(T*T?) = 6,45/2, and [T4, T?] =i f abee The Euclidean spacetime (i.e., imaginary
time) is obtained by rewriting ¢ and Ag as t — —it and A9 — iAp. Then the Euclidean action is
given by

1 1 .
S = —iSH = St f drd®x(Fy,)* = 1 f drd’x(F},)*. (2.22)

Next we consider the fermionic action with an SU(Ng) gauge field A

Sp = f d*xf (x)(y Dy + my(x). (2.23)

As in the noninteracting case, up to linear order in a (the lattice constant), we can readily show
that

Un,uwnﬂi - sz-,/.twn—ﬁ _ [1 + iagA,u(n)][wn + aauwn] - [1 - iagA,u(n)][Wn - aaﬂ‘ﬂn]
2a B 2a (2.24)
=0 + igA,u(n)wn = Duwn,
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where U, , = ¢'@84u*4/2) € SU(Ng) is the “link variable”. More precisely, U, , is given by

N-1

n+f
= Pexp|i AL(XdXH| = 1 1+igA A)AK
Unu = Pexp [18 f u(X)d ] leio’g)[ +igAy(n +mA)A| (2.25)

~ Ql8ALHAI2)
where A = |[n + 1 — n|/N = a/N. We obtain the naively discretized fermionic action with an
SU(Ng) gauge field on a 4D hypercubic lattice given by

Sk = %Z ['/;nUn,pyuwn+ﬁ _lﬁn+ﬁUZ7M7ﬂ'/jn] + mZ‘/_’nwn (2.26)
n,u n

Finally we consider the discretization of pure SU(Ng) gauge action. The actions (Z22) and
(ZZ23)) are invariant under the gauge transformation such that

_ . . 1
Y'(x) = QU (x), ¥'(x) =g0)Q'(x), AL (x) = Q(x)A,(x)Q"(x) + EQ(X)(?#QT(X),
(2.27)

where Q(x) with Q(x)Q(x) = 1 is a local gauge transformation matrix. Then the lattice
gauge action must also be invariant under the above transformation. We can show that U, , =

Q,,U,WQ,TZ ot O(a?). This indicates that on a closed path C,,, the trace of the product of link
variables is gauge-invariant:

tr n Un i Untppygir = Unapy . = 1 n QuUn iy Untygis - Ui gu th
C

Cn " (2.28)

= l_[ Un s Unsiy i =+ Unafig iy -
Cn

Therefore, we need to find a closed path which reproduce the continuum action (Z222) in the limit
a — 0. The simplest path is a square lattice of of size a?, which results in the product of four
link variables. Such an action is called the plaquette action (see Fig. 2l), and can be written as
Z,Wiv tr Uy, , with

Uwn = UnqUnsnUy s U - (2.29)
Then it can be shown that
tr Uy = tr (exp {iag [A#(n +0/2) + A+ i +9/2) + ng[Aﬂ, A+ ]}
X exp {—iag Ay +9 + 0)2) + Ay(n +9/2) - iC’Tg[A#, A+ ]})
=tr (exp {iag[A,,(n +/2) = Ay(n—fa/2)] —iaglA,(n+V/2) - Au(n —v/2)] (2.30)

+(iag) [Ay, A1+ })

=tr {exp [iang,uv(nc) + a3X3 + a4X4 + O(as)]}

42
1 +ia2gF(ne) + a° X3 + a* Xy - %Fﬁv(nc) + O(a6)] ,

=tr
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Figure 2.1: The plaquette action for a gauge filed. Blue circles represent lattice sites on a 4D
hypercubic lattice. It can be seen that the link variable is regarded as a quantity which have a
“direction”. f denotes the unit vector along the u direction.

1 .
where we have used the formula e4e8 = ¢A+tB+3lAB1* "and n, is the center of the plaquette

given by n. = n + fi/2 + /2. From the identity tr7¢ = 0, we see that trF),, = trX3 = trXy = 0.
Finally in the limit a — 0, we obtain

atg?
D U= Dt [1 - Fane) + O(aﬁ)l : (231)

n,u#v n,u#v

This indicates that the gauge action on a lattice can be written as
2NG
=3 [1 = 5z U + U, n)] : 2.32)
no u<v
where we have used the fact that trl = Ng (Ng > 2). In the case of Ng = 1, we have

222[1— ~Upn + ,M)]~ (2.33)

nou<y

2.4 Lattice-Gauge-Theoretical Analysis of Graphene

We have seen that the low-energy effective model for graphene is described by (2+1)D four-
component Dirac fermions of two flavors (i.e., spin degree of freedom). Such a system on a
lattice can be described by the (2+1)D staggered fermions, since they reproduce four-component
Dirac fermions of two flavors in the continuum limit [T49]. Then the lattice version of the action
(8) with a scalar potential resulting in the 1/7 Coulomb interactions reads [[OIHITO7]

- %Z [)ZnUn,O)(,H() ~ XU OX” ) Z Z Mn,j Xn)(n+] Xn+]/\/n]
S (2.34)

+mOZXn)(n+,BZ Z 1—Re(Un0U+JO)]

n j=1,2,3

where 17,1 = (=1)", g, = (1) and U, o = e (-1 < 6, < n). The parameter 8, which
represents the strength of 1/r Coulomb interactions, is given by 8 = vre/e? with € and e being
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Figure 2.2: (a) § dependence of the chiral condensate o in the model (34)) obtained by a Monte
Carlo simulation [[OT]. (b) 8 dependences of the chiral condensate o (left panel) and the chiral
susceptibility ychirat = 00 /0myg (right panel) in the model (Z34) obtained by a Monte Carlo
simulation [[2].

the dielectric constant of substrate and the electric charge, respectively. This expression of
means that small Fermi velocity and small dielectric constant makes the Coulomb interactions
effectively stronger. In graphene suspended in vacuum with vg/c =~ 1/300 (c is the speed of light
in vacuum), the value of S is approximated to be 0.036. Namely, we can perform perturbative
calculations from the strong coupling limit 8 = 0.

The physical quantity which should be calculated in the model (£34) is the chiral condensate
o defined by

e 10InZ
V omy m0—>0.

=[xl = f Dlx, X»UO]Z)(an (2.35)

The value of o in the limit mo — 0 is regarded as the order parameter for the semimetal-insulator
transition in graphene, since o is the dynamically generated mass (gap). The value of o as a
function of 8 obtained by a Monte Carlo simulation is shown in Fig. [Z2A(a). “N;” in the figure
represents the number of flavors of four-component Dirac fermions, where Ny = 2Ngiaggered With
Nitaggered being the number of flavors of staggered fermions. In monolayer graphene (Ny = 2),
the system becomes insulating (i.e., becomes gapped) as the 1/r Coulomb interactions becomes
stronger. However, it should be mentioned that there exists the critical number N¢ (4 < N)f < 6)
above which the semimetal phase survives in the strong coupling limit. The critical strength
of the Coulomb interactions S., below which the system becomes insulating, can be obtained
by examining the chiral susceptibility defined by ychirat = 00 /0myg [see the right panel of Fig.
22A(b)]. B, in monolayer graphene is estimated as 8. = 0.072. Finally we note that the value
of o obtained in an analytical calculation, the strong coupling expansion of the lattice gauge
theory [[3], and the value obtained in a numerical calculation [T, T072] are in good agreement
in the strong coupling region.
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Chapter 3

3D Topological Insulator with Strong
Long-Range Correlations

In this chapter, we study the effects of strong 1/r long-range Coulomb interactions in a three-
dimensional (3D) topological insulator, where the effective Hamiltonian is described by the Wil-
son fermions. We take into account 1/r Coulomb interactions between the bulk electrons. Based
on the U(1) lattice gauge theory, we analyze the system from the strong coupling limit. It is
shown that the effect of Coulomb interactions is equivalent to the renormalization of the bare
mass of the Wilson fermions, and that as a result, the topological insulator phase survives in the
strong coupling limit. A possible global phase diagram of a correlated 3D topological insulator
is presented. The contents in this chapter have been published in:

A. Sekine, T. Z. Nakano, Y. Araki, and K. Nomura, Phys. Rev. B 87, 165142-T-9 (2013,

A. Sekine, T. Z. Nakano, Y. Araki, and K. Nomura, [PS Conf. Proc. 3. 016008-1-5 (ZOT4).

3.1 Theoretical Model

In this section, we introduce a lattice model for a 3D topological insulator with 1/r Coulomb
interactions. The noninteracting model we adopt is the Wilson fermions, the effective lattice
model for 3D topological insulators such as Bi;Se;. The motivations for considering the effects
of 1/r Coulomb interactions are as follows. The first is that the effects of long-range interactions
have not yet been revealed. We have studied the effects of short-range interactions in the Wilson
fermions [BY], and found that the topological insulator phase is broken in the region where the
interactions are strong. The second is that Bi;Ses is a p-electron system. This suggests that the
on-site interactions are not strong. On the other hand, in Dirac fermion systems, the effects of
long-range interactions are expected to be important, since the screening effect is considered to
be weak due to the vanishing density of states near the Fermi level.

3.1.1 Isotropic Case

As we saw in Subsect. X7, the low-energy effective model of three-dimensional (3D) topolog-
ical insulators such as Bi;Ses is described by the Wilson fermions [[d, ], whose Hamiltonian
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Figure 3.1: Energy spectrum of the effective model (B in a slab geometry (i.e., finite layers
in the z direction) with (a) my/r = —0.5 and (b) mgy/r = 0.5. The surface state exists in the
topologically nontrivial case (0 > mg/r > —2). However, note that in this chapter we do not
study the model in a slab geometry. We study the model in a periodic boundary condition for all
the four (spatial and timelike) directions.

is given by

3
Ho(k) = v Y a;sink; + m(k)as, 3.1)
j=1

where k is the momentum, vg is the Fermi velocity, m(k) = mo + r 2 ;(1 — cosk;), r > 0,
Jj(= 1,2,3) denotes spacial axis. When r = 0, the Hamiltonian is a naively discretized Dirac
Hamiltonian. The Wilson term (the term proportional to r) arises as a result of strong spin-orbit
coupling. The above Hamiltonian is described on a cubic lattice with the lattice constant a. In the
following, we seta = 1. a,, are 4 X 4 matrices which satisfy the Clifford algebra {a,, @, } = 20,
given by the Dirac representation:

0 ; 1 0
o7l e

with o; being the Pauli matrices. The energy of this system is measured in units of vg/a. The
Hamiltonian (B) has time-reversal (7)) symmetry and spatial inversion () symmetry, i.e.,
T Ho(k)T ~! = Hy(=k) and PHy(k)P~! = Hy(—k) are satisfied, where 7 = 1 ® (—io»)K
(K is the complex conjugation operator) and # = o3 ® 1. In the Hamiltonian (Bl), the spinor is
written in the basis of Y, = [cg+1, Cht]s Cl—1s Ch— l]T, where c is the annihilation operator of an
electron, +, — denote two orbitals, and T (|) denotes up-(down-)spin [[4,I7].

In the presence of time-reversal symmetry and inversion symmetry, the Z, invariant of the
system is given by [, I2]

8

(=1 = | [ {=sentm @01}, (3.3)

i=1

where A; are the eight time-reversal invariant momenta; (0, 0, 0), (x,0,0), (0,7, 0), (0,0, x),
(m,7,0), (m,0,7m), (0,7,7), and (7,7, m). It is easily shown that if 0 > my > —2r or —4r >
mgy > —6r (mg > 0, —=2r > mg > —4r, or —6r > my), then the system is topologically nontrivial
(trivial).
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Next let us consider a strongly correlated topological insulator in the Euclidean spacetime,
which is described by the Wilson fermions with 1/ Coulomb interactions between the bulk
electrons. We start from the Euclidean action of (3+1)D Wilson fermions interacting with an
electromagnetic field on a 4D hypercubic lattice, which is given by

Sr == 2 [nPUntinss + FusiPLUL ] + (mo+40) St 3.

n.u

where iy = lﬂ)’o, P;—; = (ry £yu)/2. Here n = (ng,n1,n2, n3) denotes a site on the 4D lattice
and 4 (u = 0,1,2,3) denotes the unit vector along the u direction. In this isotropic model, we
setrg = ry = ry =r3 =r. Uy, is the link variable defined by U, ;, = e8Au+2) where
A, = (Ao, A) is the electromagnetic four-potential, and g2 = ¢2/e with e and € being electric
charge and the dielectric constant of the system, respectively. Although the timelike Wilson term
(the term proportional to rg) is introduced artificially to eliminate fermion doublers, the spatial
Wilson terms have a physical meaning (they arise due to strong spin-orbit coupling). In this
paper, according to the noninteracting Hamiltonian (Bl), we adopt the Dirac representation in
the Euclidean spacetime ({y,,y,} = 20,,):

1o o —ioy o1

where j = 1,2, 3 and o; are the Pauli matrices.

In the case of 3D topological insulators, the Fermi velocity vg is about 3 x 1073¢ where
¢ is the speed of light in vacuum. Here recall that the interactions with spatial components of
electromagnetic fields have the coefficient vg/c. Then the interactions between the bulk electrons
can be regarded as only the instantaneous Coulomb interaction (A; = 0) like in the case of
graphene [[OTHIT1], so the action (B4) is rewritten as

Sk =S5 + 8P+ (mo +4r) > i, (3.6)

where

() ; p- ; i
S == 3 0P Unha + 0,16 PS U o] (3.7)
n
(s) _ T p- 7
Sp’ = ‘Z 90 P70 + B P (3.8)
n.j

and U, o = " (- < 6, < rr). The Wilson fermions breaks chiral symmetry by itself (the terms

proportional to r and my), i.e., the action (B-f) is not invariant under the chiral transformation
W — 05y, i, — @,e™®s. In our model, chiral symmetry is equivalent to the symmetry of the
pseudospin for two p-orbitals + and —. The pure U(1) gauge action on a lattice is given by

Se=B).>, [1 - % (Unov +U,I,,W)], (3.9)
n o u>v

where 8 = vg/g?. The plaquette contribution Up, v 18 defined by

T
Un,,uv = Un,pUn+ﬁ,VU

n+v,u

Uy, (3.10)
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where U, ; = 1 (j = 1, 2, 3) in our case. The total action of the system on a lattice is written as
S=8r+Sg. (3.11)

The dielectric constant €, of BiySejs is rather large [[20] (e, = €/€9 = 100). This means that the
Coulomb interaction between the bulk electrons in Bi;Ses is considered to be weak. In fact, the
value of S is approximated as

VEE, y drephc

B = ~ 3, (3.12)

4re e?

. P 2 .
and we cannot perform the strong coupling expansion in Bi;Ses. Note that #Ohc ~ 1/137 is
the fine-structure constant. However, we think it would be important from a theorerical view-
point to examine the strong electron correlation effect in Dirac fermion systems which describe

topologically nontrivial states.

3.1.2 Anisotropic Case

So far we have introduced the isotropic Wilson fermions as a lattice model for 3D topological
insulators such as BipSes. However, in real materials, there exist anisotropies in the momentum-
dependent mass (the Wilson term) and in the Fermi velocity [[8,I4]. We take into account the
former anisotropy but neglect the latter, since the former is much larger than the latter. Then
the Hamiltonian of the anisotropic Wilson fermions as a model for 3D topological insulators is
written as

3 2
Ho(k) = ve Y ajsink; + [mo+r, Y (1= cosky) + r3(1 = cosks) | aa, (3.13)

Jj=1 J=1

where the 4 X 4 matrices a,, are the same as Eq. (B2). The topological insulator phase and the
normal insulator phase are distinguished by the Z; invariant. It is found that when —2r3 < mg < 0
or —4r, —2r3 < mg < =4r, (0 < mg, —4r, < mg < —2rz ormgy < —4r, — 2r3) with rz < 2r,
the system is topologically nontrivial (trivial).

Next we consider the 1/ Coulomb interactions between the bulk electrons. This enables us
to describe the system by the U(1) lattice gauge theory (lattice quantum electrodynamics). Due
to the smallness of the Fermi velocity compared to the speed of light, the interactions between
the electrons and the spatial components of the electromagnetic field can be neglected. Then the
Euclidean action of the system is given by

S:ngﬂ)+(mo+rr+27¢+r3)zl/;nwn+SG’ (3.14)

(T+s) -

where S PRt the fermionic action without the mass term

SE™ = = L [P Un s + 0o PoUson] = D [0nPiss + BuiPiim] . (315)

n n,j

and Sg is the action of the U(1) gauge field

S =p Z Z [1 - % (Un,HUnJrﬁ,VU;W,#UlV + Hc)} . (3.16)

no p>v
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Here Pﬁ = (ryxty)/2withrg =rrandry =rp, =r,,U,; =1(G =1,2,3),and Uy, =
e (-1 < 0, < m). B = vpe/e?, with € being the dielectric constant of the system and e being
the electric charge, is a parameter which represents the strength of the 1/r Coulomb interaction.
According to the noninteracting Hamiltonian (B13), the gamma matrices 7y, are given by the
Dirac representation.

In what follows, we concentrate on the isotropic case. However, the calculation for the
anisotropic case is exactly the same as the isotropic case.

3.2 Effective Action

Let us perform the strong coupling expansion from the strong coupling limit (SCL) g = 0.
The strong coupling expansion has been often used in lattice quantum chromodynamics (QCD)
[[XTT75] where the coupling between fermions (quarks) and gauge fields (gluons) are strong.
We can carry out the Uy integral by using the SU(Ng) group integral formulas:

1
f dU1 = 1, f dUU,p, = 0, f dUUU!, = N SadSbe- (3.17)

Our case corresponds to the case of Ng = 1. We can derive the effective action Seg[yr,¥/] by
integrating out the U(1) gauge link variable Uy, in the partition function Z up to the arbitrary
order in S8 as follows:

Z:fi)[l//,l/;,Uo]e_SF_SG :fz)[l//,l/}]e—seff. (3.18)

First we consider the strong coupling limit (5 = 0). In this case, the timelike partition function
is given by

2 wd1 = [ DU (3.19)

The integration with respect to Uy is evaluated as

—s® d de, - _ +
fZ)er F o= 1:1 f;n o exp [:,l/nPO Un 0¥ 140 +‘/’n+()P(J)rUn,o‘//n]
= ][ +9nPotsinoPiun + - | (3:20)
n
~ eZnL/;IIP()_',[/’1+(‘)¢;’Z+OP51//n 5

where we have used the property of the Grassmann variables ¢, and /., 2 = > = 0 with
denoting the component of the spinors. In the second line, we have neglected the terms which
consist of 8, 12, and 16 different Grassmann variables. The contributions of those terms appear
in higher orders of the order parameters, and thus the results will not be changed qualitatively
even if those terms are taken into account. We can rewrite the exponent as

Una (Pl g0 sy (PO yotins = —tt [MuPEM, o PF ] (3.21)

where we have defined (M,)ep = Yn.o¥np and used (P§)ap = (P§)pe- The subscripts a and 8
denote the component of the spinors.
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Next we evaluate the term of the order of 5. In order to evaluate the plaquette contributions
from S, we use the cumulant expansion [, I74]. Let us define an expectation value

f DUA[Uple™5F . (3.22)

Then using this definition, the full timelike partition function can be expressed as

—sO_ -
PALE f DUpe™ 5 50 = 72, (e7%0). (3.23)
The contribution from S is given by
_ -s S (D"
AS = —In¢e~56) = — — (¢ (3.24)
where (- - - ). is a cumulant. The correction to the action up to O(f3) is given by
= (S¢)e = (S) = -= Z D Wy + Uy ) (3.25)
n o u>v
The expectation value of U, ,, is evaluated as follows [[Z3]:
@
<Un,/1v> = den oUn Jv€ P, (3.26)

where sg) is the plaquette-related part of S}T). We see that the terms with (u,v) = (i, j) become

constant and find only (u,v) = (j, 0) terms to survive:

Unjo) = =t [V, PiVig Po (3.27)
+ _ - +y/+ - .
<U 10> [V”JPO Vn+0,fpo] ’

where we have defined (V; Dap = Unal,. 55 and (V" Jap = 78 3 o¥np- The procedure of the
strong coupling expansion up to O(f) in our model is illustrated in Fig. B2
Finally, substituting Eqs. (B3220) and (B23) into Eq. (B223), we obtain the effective action up

to O(B):
Set = (mo + 4r)Zt/7n¢/n - Z [&nPJH//H; 7 jwn] Ztr [M PiM,  oPy ]

n,j n

B ) (3.28)
E + pty-— - - pty+ -
n,j

3.3 Free Energy and Order Parameters

As mentioned in Chap. B, the lattice-gauge-theoretical description of 1/r Coulomb interactions
does not contain the on-site interactions. Unphysical states due to the absence of on-site inter-
actions, such as phase separation, are eliminated by assuming uniform mean-field ground states.
This assumption is also supported by the fact that lattice quantum electrodynamics (QED) is a
well-defined (renormalizable) theory.
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@p=0 o ) 0(B)
. J

Ynto 11[_’n+0 ll/n+'0(l/;n+o Ynvo o JVHOH ¢n+00 __________ "/;n+0+j
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Figure 3.2: Illustration of the strong coupling expansion (a) in the strong coupling limit 8 = 0,
and (b) in the order of 8. Black arrowed lines represent the link variables Uj. Filled (open) Green
circles represent s (if).

3.3.1 Extended Hubbard-Stratonovich Transformation

In this section, we derive the free energy at zero temperature with the use of the extended
Hubbard-Stratonovich transformation (EHS) [[03, 072, I73], and then we obtain the ground state
as the stationary point of the free energy. To this end, let us apply the EHS transformation to the
trace of two arbitrary matrices. Introducing two auxiliary fields R and R’, we obtain

M f DIR.R] exp{—KZ [(Raﬁ)z + (Ri)" = (Aap + Big)Rpo = i(Aap = B&)R'a]},
ap
(3.29)

where « is a positive constant and the superscript 7 denotes the transpose of a matrix. The
integrand has the saddle point values R,g = (A + BT>ﬁa/2 and R;ﬁ =i(A — BT)[;Q/Z. Defining
Q =R+iR and Q' = R - iR’, Eq. (B229) is rewritten as

B o f DIQ. Q' exp {~+ |QupQlp = AupQpo = BopCh ) (30

with the saddle point values Q,g = (BT)ﬁa and Q’Qﬁ = (A)ga-

3.3.2 Free Energy in the Strong Coupling Limit

Let us consider decoupling the third term in the effective action (B22X) to fermion bilinear form.
To do this, we set (x, A, B) = (1, M,, P}, -M, Py) with (My))ap = 'I’n,a‘,bn,ﬁ in Eq. (B30). In this
case, the saddle point values are given by Q.5 = —(M,, 0P Yap and Q:lﬁ = (M,,P(‘)L )pa- We apply
the mean-field approximation to the form of (M,,).

Here recall that the purpose of this study is to discuss the stability of the topological insulator
phase. From the expression for the Z, invariant [Eq. (B3)], we see that the mass term [the term
proportional to a4 (or the identity matrix)] is important when determining whether the the phase
is topologically trivial or nontrivial. Further, time-reversal symmetry breaking orders break the
topological insulator phase. In our model where the Hamiltonian is described in terms of «,
which satisfy the Clifford algebra, only the a5 = —iygys order can break time-reversal symmetry

45



3.3. FREE ENERGY AND ORDER PARAMETERS

and lower the energy of the system. Note that the other three matrices «/; merely shift the location
of the Dirac cone. Therefore it is natural at the mean-field level to assume that

(M) = "5 = g(cos 0 + iys sin ) = ¢y + drivys, (3.31)

where ¢, and ¢, are called the chiral condensate and the pion condensate, respectively. The
Wilson fermions break chiral symmetry by themselves (the terms proportional to r and my).
Hence we cannot use the value of ¢, as an order parameter, unlike in the case of graphene where
chiral symmetry is not broken in the noninteracting limit and hence the value of ¢, can be used
as the order parameter for the semimetal-insulator transition.

In this study we regard ¢, as a correction to the bare mass mg. On the other hand, the value
of ¢, can be used as an order parameter for the time-reversal symmetry breaking. To understand
this, let us consider the mean-field Hamiltonian given by

Hwure(k) = Ho(k) +yolMy) = Ho(k) + poas + dras, (3.32)

where @4 = 03 ® 1 and as = iygys = 02 ® 1. Then it can be seen that ¢, gives a correction to
the bare mass mg. The matrix as represents a kind of “orbital order”, since the spinor is written
in the basis of Y, = [Ck+1, Cht|s Cl—1» C— l]T, where c is the annihilation operator of an electron,
+, — denote two orbitals, and T (|) denotes up-(down-)spin [[IL8, I7].

Setting (x, A, B) = (1, M, P{,—M, _4P;), we obtain

n+0

tr[(AXB)] = —otr |5 P Py |
0'2 . .
—— [0+ y0)e 5 (r - y0)]

Qaﬁ Q;ﬁ

(3.33)

2
—O-Ttr [(r2 — 1)cos?6 + 21'7/5r2 sinf cos§ — (1 + r?) sin? 9]

= o 2[(1 = r*) cos? 0 + (1 + r2) sin 4],

AopQpa = [ A(B)] = —ctr | M, P e Py |

o .
~ 1 [ Malr +70)e™ (r = y0)]

(3.34)

—%tr {Mn[(r2 —1)cosf + (r2 + 1) sinfiys + 2riygys sin 9]}

o - T T
20 [ =Py cos @, = (1 + 1) sin@fyiy5u, = 2r sin@hyiCroys) v

tr[B(A)] = —otr [Mn+0P6ei975P6’]

=S (Mo = y0)e™ (4 0)]

—%tr (M, (> - 1)cos @ + (r? + 1) sinBiys — 2riyoys sin 61}

T
BaﬂQﬁa/

(3.35)

o - . - . . .
20 [ = cos @y = (1+ 1) sin0g,iy5un + 2r sin00,iyoys) ) .
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where we have used yé = 1 and trys = 0. Substituting Egs. (B33), (834) and (B33) into Eq.
(B30), we obtain

exp {— Z tr M, P{M, 5P | }

n

(3.36)
~ exp {— > [(1 — )5 + (1477 + %w‘n |-(1 =)o + iyE (1 + )] w]} :

n

where we have applied the mean-field approximation to (M, ) and (M, o). Then the effective
action in the strong coupling limit expressed by the two auxiliary fields ¢, and ¢, is given by

Sett(o $) = NNe [(1 = )2 + (L + 107 ] + > M b, bWk, (3.37)
k
with

. 1 ’ 7l 5
M= ;zyj sink; + mg + r(4 — Zcoskj) - E(1 —1)po + iy 5(1 +r°)r. (3.38)

J

Here Ny = V and N; = 1/T with V and T being the volume and the temperature of the system,
respectively and we have done the Fourier transform from n = (ng, n) to k = (ko, k).
The free energy at zero temperature per unit spacetime volume is given by

F (bos¢r) = = InZ(¢o, ¢r)- (3.39)

Integration with respect to ¢ and ¢ is carried out by the formula f D[z//,tﬁ]e“ﬁM”” = detM.
Therefore we need to calculate the determinant of M. From Eq. (B38), the matrix M is written
explicitly as

- ol L s 1er?
Mo Tn(k:)+‘11+r2 o Smf?z +iey ¢nl _ [A B], (3.40)
—0;sink; +i—5—¢n m(k) +r ¢ D
where
. 1-r2
mk) = mo — 5 Go + 1 Z (1 — COS kj) . (3.41)

J

As we see from Eq. (B-41), the chiral condensate ¢, corresponds to a correction to the bare
mass my in the original Hamiltonian (Bl). That is, m(k) in the noninteracting Hamiltonian (BI)

changes to 7i(k) in the strong coupling limit. The term*r” of (k) + r in Eq. (B20) originates in
the timelike components of the action. After a straightforward calculation, we have

2
252
detM = detA - det (D - CA™'B) = {Z sin® k; + (k) + r* + %@%} . (342
J
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The same result can be derived by the formula detM = +/det(MAMT). Finally we arrive at the
free energy at zero temperature in the strong coupling limit:

F(bo r) = (1 = rp2 + (1 + r2)p?

T dk . 3 (1 +r%)? (3.43)
-2 s In {Z sin® k; + [/i(k) + r]* + Tgb,%} .

The values of ¢, and ¢, are obtained by the stationary conditions 0F (¢, ¢r)/0ps =
OF (b5, Pr)/ 0, = 0. When r = 1, Eq. (B243) does not depend on ¢. In this case, the stationary
point is obtained by the following equation:

1 [ DWW Eudpme™ 1 1dZ 1dF
AN;N: [ Dly,gle=Se 4NN Zdmg — 4dmy’

b = (3.44)

When r > 1, the coefficient of the first term in Eq. (B23), 1 — r2, becomes negative and thus Eq.
(B-43) does not have the stationary point. This is because the logarithmic term is doninant when
¢ is small and then ¢2 term becomes dominant as ¢, gets larger. Therefore the condition that
the coefficient of ¢2 must be positive is needed for Eq. (323) to have the stationary point. This
fact is consistent with the requirement of the reflection positivity of lattice gauge theories with
Wilson fermions [[21].

In the chiral limit (r = my = 0), the free energy is a function of only o, reflecting the chiral
symmetry of the action. This is understood as follows: in the chiral limit, the action is invariant
under the chiral transformation ¢, — €'®5y,,. This transformation does not depend on the value
of 8, and thus the free energy also does not depend on it.

The free energy in the anisotropic case described by the action (B-I4) can be obtained in the
same way as above. After a straightforward calculation, we arrive at the free energy at zero
temperature given by

Faniso@ors ) = (1 = 122 + (1 + rH)p2

™ dPk
. (27)3

22
In {Z sin® k; + [1iu(k) + rc]* + Mq}z} ’ (3.45)
J

4 /4

where (k) = mg — (1 — rT2)¢(T/2 + rl[zjz.zl(l — cosk;) + n(1 — cosk3)] with the anisotropy
n = r3/r.. The ground state is obtained by the stationary condition 0% niso(¢o,> Px)/ 0Py =
O0F aniso(@o» 1)/ 0dr = 0. Note that the free energy does not have the stationary point when
rr > 1. This is due to the reflection positivity of the lattice gauge theories with Wilson fermions
[22].

3.3.3 Free Energy up to the Order of 5

Let us evaluate the O(B) contribution to the free energy for the isotropic case. We write the
fourth term in the effective action (B28) as AS; + AS>(= AS). Then we should choose such that

(k, A, B) =(B/2, an].Pg, —Vn‘+0’jP6) in Eq. (B30) for AS;:

_AS B , T
e 1 o exp {—5 Z [SaﬁSaﬁ - AaﬁSﬁa - BaﬁSﬁa]} , (346)

n,j
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with the saddle point values Sop = (B")go = —(V, o Pylap and S/,; = (A)ga = (V," P )po-

Similarly, setting (x, A, B) = (8/2, Vn_, ng , —Vn++0’jP6 ) in Eq. (B30) for AS,, we obtain

_ B , /
A% o exp {—5 Z [Taﬁ ap AapTpa — BgﬁTBa] , (3.47)
n,j
with the saddle point values 7,5 = (BT>ﬁa =V J.Pa Yap and Tcllﬁ = (A)ga = (Vn"].P(J)r )a-
Next we decompose (an j) and (Vn_, J.) into spinor components as follows:

(Vo) = v +iysv, + Z?’ﬂv;r,u + Z 1YSYuVaus

R R (3.48)

<Vn,j> =V t l’}/5Vp + Zyﬂvvp + Z l’)’S’}’,quﬂ,
T H

where the first through fourth terms are the components of the scalar, pseudoscalar, vector and
pseudovector (axial vector) mode, respectively. The terms (Vr: j) and (Vn" j> are equivalent to the
propagator from a point to another point. Only the scalar and vector modes appear when parity
is not broken, and the pseudoscalar and pseudovector modes may also appear when parity is
broken. Therefore these four modes should be considered in Eq. (B4R).

The exponent in Eq. (B-48) is computed as in the case of the strong coupling limit. After a
calculation, we obtain

SapSis = Ul(BXAN = —tr [(V, YPG (Vi PG |

=1 -rvvi+(0+ rz)vl;v; +(1 = rhyvgvl, = (1 +7?) Z VoV
]

(3.49)
-1+ rz)v;()v;“o +(1-r? Z v;lv;l
]
for the constant part, and
_ + p+ - | _ 7 f - p=\T
—AapSpe =tr [V,ZJ.P0 v o, Po >] =y (PO <Vn,j>P0) Ynsj (3.50)

with

R | . _ _ _
PS(V,W-)P =1 [(r2 - vy +iys {(r2 + v, - 2rva0} +)/0(r2 =Dy,

+ Zyk(rz + Dy, + iysyo {—21’\1; + (r2 + I)V;O} + Z iys)/k(rz - 1)v;k] ,
k

k
(3.51)
and
’ - - - _ T
~Bl.Sp, =tr [VMOJPO <anng>] =07 POV PS) W (3.52)
with
1
PV, )Py = 1 [(l’2 — v +iys {(r2 + vy + 2rv;ro} +y0(r* = 1w},
(3.53)

+ Zyk(rz + vl +iysyo {21’\/; +(r? + l)v;’o} + Z iysyr(r® — l)v;’k]
k k
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for the fermionic part.
Similarly, the exponent in Eq. (B-47) can be computed as

TopT} = (BXAY] = —tr [(V, )Py (V, PG|

=(1-ryv;vi+(1+ r2)vl;v;,r +(1- rz)vgov;ro —(1+r? Z VoV
I

(3.54)
-1+ rz)v;()vgo +(1-r? Z v;lv;l
1
for the constant part, and
_ _ - N\T
~AagTpa = 5 |V PV P =0, (P P5) (3.55)

with

1
Pg(anj)P_ =1 [(r2 — v, +iys {(r2 + 1)\/; — 2rv;0} +yo(r? - Dv

+ zlyk(r2 + D)v + iysyo {—2rv;; +(r? + l)v;LO} + Z iysyr(r® — 1)\/;,(] ,
k

k
(3.56)
and
T v o — - _ _ T
BT, =t [VH:OJPO <vn,jpg>] = 0 (Py V0P Wi (3.57)
with
e 1 _ . _ _ _
P, (Vn,j)PJr = 7 [(r2 - vy +iys {(r2 + Dy, + 2rva0} +)/0(r2 - Dy,
(3.58)
+ Zyk(rz + v, + iysyo {21’\/; + (r2 + l)vgo} + Z iy5yk(r2 — 1)v;k]
k k
for the fermionic part.
Combining e ™51 and =252, we obtain the O(B) contribution to the action as
AS =B Z [(1 - rz)vs_v: +(1+ rz)v;v; +(1 - 7’2)\/;0\/;rO - (1+ r2) Z vv_lv:l
" : (3.59)
—(+ PWgvie + (L= 1) Y vavi | + D [0nAt + 0, A |
l n,j
where
(Ay = § [—(1 =5+ (L4 Diysv, = (= rPyovig + (1 + 1) Y yivy,
: (3.60)

T
+(1 + r)iysyovy, — (1 —r?) Z i7571v;1} ’
]
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(ALY = g —(1 - rz)v;r +(1+ rz)iy5v; -(1- rz)yovjo + (1472 Zylv‘fl

; : (3.61)
+(1+ Diysyovgy — (1= 1) > iysyvg,
l

Then doing the Fourier transform and combining Eqs. (B37) and (B39), we get the effective
action up to O(B) with auxiliary fields:

Seff - Saux(¢0" ¢7T’ s P’ vlJ’ va#) + ZlﬂkM(k ¢O‘9 ¢7T9 ) pa Vﬂ’ Vgﬂ)‘ﬂk» (362)

where

SUX =N N, {(1 — )2 + (1 + )2 + 8 Z [(1 =i+ L+ P2+ (1= vl
j

—(1+7% Z VoV = (1L+ v, + (1 = r?) Z v;lv;l]} :
1 l
(3.63)

and

o B _ ik —ik:
M = myg +r(4— Zcoskj) + 27 = Deost + Z]: 707 =D [vres +vie ™ ]

J

+ i)’g{%(rz +1)sin@ + Z g(r2 +1) [V;eikj + v;e—ikj]}
J

+7’g Z g(r2 -1 [vv_oeikj + v:()e"'k/] + Ziyj sink; + Zy S+ 1) [ vle ki gy e ikj]
J T

J

+i(ysyo)" Z 'g(r2 +1) [V;Oeikf + v;“oe‘”‘f] Z i(ysyr) é(r 1) [v;lefkf + v;fle-ikj] '
J I
(3.64)

Next we replace the auxiliary fields to make the calculation easier as follows:

Vvi=81FiS, Vi=FiP1+P, v,= Vo £V,
p =T v O (3.65)

v = FVik1 —iVio, v;“o = FAp,1 —iAo2, v;rk = —iAk1 F Ak2.

H =

Using the formula detM = +/det(MMT), we obtain

detM =

/\/(2+/\/(2+/\/(20+Z:M2 +M2O+ZM ] (3.66)

where we have defined M as

T
M= M+ iyE My +ivg Muo + D iyiMus + rsyo) Mao+ ) (vs7;) M. (3.67)
J J
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The free energy at zero temperature per unit spacetime volume is given by

7:(¢0'v¢7r’Sa’Pa’V,u’A,u) = - lnz(¢a'»¢n»sa’Pa’V,u’Au)’ (368)

NN,

where a = 1,2 and u = 0,1,2,3. Here Ny = V and N; = 1/T with V and T being the volume
and the temperature of the system, respectively. Further we eliminate the auxiliary fields S,, P,
V, and A, by the stationary condition such that

OF OF _OF _OF
4S, 0P, 09V, OA,

=0. (3.69)

The final form of the free energy for the isotropic case at zero temperature up to O(8) is given by

7:(¢O" ¢ﬂ')

Bk B " Bk sin?k; ]
_ I NY) 2y 42 - = 2 .
=(1-r )¢o- ++r )¢7r 2£ﬂ (27'(')3 log Xo 3(1 T )Z { - (27[)3 Xo l

2
L+72 (7 &Pk Zjcoski]> g L | (" &k mk)+r
2 ¢”L(2n)3 Xo ]_5(1_”)[_”(2@3 Xo ZJCOS"" ’

~ ’g(l +17)

(3.70)

where we have defined X = ., sin? ki + [m(k) + r? + %(bﬁ-

3.4 Numerical Results

3.4.1 Isotropic Case

At first, up to O(B), we found that the value of ¢, is zero at the stationary point for any set of
(r, mp). Hence in the following, we set ¢, = —o and ¢, = 0 in Eq. (BZZ0) to calculate the value
of the chiral condensate 0. Let us consider the meaning of ¢, = 0. From Eq. (B38), we see
that nonzero ¢, generates the term @yysys. The term iyysys is odd under both time-reversal and
inversion. Therefore, this indicates that the phase with spontaneously broken time-reversal and
parity (spatial inversion) symmetries does not arise in the strong coupling region of our model.
Such a phase, i.e., the “Aoki phase” (where parity and flavor symmetry are spontaneously broken)
was originally proposed in the lattice QCD with Wilson fermions [[2Z8-130]. A mean-field study
of Wilson fermions with short-range Coulomb interactions from weak coupling [B9] and a lattice
strong coupling expansion study of the Kane-Mele model with 1/r Coulomb interactions on a
honeycomb lattice [[3T]] suggest the existence of this phase. Here we mention the main difference
between our model and lattice QCD except for the gauge group. Our model has only temporal
(timelike) link variables, in contrast to lattice QCD. Spatial link variables are absent, like in the
case of free fermions. It is obvious that parity symmetry is not spontaneously broken in free
fermions. This will be one of the reasons why the parity broken phase does not appear in our
model.

The mo dependence of the chiral condensate o~ for some values of r in the strong coupling
limit is shown in Fig. B3(a). The value of o is expected to be quantitatively correct, based
on the fact that the result of a strong coupling expansion study in graphene [[03] is in good

52



CHAPTER 3. 3D TOPOLOGICAL INSULATOR WITH STRONG LONG-RANGE CORRELATIONS
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Figure 3.3: (a) mo dependence of the chiral condensate o~ in the strong coupling limit (5 = 0). (b)
Phase diagram with » = 0.5 in the strong coupling limit. The phase boundaries are determined
by the condition meg = 0 or meg = —2r. (c) S dependence of the chiral condensate o at mg = —r.

agreement with that of lattice Monte Carlo studies [[O0-T0A, T04]. As mentioned in Sect. B, in
the noninteracting limit (i.e., at 8 = o0), the system with 0 > mo > —2r (mg > 0) is identified as
a topological (normal) insulator. In this study, the chiral condensate is equivalent to a correction
to the bare mass. Hence it is natural to define the effective mass in Eq. (B241)) as

Mmeg = mo + (1 = 1o /2. (3.71)

Note that time-reversal symmetry is not broken in the strong coupling limit. This means that we
can compute the Z, invariant [Eq. (B3)]. In the strong coupling region, the system with 0 >
meg > —2r (meg > 0) is identified as a topological (normal) insulator. The phase diagram with
r = 0.5 in the strong coupling limit calculated by the Z, invariant is shown in Fig. B3(b). The
width 2r of the topological insulator phase in the noninteracting limit seems nearly unchanged
in the strong coupling limit. From this phase diagram, we see that the effect of 1/ Coulomb
interactions is to shift the region of the topological insulator phase.

The 8 dependence of the chiral condensate o for some values of r is shown in Fig. B3(c). We
see that o is a monotonically decreasing function of the coupling strength 8. Our result shows
that the mass gap remains finite even in the strong coupling limit, in contrast to a mean-field
analysis of Wilson fermions with short-range Coulomb interactions [E9] in which the mass gap
becomes infinity in the strong coupling limit. This is because the effects of strong 1/r Coulomb
interactions are renormalized properly in our analysis. We see also that as r becomes smaller,
the rate of decrease of o becomes notable. That is, as the original masses of fermion doublers
become smaller, the energy gap of the system becomes smaller, as is understood intuitively.

From Fig. B3(c), it is concluded that the gapped phases (normal and topological insulator
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Figure 3.4: Phase diagram in the strong coupling limit with , = r;, = 0.6 and = 0.3. The phase
boundaries between the topological insulator (TI) phase and the normal insulator (NI) phase are
determined by the condition meg/r; = 0 or meg/r, = —2n.
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Figure 3.5: n dependence of o in the strong coupling limit with », = 0.6, in the case of (a)
mo/r, = —1.0 and (b) mg/r, = —0.5.

phases) are stable in the strong coupling region. This contrasts with the result of the strong
coupling expansion in graphene [[O3]. In graphene, the rate of decrease of o from S = 0 to
B = 0.5 is about 60% [[03], whereas that of our model is about 3% at r = 0.2. This suggests
that the topological insulator phase in our model survives in the strong coupling limit, although
graphene undergoes the phase transition (semimetal-insulator transition) in the strong coupling
region.

3.4.2 Anisotropic Case

As in the isotropic case, with any set of (mq, ¢, r1,n), it was found that the value of ¢, is zero
in the strong coupling limit. This means that the phase in which time-reversal and inversion
symmetries are spontaneously broken does not arise in the strong coupling limit, and that the
effect of 1/r Coulomb interactions in this system is the renormalization of the bare mass of
Wilson fermions. Thus in the following, we set ¢, = —o in Eq. (B243) and define the effective
mass modified by the chiral condensate o :

Mo = mo + (1 — r2)o /2. (3.72)

The phase boundary in the strong coupling limit is determined by the Z; invariant. Namely, if
0 > meg/ry > —2n, then the system is identified as a topological insulator. The phase diagram
with r, = r;, = 0.6 and n = 0.3 are shown in Fig. B4. We see that the topological insulator
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Figure 3.6: m( dependence of o in the strong coupling limit with », = 0.6, in the case of (a)
rr = 0.6 and (b)p = 0.3.

phase survives in the strong coupling limit. The width 25 of the topological insulator phase in
the noninteracting limit seems nearly unchanged in the strong coupling limit. Namely, the effect
of 1/r Coulomb interactions is to shift the region of the topological insulator phase.

Figure B3 shows the anisotropy 1 dependence of o for some values of r;. In both cases of
mo/ry = —1.0 [Fig. B3(a)] and my/r, = —0.5 [Fig. B3(b)], o approaches a monotonically
decreasing function of  with larger .. Although the 7 dependence of o changes with r;, there
is a tendency that the mass renormalization due to the Coulomb interactions becomes stronger
as the anisotropy becomes larger. This could result from the fact that quantum effects become
pronounced in lower dimensions in general. Finally we show the m( dependence of o for some
values of  and r,. From Fig. B(a) where r; is fixed to 0.6 [Fig. B8(b) where n is fixed to 0.3],
we see that the value of the bare mass mg which has the strongest renormalization effect in the
strong coupling limit moves to left as  (r;) becomes larger.

3.5 Discussions

So far we have found that there is no spontaneous symmetry breaking (signaled by the iysy
term) in the strong coupling region. This implies that the topological insulator phase is stable in
the strong coupling region. We have also obtained the value of the effective mass up to of the
order of the coupling strength 8. Then we can connect the phase boundary obtained from the Z,
invariant [Eq. (B3)] in the noninteracting limit and that in the strong coupling region. A possible
global phase diagram of a correlated 3D topological insulator described by the (isotropic) Wilson
fermions with 1/ Coulomb interactions is shown in Fig. B7. Here let us recall that the value of
|mg| can be regarded as the strength of spin-orbit coupling [[[A], since the negative my is obtained
as a result of the band inversion due to strong spin-orbit coupling. Hence it can be seen from
the predicted phase diagram that when spin-orbit coupling is not strong (i.e., mg/r > —0.25),
the topological insulator phase changes to a normal insulator phase in the strong coupling limit.
On the other hand, when spin-orbit coupling is sufficiently strong (i.e., mo/r < —0.25), the
topological insulator phase survives in the strong coupling limit. We think these results are not
so surprising. Note that a lattice strong coupling expansion study of the Kane-Mele model on
a honeycomb lattice [[3T]] also shows that when spin-orbit coupling is sufficiently strong, the
topological insulator phase survives in the strong coupling limit.
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Figure 3.7: A possible global phase diagram of a correlated 3D topological insulator described

by the (isotropic) Wilson fermions with 1/r Coulomb interactions. The § = 0 (8 = o) line
represents the strong coupling (noninteracting) limit.

Let us compare the result in present study with the result in the case of short-range interac-
tions. We have studied the effects of short-range interactions in the Wilson fermions [E3]. The
phase diagram of the Wilson fermions with short-range interactions is shown in Fig. BX. We
can see that the behaviors of the phase boundary between the topological insulator phase and the
normal insulator phase are similar in both short-range and long-range cases. However, in the case
of short-range interactions, the value of ¢, becomes nonzero when the interactions are strong.
Namely the topological insulator phase is broken due to the presence of /iysys term which breaks
time-reversal symmetry. Therefore the difference between short-range and long-range interac-

tions can result in the presence or absence of the symmetry broken phase (“Aoki phase”). This
could be understood intuitively as follows. If the interactions are short-range, then the antiferro-
magnetic order, which breaks time-reversal symmetry, is considered to develop as the interactions
become strong. However, in the present case, the interactions are the unscreened 1/r long-range
Coulomb interactions. It is not obvious that time-reversal symmetry breaking occurs in the case
of long-range interactions.

Finally we would like to mention the possibility of the Mott transition in our model. The
important point is that on-site interactions are not included in this model. If the Mott transition
occurs, the phase with nonzero ¢,, where both time-reversal and inversion symmetries are bro-
ken, could be regarded as the Mott insulator phase. However, it was found that ¢, is always zero
in the strong coupling region. From these viewpoints, we believe that the Mott transition does
not occur. The absence of on-site interactions in our model will be justified by that on-site inter-

actions are considered to be weak in 3D topological insulators such as Bi,Ses, i.e., in p-electron
systems.
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Figure 3.8: Mean-field phase diagram of the Wilson fermions with short-range interactions. U is
the strength of the short-range interaction.

3.6 Summary

To summarize, we have studied the effects of strong 1/r long-range Coulomb interactions in a 3D
topological insulator where the effective Hamiltonian can be described by the Wilson fermions.
Based on the U(1) lattice gauge theory, we have performed the strong coupling expansion accom-
panied with the mean-field approximation. It was found that the effect of 1/ Coulomb interac-
tions in our model corresponds to the renormalization of the bare mass of Wilson fermions. The
value of the chiral condensate, which is regarded as a correction to the bare mass in the strong
coupling region, is expected to be correct quantitatively. The phase where time-reversal and in-
version symmetries are spontaneously broken (Aoki phase) was not found in the strong coupling
region, in contrast to the case of lattice QCD with Wilson fermions. It was found that the gapped
phases are stable in the strong coupling region. This suggests that the topological insulator phase
survives in the strong coupling limit. In this study, the bulk property of a 3D topological insulator
was examined. It will be interesting to examine the strong correlation effect in the surface Dirac
fermions.
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Chapter 4

Weyl Semimetal with Strong Long-Range
Correlations

In this chapter, we study the effects of strong 1/r long-range Coulomb interactions in a Weyl
semimetal. We consider a three-dimensional (3D) Dirac fermion system on a lattice with a time-
reversal symmetry breaking term, and take into account 1/r long-range Coulomb interactions
between the bulk electrons. This model is regarded as the case where magnetic impurities are
doped into the bulk of a 3D topological insulator. With the use of the strong coupling expansion
of the lattice gauge theory and the mean-field approximation, we analyze the system from the
strong coupling limit. It is shown that parity symmetry of the system is spontaneously broken
in the strong coupling limit, and a different type of the Weyl semimetal, in which time-reversal
and parity symmetries are broken, appears in the strong coupling limit. A possible global phase
diagram of a correlated Weyl semimetal is presented. The contents in this chapter have been
published in:

A. Sekine and K. Nomura, . Phys. Soc. Jpn. 83, 094710-1-8 (Z014).

4.1 Theoretical Model

In this section, we introduce a lattice model for a Weyl semimetal with 1/r Coulomb interactions.
The motivations for considering the effects of 1/r Coulomb interactions are as follows. The first
is that the effects of long-range interactions in Weyl semimetals have not yet been revealed. We
have studied the effects of short-range interactions in a Weyl semimetal [E9], and found that the
Weyl semimetal phase is broken in the region where the interactions are strong. The second is
that the effects of long-range interactions are expected to be important in Dirac fermion systems,
since the screening effect is considered to be weak due to the vanishing density of states near the
Fermi level.

4.1.1 Noninteracting Model

Let us start from a continuum model for a noninteracting Weyl semimetal. We consider a Weyl
semimetal which consists of two Weyl nodes separated in momentum space introduced in Sub-
sect. 3. In this case, the general Hamiltonian is written by the three-dimensional (3D) Dirac
Hamiltonian with a time-reversal symmetry breaking term as

7‘{0(’6) = VFk O+ moayg + b-X, (4.1)
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Figure 4.1: k, dependence of the energy spectrum of the lattice model (E4) with k, = k, = 0,
mgy = —0.5 and r = 1 in the case of (a) b = 0.3, (b) b = 1.0, and (c) b = 1.8. When the strength
of b is intermediate, the two bands near the Fermi level Er = 0 touch at two points (Weyl nodes).

where vg is the Fermi velocity, my is the mass of the Dirac fermion, and a; (j = 1,2, 3,4) are
the 4 x 4 alpha matrices. The term b - X, with £ = —i/2([a2, @3], [a3, @1], [a1, @2]), is a time-
reversal symmetry breaking perturbation. Without loss of generality, we can set b = (0,0, b).
The eigenvalues of this Hamiltonian are obtained analytically as

2
E(k) = i\/vgacf + i)+ [z +m 2], 4.2)

and we see that the band touching points (the Weyl nodes) W.. are given by W, = (0,0, +,/b? — m(z))

with b > |mg|. Then the energy bands near the Weyl nodes are found to be

E(q) = 2veyJ} + 43 + (1~ m /b, 43)

where g = k — W... This is just the dispersion of the Weyl fermions, since this can be obtained
by diagonalizing the Weyl Hamiltonian H(q) = Zle v, - qO;.

Next let us consider the Hamiltonian (B) on a cubic lattice. In the following, as the un-
perturbed part, we adopt the Wilson fermion which is known as a lattice model without fermion
doublers. The Wilson fermion can also be regarded as the effective lattice model for 3D topolog-
ical insulators such as Bi;Ses [[8,7]. Hence, our model is regarded as the case where magnetic
impurities are doped into the bulk of a 3D topological insulator, because the term %3 can be
considered as the exchange (ferromagnetic) coupling between the bulk electrons and magnetic
impurities. The non-interacting Hamiltonian we consider is given by

3
Ho(k) = vr Z a; sink; + m(k)ag + bX3, (4.4)
j=1

where m(k) = mg +r ZJ3~=1(1 —cos k;). The alpha matrices are given by the Dirac representation,
a; = 71 ®0; and @4 = 73 ® 1 where the Pauli matrices 7; and o-; denote the orbital and spin
degree of freedom, respectively. Namely, the spinor in the Hamiltonian (B4) is written in the
basis of w,z = [CITHT,C,Tch l,c,Tc_T,c,L_ i]’ where ¢’ is the creation operator of an electron, +, —
denote two orbitals, and T () denotes up-(down-)spin. The matrix X3 is given explicitly as
Y3 = 1 ® 03. The Weyl nodes appear where the wave vector k satisfies the condition b =
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[mo + r;(1 — cos kj)]2 + sin® k3 and sink; = sink, = 0. k; and k, can take the value O or 7.
In this study, we set |mg| small to restrict the existence of the Weyl nodes on the (k1, k) = (0, 0)
line. The k, dependence of the energy spectrum of the lattice model (24) for some values of b is
shown in Fig. Bl

4.1.2 Interacting Model

We introduce 1/r Coulomb interactions between the bulk electrons according to the U(1) lattice
gauge theory (lattice quantum electrodynamics). In condensed matter, the Fermi velocity is rather
small compared to the speed of light c, i.e., vg/c ~ 1073, In this case, the interactions with the
spatial components of the four-vector potential are suppressed by the factor vg/c, and thus we can
regard that the Dirac fermions interact only via the electric field i.e. 1/r Coulomb interactions.
Then the Euclidean action of the system is given by

S=8SD+8D 4 (mo+3r+r0) Y Uhn+b Y GnyoZawn + Sc.
v+ Sy (4.5)
n n

where SI(Z) + S;s) is the fermionic part without the mass term

S0 == 3 [Py Unhs + 0P UL o]

n

— _ (4.6)
S = = 3 FaP s + 0 P
n,J
and S¢ is the pure U(1) gauge part
1 f
Se=B> [1 -3 (UnpuUnsiinUS 5 Uiy + Hc)] . 4.7)

nou>v

Here y = a,[/Tyo, n = (ng, ny, ny, n3) denotes a spacetime lattice site on a 4D hypercubic lattice, [
denotes the unit vector along the u direction, and Pj = (ruxyu)/2withrg=rrandr; =r, =
r3 = r. U, , are the U(1) link variables withU,, ; = 1 and U, o = e (- < 0, < n). The timelike
Wilson term (the term proportional to r;) is introduced to the unperturbed part (the b = 0 part) to
eliminate the fermion doublers. This is because when b = 0, the system should possess a single
Dirac cone around the I' point. According to the non-interacting Hamiltonian of 3D topological
insulators such as Bi;Se3, the gamma matrices y, are given by the Dirac representation in the
Euclidean spacetime ({y,,yy} = 26,):

oo [0 —ioy fo1
70—[0 _1]9 y]_|:l0'] 0 :|9 75_|:1 O:|’ (48)

where j = 1,2, 3 and o; are the Pauli matrices.
A parameter S which represents the strength of 1/r Coulomb interactions is given by

VFE VEE

B=—= 4.9)

e  dnca’

where € is the dielectric constant of the system, e is the electric charge, and a(~ 1/137) is the
fine-structure constant. The smallness of the Fermi velocity makes the Coulomb interactions
effectively strong. In the following, we consider the case with 8 < 1 i.e., the case with small
dielectric constant.
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4.2 Strong Coupling Expansion

Let us analyze the system from the strong coupling limit (8 = 0). We derive the effective action
which is defined by carrying out the integration with respect to the gauge field variables U, :

Z=f@[lﬂ,lﬁ,Uo]e_SZf@[{ﬁ,lﬁ]e_seﬁ. (4.10)

In the strong coupling limit, U, o is contained only in S;f). Then the integral f Z)er_S(FT) is

evaluated as

_g® T de, o _ s
fZ)er F o= l:[ ‘f_n o exp [l//nPO Un 0¥ 146 +i,l/n+6P6rUn70;l/n]
= [ [1+0uPsvscdnoPiun + -] @10
n
~ eZn &nPJL//m()l/;moPSW ,

where we have used the property of the Grassmann variables i/, and ¥y, ¥2 = 2 = 0 with a
denoting the component of the spinors. In the second line, we have neglected the terms which
consist of 8, 12, and 16 different Grassmann variables. The contributions of those terms appear
in higher orders of the order parameters, and thus the results will not be changed qualitatively
even if those terms are taken into account. We can rewrite the exponent as

Una(PS)apl st gty PO yotbns = —tr |[NaPEN, 5P5 | (4.12)

where we have defined (N,)og = ¥no¥np and used (Py)ap = (Py)pa. The subscripts « and 8
denote the component of the spinors. In general, we can perform the integration with respect to
the SU(N) gauge field variables U in Eq. (EI0) by using the SU(N) group integral formulas:
del =1, f dUU,, =0, deUaijd = 0440pc/ N, and so on. We obtain the effective action in
the strong coupling limit given by

Seff = — Z [‘ﬁnpj_wrwj + ‘/_/n+fP7¢’n] + (l’l’l() +3r + rT) Z&n‘/’n +b len7023wn

i (4.13)
+ D [NaPEN, o P5 | -
n

From this equation, we see that the electron-electron interactions in the strong coupling limit are
spatially on-site interactions but not in (imaginary) time. As we shall see below, the competition
between this effective on-site interactions and the exchange interactions occurs.

4.3 Possible Instabilities and the Free Energies in the Strong
Coupling Limit

As mentioned in Chap. B, the lattice-gauge-theoretical description of 1/r Coulomb interactions
does not contain the on-site interactions. Unphysical states due to the absence of on-site inter-
actions, such as phase separation, are eliminated by assuming uniform mean-field ground states.
This assumption is also supported by the fact that lattice quantum electrodynamics (QED) is a
well-defined (renormalizable) theory.
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We apply the extended Hubbard-Stratonovich transformation to derive the free energy. Intro-
ducing the two complex auxiliary fields Q and Q’ (these are matrices), ™2 withx > 0 and A, B
being matrices is deformed as follows (see Subsect. B31):

"B = (const.) x f DIQ. Q' exp {—« [QapQs — AapQpo — BLs0l, |- (4.14)

where the superscript 7 denotes the transpose of a matrix. This integral is approximated by the
saddle point values Q,p = (BT)ﬁC, and Q:Y,B =(A)sa-

We set (k, A, B) = (1, N,,P(‘)L , =N, ,P,) to decouple the interaction term (the second term) in
Eq. (B13) to fermion bilinear form. In this process, we assume the matrix form of () with the
mean-field approximation. Let us recall that, in the formalism of the quantum electrodynamics,
the form is restricted to the sum of independent 16 matrices which are consist of the 4 X 4 gamma
matrices. The 16 matrices are given as follows: (i) scalar 1, (ii) vector y, (u = 0, 1,2, 3), (ii1)
tensor o, = %[yﬂ,yv], (iv) pseudovector y,ys, (v) pseudoscalar ys, where these terminology
comes from how the terms are transformed under the Lorentz transformation.

4.3.1 Fermion Bilinears and Instabilities

Here we give the explicit expression of the possible instabilities. As shown later, the interaction
term in the effective action (E13) is written like i/,,{ N,, W, after the Hubbard-Stratonovich trans-
formation. Then, to be specific and for simplicity, let us consider the Hamiltonian of a continuum
model

H (k) = Ho(k) +yo(Nn) (4.15)

with Ho(k) = kja; + moas + bX3 [Eq. (E)]. Note that the following terminology of the
instabilities is not for yo(N,), but for (N,).

e Scalar component: yo(N,) = oca4. Here we have used the fact that yo = @4. In this case, it is
found that the bare mass my is renormalized to be mg + 0.

e Vector component: yo{N,) = pua, (ap = 1). Here we have used the fact that ygy; = @; and
),(2) = 1. In this case, it is found that the wave vectors k; are shifted to be k; + p;, and that the
energy level is shifted by py.

e Tensor component: yo{N,) = %cwyo[yﬂ,yv]. The six matrices yo(N,) are given explicitly by
the Dirac representation as

r_ |0 0 o 0 gj
z._[o _aj], H,_z[_aj o]' (4.16)

e Pseudovector component: yo(N,) = d,yoy,ys. The four matrices yo{N,) are given explicitly
by the Dirac representation as

.=0'j 0 =0 1
S ] R @1

e Pseudoscalar component: yo(N,) = Aas. The matrix as(= —iygys) is given explicitly by the
Dirac representation as s = 7 ® 1, and this anticommutes with the other four alpha matrices,

i.e. the Clifford algebra {a,, @, } = 26,, is satisfied.
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Table 4.1: Transformation properties under time-reversal 7 and spatial inversion (parity) # of
16 independent matrices consisting of @, with {a,, a,} = 20,1 (u,v = 1,2,3,4,5).

Matrices 1 a; ay as % 2;. IT; Iy
Time-reversal 7~ + - + - - - + +
Inversion P + - + - + + - —

Let us look at the properties of the matrices X;, Z}, I1,, and as. In the Dirac representation,
the time-reversal operator 7 and the parity (spatial inversion) operator £ are given by 7 =
1® (—io)K and P = 03 ® 1, where K is the complex conjugation operator. It is easily shown
that X; and Z;. are odd under time-reversal but even under parity:

T =TE T =1, PLPT=pEe =4l (4.18)
On the other hand, I1, are even under time-reversal but odd under parity:
TI,T ' =+1, PP =-1. (4.19)
as is odd under both time-reversal and parity:
TasT ' =-1, PasP ! = -1. (4.20)

The properties of the 16 matrices are summarized in Table E-1l. In our model, the spinor is written
in the basis of v,b;; = [CL+T, C;;Jr I C;;_T, c;_ L] where +, — denote the two orbitals and T (|) denotes
up(down)-spin. Then we see that X; represents the ferromagnetism, and that Z;. represents a kind
of the “antiferromagnetism”. As for II, and s, the physical interpretation is somewhat difficult.
We see that Il and a5 represent spin-independent orbital-ordered states, and II; represents a
spin-dependent orbital-ordered state.

To study the stability of the Weyl semimetals, let us consider which matrices we should take
into account among these 16 matrices as a mean-field ansatz for (N,). First of all, the mass
renormalization, i.e. the identity matrix 1 term must be considered. The 7y, terms, which result
in the momentum and energy level shifts, could be dropped. In addition, note that the non-
interacting Hamiltonian (E.4)) contains the X3 term. This indicates that the yoX; and 702;. terms
can also be dropped. Furthermore, it is known that these terms can generate other Weyl semimetal
phases rather than open band gaps [B4]. On the other hand, the y(II, and iys terms can break the
Weyl semimetal phase and open band gaps. In the following, we take into account the 1, yoIl,,
and iys terms as the matrix form of (N,).

4.3.2 The a5 Instability

In this case, we assume that (N,;) = —o1 + Aiys. The interaction term is decoupled according to
Eq. (ET4). Setting (k, A, B) = (1, N,Pj, =N, ,4P;), we obtain

n+0

QupQp = WLAXBY] = —tr [(NIPGN, 6)Pp |

1
—u [(o = iAys)(rr +yo)(o = iAys)(re = v0)]
4.21)

1
U [(rT2 — Vo2 + 2iysr2oA — (1 + rf)Az]

= (1 =12 + (1 +r)A%,
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AapQpa = U[A(B)] = —tr [N,P{(N, )P |

1
= Ztr [Nn(r‘r +yo)o — iys) (r; _70)]

X (4.22)
= 20 {Nal(F = Do = (7 + DiysA = 2iyoysreAll
1 _ ] _
= 3 |02 = Dodpn = 7 + DAGuiyswn = 2 MiaiCyoys) )
B! 0}, = t[B(A)] = —otr [ NywoPg (0 — iAys)P |
1
= 210 [Na(re =y0)(0 = iAys) (e +y0)]
| (4.23)
= ur [NA[(r7 = Do = (2 + DiysA + 2iyoysr-Al}

1 _ _ _
= 3 |02 = Dodpn = (7 + DAGuiyswn + 2reAnilyoys) )

where we have used yg = 1 and trys = 0. Substituting Egs. (EZ21)), (B222) and (E223) into Eq.
(ET4)), we obtain

n

¢~ Znt[NaPENLOPS] L exp {— Z [(1 — 02 + (1 +rHA% + lﬁnwn]} ; (4.24)

where I' = % [(1 —rho + inT(l + rf)A]. We are now in a position to derive the free energy at
zero temperature in the strong coupling limit. Combining Eqs. (E13) and (E24), the effective
action expressed by the auxiliary fields o and A is given by

v ]
Ser (@A) = = [(1 = r2)o + (14 PN + 3 Mk o, A, (4.25)
k

where the matrix M is given explicitly as

(k) +rr +boy  ojsinkj +iA ]= [A B]

~ojsink; +iA (k) +r. —bos|~ |C D (4.26)

M- |
Here A = %(1 +r2)A, V and T are the volume and temperature of the system, respectively, and
we have done the Fourier transform from n = (ng, n) to k = (ko, k). The term (k) is given by

(k) = mo + 3(1 = r2)or +r > (1 = cos k).
J

(4.27)

This term is understood as a term to which m(k) in the non-interacting Hamiltonian (E-4) changes
in the strong coupling limit. 7, in A and D of Eq. (B228) comes from the timelike Wilson term of
the original action. From the effective action, we derive the free energy at zero temperature per
unit of spacetime volume, according to the usual formula ¥ = —% In Z. The partition function Z
is calculated by the Grassmann integral formula Z = [ D[y, /]le ¥ = detM and the determi-

nant of M is calculated by the formula detM = detA - det (D -C A‘lB). After a straightforward
calculation, finally we arrive at the free energy in the strong coupling limit:

F(or,A) = (1 —rD)o? + (1 +r2)A?

r 3 (4.28)

(27:;3 In {[sz(k) k) +r, P+ B2 0?] 4b2si(k)} ,

65



4.3. POSSIBLE INSTABILITIES AND THE FREE ENERGIES IN THE STRONG COUPLING LIMIT

where s%(k) = 213.:1 sin’ k;, and si(k:) = 212=1 sin? k;. The ground state is determined by the
stationary condition 0% (o, A)/do = dF (o, A)/OA = 0.

Note that the free energy at b = 0 corresponds to that of the Wilson fermions with 1/r
Coulomb interactions in the strong coupling limit [Eq. (B243)]. When . > 1, the free energy
doesn’t have the stationary point, because both the first and third term decrease the value of
¥ (0, A) with increasing o. This phenomenon is known as the reflection positivity of the lattice
gauge theories with Wilson fermions [[CX2]. Although the timelike Wilson term (the term propor-
tional to r;) is artificial in the physics of a Weyl semimetal presented here, we cannot avoid this
problem as far as we use the Wilson fermion formalism.

4.3.3 The II; Instability

In this case, we assume that (N,,) = =01 + pgyollp. The procedure for the derivation of the free
energy is the same as the case of iys. The mean-field decoupling of the interaction term is done
to be

e‘Z“4M”?Mw“F]~exp{_25[(1—nbal+<1+nbp%+$ﬁnn4}’ (4.29)

n

where I' = 1 [(1 = r2)0" + (yoIlo) (1 + r2)po|. Combining Eqs. (BT3) and (@29, the effective
action expressed by the auxiliary fields o and pg is given by

Vv _
Sen(@. po) = = [(1 =)o + (1 + m)pg] + D duMsor. pol (4.30)
k
where the matrix M is given explicitly as

(4.31)

M= [nﬁ(k)+rT +bos  ojsink; — Py ]

—ojsink; +po (k) +r. — bos

with gp = %(1 + r2)po. By calculating the determinant of M, the free energy is obtained as

F(o,p0) = (1 —rHo? + (1 +rH)pj -

d d3k ln{G(k,b,ﬁO)G(k,_b,_ﬁO)—H(k,b’ﬁo)}
—r (27)° [i(k) + 1> — b2 ’
4.32)

where

G(k.b. o) = (k) + rr — bl {[i(k) + r<]* = b + (sinks — p0)*} + 57 () [7(k) + r- + b],

H(k, b, py) = 45> (k){oo (k) + re] + b sinks}*.
(4.33)

The ground state is determined by the stationary condition dF (o, pg)/do = OF (o, po)/Fpo = 0.

4.3.4 The I1; Instability

In this case, we assume that (N,) = —o1 + p3yoll3. The procedure for the derivation of the free
energy is the same as the case of iys. The mean-field decoupling of the interaction term is done
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to be

e_Zn tr[NnP8N11+6P6] ~ eXp {— Z [(1 - }’3)0‘2 + (1 + r.?)p% +§5nrwn]} E) (4'34)

n

where T'= 1 [(1 = r2)o + (yoII3)" (1 + r2)p3]. Combining Eqs. (ET3) and (E3), the effective
action expressed by the auxiliary fields o and p3 is given by

Vv _
Ser(,p3) = = [(1 = o + (1 + m)p3] + 3 Mz, sl (4.35)
k
where the matrix M is given explicitly as

(4.36)

Mo [ (k) + . + bos o sink; + ip~3(r3]

—ojsink; +ip3o3 (k) +r. — bos
with g3 = %(1 + r2)p3. By calculating the determinant of M, the free energy is obtained as

T 3
F(o,p3) =1 —rHo* +(1+r)p3 -

(27:;3 In {[sz(k:) k) + P - p] 4ﬂsi(k:)} ,
(4.37)

where u = b% — 53%. The ground state is determined by the stationary condition % (o, p3)/do =
OF (o, p3)/0p3 = 0.

4.3.5 The I1;, Instability

In this case, we assume that (N,) = —o1 + p1ypll; or (N,) = —o01 + pyyoll; . Since there exists
a spin degree of freedom in the xy-plane, we show the calculation for I1;. The procedure for the
derivation of the free energy is the same as the case of iy5. The mean-field decoupling of the
interaction term is done to be

n

¢ Zn NN ] - exp {_ D[ = 20 + (14 P2} + T } .43

where T'= 1 [(1 — 2o + (yoll)T(1 + rf)pl]. Combining Eqs. (E13) and (B3R), the effective
action expressed by the auxiliary fields o~ and pg is given by

V _
Ser(e, p1) = = (1= D0 + (L +rDpf| + ) g Mo, i (4.39)
k
where the matrix M is given explicitly as

M = [ (4.40)

m(k) +r. +bos  ojsink; +ip1o
—ojsink; +ipyoy (k) +r. — bos

with g1 = %(1 +r2)p1. By calculating the determinant of M, the free energy is obtained as

T d3k I(k,b,ﬁl)l(ka_b9_ﬁl)_J(k’b’ﬁl)
12y 2 2y 2
Flo,pp =1 -ro”+ 1 +rp) f_n(znﬁln{ (k) + 1> — b2 }

(4.41)
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Figure 4.2: (a) b dependences of o~ and p; with r; = 0.5 and r = 1. (b) Phase diagram in the
strong coupling limit (8 = 0) with mg/r = —0.5, r = 0.5 and r = 1. The PT-broken Weyl
semimetal represents a Weyl semimetal with broken time-reversal and parity symmetries.

where

I(k, b, 01) = [(k) + r; — b] {[m(k) + 7]+ sinZ ks — b2}
+ [7i(k) + ry + b] [sin2 ki + (sink; + p~1)2] i (4.42)
J(k.b. 1) = 4sin’ ks ({1 [(k) + r] + bsinka) + b sin &y ) .

The ground state is determined by the stationary condition 7 (o, p1)/do = F (o, p1)/dp1 = 0.

4.4 Numerical Results

For any set of (mg, b, r, r;), it was found that the values of A, pg and p3 are always zero. It was
also found that the values of o and p; (or p;) are nonzero. This means that the ground state of
the system in the strong coupling limit is the parity and time-reversal symmetries (PT) broken
phase signaled by nonzero p;, and that the symmetry-broken phases signaled by nonzero A, pg
or p3 do not arise. Note that time-reversal symmetry of the system is originally broken in the
non-interacting Weyl semimetal phase.

Throughout this paper, we set r; = 0.5 and r = 1. The b dependence of o is shown in Fig.
BE7(a). o is a decreasing function of b. The term proportional to o~ gives a correction to the bare
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mass my, i.e., is regarded as a mass renormalization induced by 1/r Coulomb interactions, as is
seen from Eq. (B2X2). Hence we should define the effective mass in the strong coupling limit as
Mo = Mg + %(1 - I’TZ)O'. The renormalization becomes weaker as the time-reversal symmetry
breaking perturbation b becomes larger. This is understood as follows: When the exchange
coupling between the magnetic impurities and bulk electrons is strong, the bulk electrons prefer
the ferromagnetic configuration. Then the effective on-site interactions [the second term in Eq.
(E13)] become weaker and as a result, the renormalization effect becomes weaker.

The b dependence of p; is also shown in Fig. BZ(a). p; is an increasing function of b. It is
worthy to note that p; = 0 when b = 0. This means that time-reversal and parity symmetries of
the system is preserved even in the strong coupling limit. When b = 0, we can distinguish by the
Z; invariant whether the system is topologically nontrivial or trivial. Namely, if 0 > meg/r > -2
(meg/r > 0), then the system is topologically nontrivial (trivial). In the case of my/r = —0.5, the
effective mass is obtained as meg/r =~ —0.39. This indicates that the topological insulator phase
survives in the strong coupling limit. On the other hand, in the case of my/r = —0.05, i.e. in the
case of small |mg|, the effective mass is obtained as m.g/r ~ 0.05 and we see that the topological
insulator phase changes to the normal insulator phase.

Let us look at the energy spectrum in the presence of the pI1; term, when mo/r = —0.5. In
this case, the mean-field single-particle Hamiltonian is written as

H(k) = a;sink; + m(k)ag + b3 + pi11;. (4.43)

We can obtain the energy spectrum analytically as

E(k) = i\/ s2(k) + (k)] + b2 + p? + 2\/ (k)b — py sinka]® + (b2 + p2)sin’ ks, (4:49)

where s%(k) = Z?Zl sin? k;. By plotting this equation numerically, we find that there exists the
region where the spectrum is gapless even when p; # 0. In the small b region, there is a finite gap
in the spectrum. At b ~ 0.39, the two bands of Eq. (E44) start to touch at the momentum point
(k1,kp, k3) = (0,0.0057,0). As b is increased, the two Weyl nodes move from the k3 = 0 point
toward the k3 = +m directions, crossing the k3-axis. The important point is that the two Weyl
nodes do not exist at k; = 0 due to nonzero p;. Then at b ~ 1.60, the two Weyl nodes meet at
the point (k, k2, k3) ~ (0, —0.0227, ) and the band gap opens. The phase diagram in the strong
coupling limit is shown in Fig. BEZ2(b). We call the gapped phases the parity and time-reversal
symmetries (PT) broken insulator, and call the gapless phase the PT-broken Weyl semimetal. In
the PT-broken Weyl semimetal phase, we have confirmed that the k; dependence of the energy

dispersions (E-44) near the band touching points is linear.

4.5 Possible Global Phase Diagram

Let us discuss a global phase diagram of a correlated Weyl semimetal. First, we consider the
phase diagram in the non-interacting limit (8 = oo) where the Hamiltonian is given by Eq. (E4)
(see also Fig. El). When b # 0, time-reversal symmetry is broken and we cannot define the Z,
invariant. In this paper we call the phase with 0 > mq/r > —2 the magnetic topological insulator.
This is because the phase transition from a topological insulator phase to another phase generally
requires the gap closing. Further, 3D topological insulator phases are characterized by the theta
term with 6 = . A recent study shows that the value of § remains 7 even in the presence of the
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Figure 4.3: A possible global phase diagram of a correlated Weyl semimetal with mo/r = —0.5,
r = 0.5 and r = 1. The phase boundary between the magnetic topological insulator (MTI)
phase and the Weyl semimetal phase is determined by the condition b = |mg|. The phase
boundary between the Weyl semimetal phase and the anomalous Hall insulator (AHI) phase is
determined by the condition b = 2r + mg. The parity and time-reversal symmetries (PT) broken
Weyl semimetal phase and the PT-broken insulator phase are signaled by nonzero p( or p»).
The phase boundaries between these two phases are determined (numerically) by the appearance

or disappearance of the Weyl nodes. The 8 = 0 (8 = oo) line represents the strong coupling
(non-interacting) limit.

time-reversal symmetry breaking term 53 with not large b [[32]. Thus as far as the band gap
opens, we call this phase the magnetic topological insulator.

As b is increased, the energy bands touch and the two Weyl nodes start to split from the point
k3 = 0 toward k3 = +m at b = |mg|. Then the Weyl nodes reach k3 = +x to annihilate each
other and the energy gap opens at b = 2r + mq. These results are obtained from the equation for
the appearance of the Weyl semimetal phase, b? = [mg + r(1 — cosk3)]* + sin® k3. It is known
that the Weyl semimetals have a nonzero Hall conductivity. In the present case where the two
Weyl nodes exist, as discussed in Ref. and in Subsect. 3], the Hall conductivity of the
system aﬁly) is proportional to the distance of the two Weyl nodes in the momentum space Aw:
0-)?;)])) = e?Aw/(2rh). Thus in the gapped phase realized with b > 2r + my, the Hall conductivity
reaches e?/(ha) where a is the lattice constant. We call this phase the anomalous Hall insulator.

In the presence of 1/r Coulomb interactions, the mass my is renormalized to be m.g. This
renormalization effect stabilizes the Weyl semimetal phase, i.e. makes the region of the Weyl
semimetal phase larger. When the interactions are strong enough, the order parameter p; (or p»)
for the PT-broken phase becomes nonzero and, as a result, the Weyl semimetal phase changes
to another Weyl semimetal phase with broken parity and time-reversal symmetries. From the
numerical values in the strong coupling limit (see the previous section), the phase boundaries
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between the PT-broken Weyl semimetal and the PT-broken insulator phases seem to be approx-
imated by b ~ |meg| and b ~ 2r + meg. In Chap. B, it has been shown that the gapped phases
(topological and normal insulators) with & = 0O are stable in the strong coupling region. Thus in
the case of not small |mg| (mg < 0), the topological insulator phase would be continuous from
the non-interacting limit to the strong coupling limit. On the other hand, in the case of small
|mg|, the phase in the strong coupling limit is the normal insulator, although the phase in the
non-interacting limit is the topological insulator. In such a case, there would exist the coupling
strength at which meg becomes zero. By connecting the phase boundaries between the strong
coupling region and the weak coupling region, we propose a possible global phase diagram of a
correlated Weyl semimetal shown in Fig. E3.

Here we would like to mention the relation between the proposed phase diagram and real
materials. As possible host materials, 3D topological insulators of Bi,Se; family have large
dielectric constant (e ~ 100) [[XQ]. From this value, we estimate the strength of 1/r Coulomb
interactions in BipSes family as 8 ~ 3. This suggests that the Coulomb interactions in BiySes-
family-based Weyl semimetals are not strong. Therefore it is difficult to predict the behavior
of real materials from the present study. However, the following could be mentioned. When
the value of b is small, i.e. the exchange interactions with magnetic impurities are weak, parity
symmetry of the system will not be broken. On the other hand, when the value of b is large, the
PT-broken Weyl semimetal or the PT-broken insulator might be observed. The energy spectra of
Bi;Se; family have been experimentally observed by angle-resolved photoemission spectroscopy
(ARPES). Thus those of Bi;Ses-family-based Weyl semimetals will be also observed when they
are experimentally realized. Theoretically, a Weyl semimetal phase in Bix(Se,Te_,)3 doped
with magnetic impurities has been predicted [BR]. As mentioned in the previous section, the PT-
broken Weyl semimetal phase is characterized by the Weyl nodes located in the points which are
deviated from the original location. It is expected that such a locational deviation of Weyl nodes
can be observed by ARPES.

4.6 Discussions

Let us consider the possible gapped phases in our model. From our numerical results and the
discussion in Ref. B4, we see that only the @5 instability can lead to a gapped phase among the
five instabilities a5 and I1,,. In the presence of the a5 term, the mean-field Hamiltonian is written
as

H(k) = a; sink; + m(k)ay + b3 + Aas, (4.45)

and we can obtain the energy spectrum analytically as

E(k) = i\/ sT(k) + [\/ [7(K)]? + A2 + sin” kj + b]z, (4.46)

where s2 (k) = Zle sin k;. In this case, the two Weyl nodes arise on the k3 axis when the
conditions k; = k, = 0 and b > [1(0, 0, k3)]> + A? are satisfied. Conversely, the energy gap
opens when A? > b2 —[11(0, 0, k3)]? is satisfied. Actually, such a gapped phase has been obtained
in a Weyl semimetal with short-range interactions [BY].

Further, we note that the inter-nodal scattering, which can lead to gap openings [E2, B2, is
contained in the low-energy limit of our model. In the following, we briefly discuss this process
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in our model. We express ¢ in terms of the annihilation operator in the A-th band ax, and the
eigenfunction of the A-th band |ug,) as Yy = Zi:l aialur ). Here we label the two bands near
the Fermi level as A = 2, 3. Then we can approximate i, in the low-energy limit as

>k AN
Ch (f|k-w+|</\ (2n)3 * f|k-w_|<A (27T)3) ¢ Z ki) (4.47)

A1=2,3
= etQZwR,n + e_lQZwL,n’

where A is a momentum cutoff, W, = (0,0, +Q) with Q = /b2 — [(0, 0, k3)]2, and YR(L).n 1S the
annihilation operator around the Weyl node W,._). With the use of this expression, the mean-field
decoupled interaction term r,{ N, W, is written as

&n(Nn >wn = lpR,n <&R,n’ﬁR,n >’~pR,n + &R,n(lpL,nIpR,n >WL,n
+ &R,n(‘pL,n‘/’L,n >'//Rn + 'j’L,n <&Rn¢Rn>¢Ln (448)
+ &L,n(lﬁR,nwL,n»ﬂR,n + lpL,n <l/7L,n'7[/L,n>wL,n 5

where we have omitted the oscillating terms. The terms Y g W r W and Y (f g W g can be a
mass term in the low-energy effective model. This can be understood easily by defining YT M¥ =
URW LW RW L+ L RY LW R, Wwhere ¥ = [Wg, ¢ ]T is a four-component spinor and M = §o, with
0 = (R = (ryy). If the mass term is induced by interactions in the low-energy effective
model, then the energy gap opens and the Weyl semimetal phase is broken. Therefore, note that
the effects which can lead to the gapped phase are taken into account in our calculation of a bulk
model for a correlated Weyl semimetal. However, our result suggests the existence of the gapless
phase, the PT-broken Weyl semimetal phase in the strong coupling limit.

Finally, we mention the difference between the Weyl semimetal and the graphene. In graphene,
there are also gapless linear dispersions which can be described by the Weyl Hamiltonian around
two inequivalent momentum points. It is known that parity symmetry breaking in graphene leads
to a gap opening [T, [33,[34]. However, in the case of the Weyl semimetal, the system can
remain gapless even when parity symmetry is (spontaneously) broken. This results from the
topological nature of the Weyl semimetal, namely that a gap opens only when the Weyl nodes
with opposite chirality meet and annihilate each other.

4.7 Summary

To summarize, based on the U(1) lattice gauge theory, we have studied the effects of strong
1/r long-range Coulomb interactions in a Weyl semimetal with broken time-reversal symmetry.
We have considered all the possible 16 instabilities within the mean-field approximation. It was
shown that parity symmetry of the system is spontaneously broken but the Weyl semimetal phase,
which is different from the non-interacting phase, survives in the strong coupling limit. We have
presented a possible global phase diagram of a correlated Weyl semimetal. From the proposed
global phase diagram, it is expected that the Weyl semimetal phase is stabilized by 1/r long-
range Coulomb interactions. In this study, the number of the Weyl nodes is two. It would be
interesting to study the correlation effects in Weyl semimetals with more than two nodes.
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Chapter 5

Dirac Semimetals with Strong Long-Range
Correlations

In this chapter, we study the stability of Dirac semimetals with N nodes in three spatial dimen-
sions against strong 1/r long-range Coulomb interactions. We particularly study the cases of
N =4 and N = 16, where the N = 4 Dirac semimetal is described by the staggered fermions
and the N = 16 Dirac semimetal is described by the doubled lattice fermions. We take into
account the 1/r long-range Coulomb interactions between the bulk electrons. Based on the U(1)
lattice gauge theory, we analyze the system from the strong coupling limit. It is shown that
the Dirac semimetals survive in the strong coupling limit when the out-of-plane Fermi velocity
anisotropy of the Dirac cones is weak, whereas they change to insulators when the anisotropy is
strong. A Possible global phase diagram of correlated multinode Dirac semimetals is presented.
Implications of our result to the stability of Weyl semimetals and three-dimensional topological
insulators are discussed. The contents in this chapter have been published in:

A. Sekine and K. Nomura, Phys. Rev. B 90, 0/5137-1-7 (2014).

5.1 Theoretical Models

In this section, we introduce two lattice models for Dirac semimetals with 1/r Coulomb inter-
actions. The motivations for considering the effects of 1/ Coulomb interactions are as follows.
The first is that Dirac semimetals can lead to various topologica phases such as topological insu-
lators and Weyl semimetals, as shown in Sect. [C4. Therefore, to study the effects of long-range
interactions in Dirac semimetals will supplement the results in Chap. B and Chap. B. The second
is that the effects of long-range interactions are expected to be important in Dirac fermion sys-
tems, since the screening effect is considered to be weak due to the vanishing density of states
near the Fermi level.

5.1.1 Effective Continuum Model

Let us start from the effective continuum model for correlated N-node Dirac semimetals. Exper-
imentally observed Dirac semimetals such as NazBi and Cd3As, have two Dirac nodes [RI-8T].
The model we consider is the (3+1)D four-component massless Dirac fermions of N flavors
interacting with the electromagnetic [U(1) gauge] field. Compared to the usual quantum electro-
dynamics, our model is characterized by the Fermi velocity of Dirac fermions vg which is much
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smaller than the speed of light c. Due to this nature, the interactions via the vector potential
(spatial components of the electromagnetic field) is suppressed by the factor vg/c ~ 1072, Then
the Euclidean action of the system can be written as

N
S = f @x Y0 [yoldo + i) + £y ws + 5 f d*x@0:A0%,  (5.D)
f=1

where i/ ¢(x) is a four-component spinor with f denoting the flavor of Dirac fermions, y, (1 =
0,1,2,3) are the 4 X 4 gamma matrices which satisfy the Clifford algebra {y,,y,} = 26,,, and Ag
is the scalar potential. Here we have introduced parameters for the Fermi velocity anisotropy &;
with é1 = & =1 and & = vg, /vg). This is because there exist large out-of-plane Fermi velocity
anisotropy in experimentally observed Dirac semimetals such that vg, /vg) = 0.25 in Na3Bi
[BT] and vey /ve ~ 0.1 in Cd3As; [BJ]. Note that we have rescaled variables as vgjxo — xo,
Ao/ve — Ao in Eq. (&l). A parameter 8, which represents the effective strength of the 1/r
Coulomb interactions, is given by

VF| € VF| €
F= 2 4nca’ (5-2)
where e is the electric charge, € is the dielectric constant of the system, and a(~ 1/137) is the
fine-structure constant. The smallness of the Fermi velocity makes the Coulomb interactions
effectively strong. 8 = 0 corresponds to the strong coupling limit. In this study we consider the
case of § < 1, i.e. the case of small dielectric constant.

In the following, we introduce two specific effective lattice models for N-node Dirac semimet-
als with N = 4 and N = 16. We take advantage of the so-called “fermion doubling problem”
which occurs when considering Dirac fermions on lattices. It is known that the fermion doublers
can emerge in the cases where lattice fermions possess chiral symmetry, which has been proved

by the Nielsen-Ninomiya theorem [[T4].

5.1.2 The N = 16 Dirac Semimetal

First we consider a (3+1)D N = 16 Dirac semimetal interacting via 1/r Coulomb interactions on
a lattice. As the noninteracting action, we adopt the doubled lattice fermions (in the chiral limit)
which reproduce the four-component massless Dirac fermions of 16 flavors in the continuum

limit [B3] (see Subsect. I31). The Euclidean action of the system is given by SV=16) = SI(VN =16) 4

)

S. The fermionic part S](VNZ16 is written as

Sp 0= % an |9¥0Un 0,40 = Fo¥oU,s n]| + % HZ} & [hny s = Bnsritn] . (5.3)

where i, is a four-component spinor. This action is understood as the naively discretized action
of the four-component Dirac fermions of single flavor. The U(1) gauge part S; is written as

S¢ =P Z Z [1 - % (U,,,#U,,Jrﬁ,yUZW,ﬂU;,V + Hc)] : (5.4)
n o u>v

Here i (u = 0, 1,2, 3) denotes the unit vector along the u direction, and n = (ng, ny, np, n3) is a
lattice site on a four-dimensional isotropic lattice. The U(1) gauge link variables U, ,, are given
by Uy = €40 = ¢ (—x <6, <m)and U, ; = 1.
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5.1.3 The N = 4 Dirac Semimetal

Next we consider a (3+1)D N = 4 Dirac semimetal interacting via 1/r Coulomb interactions
on a lattice. As the noninteracting action, we adopt the staggered fermions (in the chiral limit)
which reproduce the four-component massless Dirac fermions of 4 flavors in the continuum limit
[[[T3,Td] (see Subsect. Z33). The Euclidean action of the system is given by SV=% = § ;N=4) +

:4)

SG. The fermionic part S}N is written as

(N=4) _ 1 _ _
Sy Znno XnUn0X 40 — )(MU oXn §Z§j'7n,j [X"Xn+f_)(n+f/\/”]’ (5.5)

n,j

where y, is a single-component spinor, 7,0 = 1, 7,1 = (=1)", g, = (=1)*" and n,3 =
(=1)"o*m+m2 The gauge part Sg is the same as Eq. (B4). The action (B3) can be understood as
an action obtained by doing the spin diagonalization (the Kawamoto-Smit transformation) [[ZT]
to ¥, in the action (B3) as

Un =Tpln,  Un =ET, (5.6)

with T, = (o) (y)" (y2)2(y3)™ and &, = [x), x2, x2, x217, and then by retaining one of the
four components in &,. However, to be precise, the action of staggered fermions after recovering
the spinor structure does not coincide with that of Wilson fermions. This is known as the taste
breaking of staggered fermions. The (2+1)D staggered fermions have been used as an effective
lattice model for graphene [[THITOA], since they reproduce the four-component massless Dirac
fermions of 2 flavors in the continuum limit [[T3].

5.2 Strong Coupling Expansion

Let us derive the effective actions in the strong coupling limit (8 = 0). We can derive the effective
action S by integrating out the U(1) gauge link variable Uy , in the partition function Z up to
the arbitrary order in 8 as follows:

7(N= 16)_IDW 7, Uole _§(N= fﬂw w]e—Siffl . 5.7

Here we have written down the case of the N = 16 Dirac semimetal explicitly. The same method
can be applied to the case of N = 4 by replacing ¢ to y. In the strong coupling limit, Sg

vanishes and thus U, ¢ is contained only in S;N:m) and SI(FN:“). Then the integral f Z)er_S(N:lﬁ)
is performed as
_o(N=16) T do - -
fZ)er Sk = l_[ . 2—7: exp {E [lﬂnVOUn,Ol//nm - l/’n+(ﬂ’OUZ’o'ﬁn]}
(5.8)

I _

1 T, T
~ ez Z" tr[70 W"W'l)’o wn+6¢’n+6] X

where we have used the fact that the Grassmann variables ¥, and ¢, satisfy 2 = 2 = 0
with @ denoting the component of the spinors. In the second line, we have neglected the terms
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which consist of 8, 12 and 16 different Grassmann variables. As is mentioned in Sec. B4, their
contributions appear in higher orders of the order parameter, and do not affect the discussion on
the semimetal-insulator transition in this model. Further in the last line, we have rewritten the
exponent as

UnaY0)ap¥20, 80 4ty YOWyWns = =t [YOUInY oW st - (5.9)

The subscripts @ and 8 denote the component of the spinors, and the superscript 7 denotes the
transpose of a matrix. In the general cases of SU(N,) gauge field (N, > 1), we can perform the
integration with respect to the gauge link variables U in Eq. (&) by using the SU(N,) group
integral formulas: del =1, deUab =0, deUabU = 0440pc/N¢, and so on. Finally we
obtain the effective action of the N = 16 Dirac semimetal in the strong coupling limit given by

1 _ —
S(N 16) _ =3 ij l//n')’jl//nﬂ l//n+ﬂ/]l//n 2 Z tr [ngnlpnygwn+ﬁl//n+ﬁ] : (5.10)

From this equation, we see that the electron-electron interactions in the strong coupling limit is
spatially on-site interaction but not in the (imaginary) time.

In the N = 4 case, y is a single-component Grassmann variable. Therefore, due to the nature
of Grassmann variables y> = > = 0, the approximation done in the second line of Eq. (EX) is
not needed. Finally we obtain the effective action of the N = 4 Dirac semimetal in the strong
coupling limit as

1

(N=4) _ _ _

S Z‘f]n”] X”Xn+1 Xn+an _ZZ)("X”/\/n+()Xn+()' (511)
n

n.j

Note that this action is exact in the strong coupling limit, although we call it “effective action”.

5.3 Free Energies in the Strong Coupling Limit

As mentioned in Chap. O, the lattice-gauge-theoretical description of 1/r Coulomb interactions
does not contain the on-site interactions. Unphysical states due to the absence of on-site inter-
actions, such as phase separation, are eliminated by assuming uniform mean-field ground states.
This assumption is also supported by the fact that lattice quantum electrodynamics (QED) is a
well-defined (renormalizable) theory.

Let us derive the free energies in the strong coupling limit at zero temperature. To this end,
we apply the extended Hubbard-Stratonovich transformation to the interaction terms. First let
us consider the case of the N = 16 Dirac semimetal. In this case, introducing the two complex
matrix auxiliary fields Q and Q’, e<"4® with x > 0 and A, B being matrices is deformed as follows
(see Subsect. B31):

B = (const.) x f@[Q, Q'] exp {—K [QaﬁQ,aﬁ — AapQpa — BZ;ﬁQ;%a/]} ; (5.12)

This integral is approximated by the saddle point values Q.3 = (BT)[;(, and Q;ﬂ = (A)gq- In the
case of the N = 4 Dirac semimetal, we can apply Eq. (&12) with the subscripts removed, since
there is no spinor structure in the action.
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5.3.1 Free Energy of the N = 16 Dirac Semimetal

We set (k, A, B) = (1/4, yg gﬁnz//n,yg ¥, 0W,.0) to decouple the interaction term (the second term)
of Eq. (&I0) to fermion bilinear form. In this process, we need to assume the form of the 4 x 4
matrix (4, ) by the mean-field approximation. Recall that the purpose of this study is to discuss
the semimetal-insulator transition induced by strong long-range Coulomb interactions. Here let
us consider the possible gapped phases in our model. In the action (B3) with U, o = 1, only the
identity matrix 1 and the matrix y5 can open energy gaps. This is because, in the presence of
these matrices, the single-particle Hamiltonian of the system is given by

H(k) = éjajsink; + maas + msas (5.13)

with @; = ygy;j, @4 = yo and a5 = iygys, which leads to the gapped energy spectrum E(k) =

i\/ 2.;(&;sin kj)? + mi + mg Note that the action (B3) possesses chiral symmetry, namely, the

action is invariant under the chiral transformation ¢, — e’*¥5y,,. In such cases, as in the case of
graphene [[O0-HITA], the identity matrix (i.e. the mass term) serves as the order parameter for the
semimetal-insulator transition. Therefore we can set (/i) = —o~1. If the value of o is nonzero

in the strong coupling limit, then the value of o corresponds to o = /mf1 + m% in the energy

spectrum E(k). Namely, we obtain the gapped spectrum. We can regard the value of o as the
dynamically generated mass of Dirac fermions. In the lattice QCD, o is known as the “chiral
condensate”.

Then the terms Q,p0/, 5 AopQpq and BgBQka in the integrand of Eq. (B212) are calculated
explicitly as

QupQlp = (B Ypa(Adpa = r [(BXAN] = otr [(v) ] = 402, (5.14)
Aoz,BQ,Ba = A(I,B<BT>aﬁ =tr[A(B)] = —otr [YSt/;nl//an] = _O-l/;nlﬁn’ (5.15)
B0y, = BL(Adap = tr [B(A)] = —otr [yo by | = —0utn, (5.16)

where we have used (/. q¥/,,.0) = W,—¥,_o) = @n¥n) = —o1 and (yg)2 = (yS)T = 1. Com-
bining these three equations, we obtain the interaction term decoupled to fermion bilinear:

;1 Z tr [75&n‘/’n7(€&n+ﬁl/’n+ﬁ] ~ _;1 Z [40-2 + 20'1/7;1%] . (5.17)

We are now in a position to derive the free energy at zero temperature in the strong coupling
limit. Combining Eqgs. (210) and (B172), the effective action expressed by the auxiliary field o is
given by

w=16),  _V O - .
s (a)—702+k;wk1\4(k,0)¢k (5.18)

with M(k;0) = 3 ; &;iy;sink; +0 /2. As mentioned above, the value o-/2 can be regarded as the
dynamically generated mass. Here V and 7" are the volume and temperature of the system, respec-
tively, and we have done the Fourier transform from n = (ng, n) to k = (kg, k). From this action,
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5.3. FREE ENERGIES IN THE STRONG COUPLING LIMIT

we derive the free energy at zero temperature per unit spacetime volume & V=19 (¢), according
to the usual formula V=10 = —% In ZN=16) " The partition function Z(N=19 is calculated by

the Grassmann integral formula ZV=16) = f DIy, 1/;]6_‘/7”“” = det M. The determinant of M is

calculated by the formula detM = +/det(MMT). Finally, after a straightforward calculation, we
arrive at the free energy in the strong coupling limit:

™ &k 1
(N=16),\ _ 2 _ 2.2, L, L9
¥ (c)=0 ZJ:H 2 In [ ]E & sin"k; + i

The ground state is determined by the stationary condition dF V=19 (¢")/do = 0.

. (5.19)

5.3.2 Free Energy of the N = 4 Dirac Semimetal

We set (k, A, B) = (1/4, XnXns X n+0X n+0) to decouple the interaction term (the second term)
of Eq. (BII) to fermion bilinear form. Like in the N = 16 case above, we need to assume
the value of (¥,x,) by the mean-field approximation. Note that the lattice action (B3) also
possesses chiral symmetry, namely, the action is invariant under the chiral transformation defined
by xn = €My, ¥n — €M g, with e(n) = (=1)"0+t1+2+173 Hence we can set {{,xn) = —0C.
Then with this approximation, the interaction term is decoupled to fermion bilinear as
% D XnXnT X ~ —}1 Do + 20 %uxa] (5.20)
n n
It is convenient to perform the Fourier transform only to the spatial directions, due to the factor
1,,; in the noninteracting part of the effective action (&11). By introducing the eight-component
spinor ¥, 1 as

Xno(k1, ko, k3)
Xno(kt — 1, ka, k3)
Xno(k1, kay — 7, k3)
Xno(k1, k2, k3 — 1)

Fuok =1 ko - ks —m) | G2
Xno(kt — 7, ky, k3 — 1)
Xnolk1 =7, ky — 1, k3)
X no(k1 = 0, kp — 70, k3 — 7))
and substituting Eq. (520) into Eq. (&11), the effective action is rewritten as
SN V0) = 1m0+ 3D W Vo, ki W (5.22)
no k=0
where the 8 X 8 symmetric matrix V(ng, k; o) is given by
[lo+s1 s 0 0 0 0 53 0
s ro-s1 s 0 0 0 0 0
0 53 2o+s1 0 0 0 —5) 0
0 0 0 Jo+s1 O 52 0 —53
0 0 o o lo+s1  —s3 0 —5) (>-23)
0 0 0 52 -s3 t0-s1 0 0
53 0 ) 0 0 0 Jo-si 0
0 0 0 — 53 —5) 0 0 lo-sl
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Here 51 = i(—1)"& sinky, sp = i(—1)"&; sink,, and s3 = i(—1)"&3 sink3. Note that the sum
over the wave vector k; is from 0 to r. The procedure to derive the free energy at zero temperature
per unit spacetime volume & V= () is the same as the case of N = 16. The calculation of detV
is a little complicated but can be done analytically to be detV = [};; sz sin k i+ }lo'z]“. Finally
we arrive at the free energy in the strong coupling limit:

_ 1 1 (™ d’k 1
(N=4) _ 12 1 227, L2
F (o) = 40- > f_n o) In [ Ej fj sin” k; + 40-

) (5.24)

where we have used the fact that the integrand is an even function. The ground state is determined
by the stationary condition dF N=Y(0)/do = 0.

5.4 Numerical Results

First we consider the result for the N = 4 case. The Fermi velocity anisotropy vg, /vg)(= &€3)
dependence of the chiral condensate o in the strong coupling limit is shown in Fig. B1. It was
found that the the value of o becomes zero when the ratio vg, /vy is larger than about 0.24,
whereas the value of o is nonzero when vg, /vg is smaller than about 0.24. As mentioned in
Sec. B3, the value of o, the chiral condensate, is regarded as the dynamically generated mass
of Dirac fermions, and can be used as the order parameter for the semimetal-insulator transition.
Hence the result indicates that whether the system is insulating or semimetallic (i.e. gapped
or gapless) in the strong coupling limit depends on the value of the Fermi velocity anisotropy.
Namely, the N = 4 Dirac semimetals survive in the strong coupling limit when the anisotropy is
weak, whereas they change to insulators when the anisotropy is strong. We see from Fig. Bl that
the transition is of the second order.

The result, that the system becomes gapped in the strong coupling limit when the Fermi
velocity anisotropy is strong (i.e. the ratio vg, /vg) is small), could be understood by the fact
that in general quantum effects become stronger in lower dimensions. In the case of mono-
layer graphene, theoretical studies have shown that the graphene suspended in vacuum (or the
graphene on a substrate with sufficiently small dielectric constant) becomes gapped due to strong
1/r Coulomb interactions [F2HIOA]. In the the N = 4 case, the interaction term in the effec-
tive action [Eq. (BIT)] describes spatially on-site interactions. This means that our model with
vpyr = 0 in the strong coupling limit is equivalent to a model for a stacked 2D system. To be
more precise, our model with vg; = 0 in the strong coupling limit corresponds to an effective
lattice model for monolayer graphene in the strong coupling limit, since the (2+1)D staggered
fermions reproduce the four-component Dirac fermions of 2 flavors in the continuum limit [[T9].
Actually, the value of o when vg; = 0 in our model, o ~ (.24, is equal to the value obtained by
a lattice strong coupling expansion study of monolayer graphene [[3].

Here we would like to mention the correctness of our value of o in the strong coupling limit.
As for monolayer graphene which is described by (2+1)D staggered fermions, the value of o
obtained in a lattice strong coupling expansion study with the mean-field approximation [[03] is
in qualitative agreement (within about 10% of difference) with the values obtained in Monte Carlo
studies [, T@A]. Hence it is expected that our value of o for the N = 4 case is quantitatively
correct, because the mean-field approximation gives more proper results in higher dimensions in
general.

Finally we consider the result for the N = 16 case. We see easily that F® =10r) =
47 V=4 (o). Namely, within our calculation the values of o for both the N = 4 and the N = 16
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Figure 5.1: Fermi velocity anisotropy vg, /vg dependence of the chiral condensate o for the
N = 4 case in the strong coupling limit (8 = 0). When vg, /vg| = 0, the system corresponds to
monolayer graphene in the strong coupling limit.

cases, which serve as the order parameter for the semimetal-insulator transition, are equivalent in
the strong coupling limit. Here note that we have neglected the interaction terms which consist
of 8, 12 and 16 fermion fields when deriving the effective action of the N = 16 Dirac semimetal
[Eq. (EE1O)]. If the 8 fermion field term, Sg ~ ynlnlnlnfns, is taken into account, then we obtain
Sg ~ o + o3y by a rough mean-field approximation. The 12 and 16 fermion field terms can be
approximated in the same way. When o = 0 at the stationary point of the free energy 7 V=10 (o),
i.e. when the Fermi velocity anisotropy is weak, the effects of these higher order terms in the free
energy can be neglected near o = 0. In other words, the result that the N = 16 Dirac semimetal
survives in the strong coupling limit will not be changed even though such terms are taken into
account.

However, when o # 0 at the stationary point of ¥¥=19(o), i.e. when the anisotropy is
strong, such terms will modify the value of o~ at the stationary point. Here note that the interaction
term in the effective action [Eq. (BId)] describes spatially on-site interactions. Namely, our
model with vg; = 0 in the strong coupling limit corresponds to a model of stacked (2+1)D
four-component Dirac fermions of 8 flavors in the strong coupling limit. It has been reported
in the (2+1)D cases that the value of o becomes smaller as the number of Dirac fermion flavor
N?P becomes larger and the semimetal phase with large N?P survives in the strong coupling
limit [0, I0OT, IT3]. Therefore, when we take into account those higher order terms in the free
energy, it is expected that the value of o~ is suppressed in the case of small vg, /vg). To verify this
prediction, further study is needed.

5.5 Discussions
Firstly, we note the relations between our models and the experimentally observed Dirac semimet-
als. In the observed Dirac semimetals, there exist large out-of-plane Fermi velocity anisotropy

such that vg, /vg = 0.25 in Na3Bi [RI]] and vg, /vg ~ 0.1 in Cd3As; [B2]. Therefore we expect
that our result gives some perception to realistic materials. On the other hand, as for the number
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Figure 5.2: A possible global phase diagram of a correlated N-node Dirac semimetal with N = 4.
The B = 0 (B8 = o0) line represents the strong coupling limit (noninteracting limit). The insulator
phase is defined as the phase with nonzero value of o.

of the Dirac nodes N, N is two in both Na3zBi and Cd3As,. From the results in the (2+1)D case,
i.e. multilayer graphene [[[], it is expected that the dynamically generated mass gap o in the
strong coupling limit becomes larger with decreasing N. However, it is difficult to show such a
behavior explicitly in our study. Hence the stability of the N = 2 case is a remaining problem.

Secondly, let us discuss a possible global phase diagram of correlated N-node Dirac semimet-
als with N =4 and N = 16. We see from Fig. &1l that as the ratio vg, /v is increased from zero,
the value of o~ becomes smaller and eventually reaches zero. The chiral condensate o can be used
as the order parameter for the semimetal-insulator transition. Namely, the system is gapless in
the strong coupling limit (8 = 0) when the ratio vg, /vg is large, whereas the system is gapped
when the ratio vg, /vy is small. We call the gapped phase with nonzero o the insulator. On
the other hand, the system is obviously a Dirac semimetal in the noninteracting limit (8 = oo).
Therefore, there must exist the critical strength of the 1/r Coulomb interactions 8., below which
the system becomes semimetallic, i.e. the value of o becomes zero. This critical value 8. will
become smaller as the value of o in the strong coupling limit becomes smaller. A schematic
global phase diagram for the N = 4 case based on this analysis is shown in Fig. BE2. In the
case of N = 16, as mentioned in the previous section, it is expected that the value of o in the
strong coupling limit is suppressed when the ratio vg, /vy is small. Namely, it is expected that
the region of the insulator phase shrinks in the global phase diagram.

In this study, we have focused only on the energy gap generation by strong 1/r Coulomb
interactions, and thus the detailed information of the spinors in the low-energy effective model
[Eq. (B)] is not required. However, if we construct a low-energy effective model of some
realistic material, then the spinors should be associated with the lattice structure and the spins of
electrons, as in the case of graphene. Hence it is expected that some order such as a magnetic or
charge order is realized in the insulator phase in Fig. B2, although it is difficult in this study to
identify what the order is. This can be understood from the fact that the two possible orders in
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the Hamiltonian (&13), the a4 order where no symmetry is broken and the as order where both
time-reversal and inversion symmetries are broken, are energetically degenerate. The result of
this paper is not changed even though the @5 order is considered as the gapped order instead of
the a4 order.

Thirdly, let us discuss the implications of our results to the stability of Weyl semimetals.
Weyl semimetals have gapless 3D linear dispersions in the bulk, and the effective Hamiltonians
around the Weyl nodes are described by not the Dirac Hamiltonian but the Weyl Hamiltonian
Hwey1(k) = Z?:l v;-ko; where o-; are the Pauli matrices. At least either time-reversal or inversion
symmetry breaking is required to realize a Weyl semimetal phase [Z3-B6,B8]. Each Weyl node
possesses chirality defined by ¢ = sgn[v] - (vy X v3)] = 1. The number of the Weyl nodes
with chirality +1 and that of chirality —1 must be equal in time-reversal symmetry broken Weyl
semimetals. For example, the Weyl semimetal phase predicted by a first-principles calculation in
pyrochlore iridates possesses 24 Weyl nodes [Z9]. Here let us consider a simplified low-energy
effective model for a Weyl semimetal with 2N nodes. The Hamiltonian of such a system can be
written as

N

H\e"gyl = Z Z VF| {l//jq_(k) [€ikioi] s (K) +l//}:_(k) [-éikioi] t//f—(k)}
k

-3

k f

(5.25)
¢;(k)VF|| Fik(;ai —fi(/)ciO"] k),

1

M=

Il
—_

where ¢y = [lpf+,1pf_]T with ¢¢. being a two-component spinor, the subscript + denotes the
chirality of each Weyl node, and we have introduced the Fermi velocity anisotropy &;. By in-
troducing the 4 X 4 gamma matrices y, in the chiral representation, we obtain the low-energy
effective action (Bl). Namely, this indicates that in a rough approximation, the low-energy ef-
fective model of a 2N-node Weyl semimetal is equivalent to that of a N-node Dirac semimetal.
Weyl semimetals have a topological property such that the energy gap opens only if the Weyl
nodes with opposite chirality meet each other, since a single Weyl fermion cannot be massive by
itself. Due to this property, Weyl semimetals are expected to be more stable against strong 1/r
Coulomb interactions than Dirac semimetals. However, it is not easy to treat strong 1/r Coulomb
interactions properly in multinode Weyl semimetals. In this study, it was found that the N-node
Dirac semimetals with N = 4 and N = 16 survive in the strong coupling limit. Hence, it could
be said that the Nw-node Weyl semimetals with Ny = 8 and Nw = 32 also survive in the strong
coupling limit when the Fermi velocity anisotropy is weak. As for the cases of Nw < 8, we have
shown that a Weyl semimetal with Ny = 2 survives in this limit (see Chap. ).

Finally, let us discuss the implications of our results to the stability of 3D topological insu-
lators. It is known that 3D topological insulators can be regarded as 3D Dirac fermion systems.
In the noninteracting cases, the bulk energy gap closes when the phase transition from the topo-
logical insulator phase to the normal band insulator phase occurs. In other words, there exist
Dirac point(s) in the bulk when the system is on the phase boundary between the topological
insulator phase and the normal band insulator phase. For example, the Fu-Kane-Mele model has
three Dirac points [, ], and the effective model for BioSe3 has one Dirac point [[8] on their
phase boundaries. What about in the interacting cases? The phase transitions from the topolog-
ical insulator phase to the other phases can occur without the gap closing, when accompanying
the breaking of symmetry of the system such as time-reversal symmetry or inversion symmetry.
However, the gap closing is required when no symmetry is broken, as in the noninteracting cases.
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From this viewpoint, our result, that the Dirac semimetals survives in the strong coupling limit,
suggests that 3D topological insulator phases can be stable against strong 1/r Coulomb interac-
tions. Actually, we have shown that a 3D topological insulator phase of BipSes-type survives in
the strong coupling limit when the spin-orbit interaction of the system is strong (see Chap. B).

5.6 Summary

In summary, based on the U(1) lattice gauge theory, we have studied the stability of N-node Dirac
semimetals in three spatial dimensions with N = 4 and N = 16 against strong 1/r long-range
Coulomb interactions. It was shown that the Dirac semimetals survive in the strong coupling
limit when the Fermi velocity anisotropy is weak, whereas they change to insulators when the
anisotropy is strong. This means that the three-dimensionality of the Dirac cones plays an im-
portant role in the stability. The value of the dynamically generated mass gap at least for the
N = 4 case is expected to be quantitatively correct. A possible global phase diagram of corre-
lated Dirac semimetals was presented. Dirac semimetals can lead to various topological phases
by the change of parameters or symmetry breakings. Our result, that Dirac semimetals are stable
against strong 1/r long-range Coulomb interactions, implies the stability of other topological
phases. Namely, it is suggested that Weyl semimetals, which correspond to Dirac semimetals in
a rough approximation, can survive in the strong coupling limit. The existence of 3D topological
insulator phases in the strong coupling limit is also suggested.
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Chapter 6

Axionic Antiferromagnetic Insulator

In this chapter, we study theoretically a three-dimensional correlated and spin-orbit coupled sys-
tem, the half-filled extended Fu-Kane-Mele-Hubbard model on a diamond lattice, focusing on
the topological magnetoelectric response of the antiferromagnetic insulator phase. In the antifer-
romagnetic insulator phase, the Dirac-like low-energy effective Hamiltonian is obtained. Then
the theta term, which results in the magnetoelectric response, is derived as a consequence of the
chiral anomaly. The realization of the dynamical axion field in our model is discussed. The rela-
tion with a symmetry broken phase induced by interactions in lattice quantum chromodynamics
is also discussed. The contents in this chapter have been partly published in:

A. Sekine and K. Nomura, [J. Phys. Soc. Jpn. 83, 104709-1-7 (2014).

6.1 Axion Electrodynamics

A great number of studies on topological insulators have been done since the pioneering works [[1]
appeared, in the search for novel phenomena due to the topological properties of the system. The
most prominent feature common to two-dimensional (2D) and 3D topological insulators is the
existence of the edge (surface) states which are protected by time-reversal symmetry. These edge
or surface states are known to be robust against perturbations. On the one hand, as introduced in
Sect. LA, one of the noteworthy characters peculiar to 3D topological insulators is the topological
magnetoelectric effect which is described by the theta term [P8]. The theta term is written as

Sg:fdtd3x be? E B 6.1)
A2k ’

where E and B are an electric field and magnetic field, respectively. From this action, we obtain
the cross-correlated responses expressed by P = 0e?/(4n*hc)B and M = 0e?/(4n’hc) E, with
P the electric polarization and M the magnetization. A schematic picture of the topological
magnetoelectric effect is shown in Fig. Bl

In the field theory literature, the action (B) is termed the axion electrodynamics [[33]. The
axion is an elementary particle proposed about forty years ago to solve the so-called strong CP
problem in quantum chromodynamics (QCD) [[38-I38]. By subsequent studies, the axion is
now considered to be essential to explain experimental results in particle physics and astrophysics
[[39]. The axion is also considered as a candidate for dark matter [[39]. However, regardless
of intensive experimental searches, the axion has not yet been found. The axions interact with
photons, and the axion-photon coupling is described by Eq. (B1) with 6 being the axion field.
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6.2. THEORETICAL MODEL

R
JH
[ |

Figure 6.1: Schematic picture of the topological magnetoelectric effect in a 3D system. (a)
Magnetization M = 0e?/(4n*he)E is induced by an external electric field E. jy is the Hall
current induced by E. (b) Electric polarization P = 0e?/(4n*hic)B is induced by an external
magnetic field B. +(—) denotes the positive (negative) charge induced by B.

Therefore, observing the magnetoelectric responses originating from Eq. (BJl) in condensed
matter is equivalent to realizing the (dynamical) axion field. There have been some theoretical
studies which propose ways to observe experimentally the dynamical axion field in condensed
matter [, T40].

When the system is time-reversal invariant, the condition that § = 7 (mod 27) is imposed for
3D topological insulators, and & = O for normal insulators. On the other hand, when time-reversal
symmetry of the system is broken, the value of 6 can be arbitrary. In general, the value of 6 can
be calculated according to the formula [PH]

1 3, ijk 2
0=— d’ ke Tr [ﬂiajﬂk - l—ﬂ,‘ﬂjﬂk s (6.2)

ar BZ 3
where ﬂjf Y = i{u u10/0k;|u,), and |u,) is the periodic Bloch function with v the occupied bands.
We can calculate 8 from other equivalent expressions [[4THT43]. However, some techniques
(such as choosing a gauge for A) are required to calculate numerically. In systems where the
single-particle Hamiltonian can be described as H (k) = Z: | Ru(k)a, with matrices a, satis-
fying the Clifford algebra {a,, @, } = 26,,, there exists an explicit expression for 6 [B7, [44]:
1 f Pr_ 2RI+ Ry OR; ORY OR,

BZ

9 = - 1 ’
4 (R + ROARPS "ok, ok, k.

(6.3)

where i, j,k,l =1,2,3,5and |R| = , /ZZ=1 Ri. Here note that only the matrix a4 is even under

time-reversal. In this work, we derive an analytical expression for € in a time-reversal symmetry
broken phase with the use of a field-theoretical method.

6.2 Theoretical Model

Let us consider a 3D lattice model with electron correlation and spin-orbit coupling. The model
we adopt is the extended Fu-Kane-Mele-Hubbard model on a diamond lattice at half-filling, in
which the Hamiltonian is given by H = Hy + Hj,; with the non-interacting part

B n 41 + 1 2
Hy = Z 1ijC; Cjo + z? c;o - (dl.j X dl.j)cj, (6.4)
(..o Kn
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Figure 6.2: (a) A diamond lattice, which consists of two sublattices (green and blue), and each
sublattice forms a fcc lattice. (b) The first Brillouin zone of a fcc lattice. Red circles represent
the X points.

and the interaction part

Hine =U Z nitng| + Z Vijninj, (6.5)
i .

where CZT is an electron creation operator at a site i with spin o (=T, |), njc = cl.TUci(,, n;i =
nit +n;|, and a is the lattice constant of the fcc lattice. The first and second terms of Hj represent
the nearest-neighbor hopping and the next-nearest-neighbor spin-orbit coupling, respectively.
d}j and d?j are the two vectors which connect two sites i and j of the same sublattice. They
are given by two of the four nearest-neighbor vectors, (1, 1,1), 7(=1,-1,1), 2(1, -1, -1),
and %(—1, 1, —1), with proper signs (directions of the vectors). o = (01,072, 073) are the Pauli
matrices for the spin degree of freedom. The first and second terms of Hj, describe the on-site
and nearest-neighbor repulsive electron-electron interactions, respectively. The lattice structure
of a diamond lattice is shown in Fig. B2(a).

It is convenient to express the non-interacting part Hy of the Hamiltonian in terms of the 4 x4
alpha (gamma) matrices. The diamond lattice consists of two sublattices (A and B), with each
sublattice forming a fcc lattice. In such a case, we can define the basis cx, = [crar, CkAl> CkBT> CEBY
where the wave vector k is given by the points in the first Brillouin zone of the fcc lattice [see Fig.
B2(b)]. Then the single-particle Hamiltonian Hy(k) [Hy = D c;;?-(o(k:)ck] is written as [, TA]

]T

5
Ho(k) = ) Ru(k)ay, (6.6)
u=1

where the coeflicients R, (k) are given by
Ri(k) = A[sinuy — sinus — sin(up — uy) + sin(uz — uy)],
Ry(k) = A[sinus — sinuy — sin(usz — up) + sin(uq — us)],
Ri(k) = A[sinuy — sinuy — sin(u; — u3) + sin(uy — u3)], 6.7)
R4(k) =t + 611 + t(cosuq + cosuy + cosusz),
Rs(k) = t(sinuy + sinuy + sinus).

87



6.2. THEORETICAL MODEL

Here u; = k-ay, up = k-ap, and u3 = k- az with a; = 5(0,1,1), a = 3(1,0,1) and
az = %(1, 1, 0) being the primitive translation vectors. In the following, we seta = 1. The 4 x 4
alpha matrices a,, are given by the chiral representation:

ey 0 o1 o i
a’_[o —Uj]’ 0‘4_[1 0]’ “5‘[1' 0|’ 6.8)

where j = 1,2,3. In the present basis, the time-reversal operator and spatial inversion (parity)
operator are given by 7 = 1®(—io)K (K is the complex conjugation operator) and P =71 ®1,
respectively. We have introduced the hopping strength anisotropy d¢; due to the lattice distortion
along the [111] direction. Namely, we have set such that 7;; = r + 61, for the [111] direction, and
t;; = t for the other three directions. When 67; = 0, the system is a semimetal, i.e., the energy
bands touch at the three points X" = 27(6,x,0,y,0,;) (r = x,y,z). Finite 6¢; opens a gap of
2|6t | at the X" points.
The Z, invariant of the system is given by

8

: —1 (0<61 <20)
_1\0 — . _
where I'; are the eight time-reversal invariant momenta: (0, 0, 0), (27, 0, 0), (0, 27, 0), (0, 0, 27),
(n,m,m), (m,m,—nm), (r,—m,m), and (-, 7, ). We see that the system is a topological insulator
(normal insulator) when 0 < 6t; < 2f (6t; < 0 or t; > 2¢t). Note that in this paper we do not
distinguish a weak topological insulator from a normal insulator.

Let us look at closely Hy(k) around the X" points. ,We obtain the low-energy effective
Hamiltonian near the Fermi level around each X point by setting K = X" + g and retaining
the terms up to the order of ¢ [T, I2]. Around the X" point, we have k - a1 = (g, + q,)/2,
k-a)=Q2r+qc+q)/2,and k-a3 = 21 + g, +q,)/2 withk = X* +q = 21 + qx,qy,q).
Then the coeflicients R, (k) are approximated as

+ + — -
Ri(k)=2 sin(ﬂ+¥)—sin(ﬂ+qx—2qy)—sin(ﬂ+qx—2qy)+sin(ﬂ+¥)]
dx+4q; d4xtdy dx — 4y QX_QZ)
~ - — =
( 2 T2 T2 2 0,
(6.10)
dxt4qy 4qy+tq: qy—4q:; gy —(qx
Ro(k :/l(— - - - ):—21 , 6.11
2(k) > > 3 2 dy ( )
4y t4: qx+4q;: q:—qx 9z~ 4y
Rix(k 2/1( )22/1 , 6.12
3(k) I R e q: (6.12)
Ry(k) =t +6t; +t(1 —1-1) =61, (6.13)
qy *4q: qx+q; d4dxTt4qy
Rk:t( _ _ ):—z . 6.14
s(k) > > > qx (6.14)
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Finally the effective Hamiltonians around the X* point is given by
Ho(X™" + q) = tqras + 2Aqyar — 21 a3 + O6t1as. (6.15)
Similarly, we obtain the effective Hamiltonians around the X and X* points as

Ho(X” + q) = tgyas + 2Aqg.a3 — 2Aq a1 + 0t1a4,

6.16
7‘{()()(Z +q) = tq;as + 2/qua1 - 2/16]};(1’2 + 0t ay. ( )

Note that we have redefined q as ¢ — —q. These are so-called the Dirac Hamiltonian. For
example, the energy spectrum around the X* point is readily obtained as

EX*+q) = i\/(th)z +(24gy)* + (22q;)* + (611)2. (6.17)

As mentioned above, we see that the system is gapless when 6¢; = 0 and nonzero ¢, is regarded
as the mass of the Dirac quasiparticles. At each X" point, one of the three components which
originate from spin-orbit coupling R, (k) disappears and instead Rs(k) compensates for the g, -
dependence of the effective Hamiltonian.

6.3 Mean-Field Phase Diagram

6.3.1 Spin-Density Wave Instability

Let us perform the mean-field approximation to the interaction term and derive the mean-field
Hamiltonian of the system. First we consider the spin-density wave (SDW) instability. To do
this, we firstly approximate the on-site interaction Hy = U }}; njtn;| as

Hy ~U Z |[riynin + mipmiy = (g (nayy = (cheieljcin = (cfiemdelei +(cleaXe] lcm] :
i
(6.18)

Due to the spin-orbit coupling, the spin SU(2) symmetry is broken and the orientations of the
spins are coupled to the lattice structure. We assume the antiferromagnetic ordering between the
two sublattices in terms of the spherical coordinate (m, 6, ¢):

(Sira) = —(Sip) = (msinf cos ¢, msin 6 sin g, m cos H) (6.19)

= miex + mpey + m3e,

]

where (S;,,) = %(cl,wa'wﬁcif#@ (u = A, B) with i’ denoting the i’-th unit cell. It follows that

2m, + ny —2m, + ny . .
(niar) = ZT, (niay) = ZT, <C;(ATCiA¢> = my + imy, <C;LAlCiAT> = my — imy
—2m, + ng 2m, + np . . .
(nipy) = ZT (nipy) = ZT <CjBTCiBl> = —my — imy, (cl.'Blc,-BQ = —my +imy.
(6.20)

Then after a calculation, the Hartree term is given by

U Z [‘(niT><nil> + <c}ci¢><0§lcz¢>] =2NU Zfl mg, (6.21)
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and the Fock term is given by
U Z [(nmnm +(nip)niy — <Cchi¢>cglcn - <C;1CiT>C;LTCil]
i

= —UZ Z C;A[mfa'f]ci'A + UZ Z C;B[mfo'f]ci'B (6.22)
i f=123 i f=1.2,3

= —UZCL[mlal + moay + msasz]cg,
k

where N is the number of the unit cells and the wave vectors k take N points in the first Brillouin
zone of the fcc lattice. This equation means that the on-site interaction term has the same matrix
form as the spin-orbit interaction term in the mean-field level. A similar result has been obtained
in the Kane-Mele-Hubbard model on a honeycomb lattice [[Z8l]]. Here we have omitted irrelevant
constant terms in Eqs. (B221l) and (B212).

Secondly, we approximate the nearest-neighbor interaction Hy = .; iy Vijnin; as

. i i T T T T
Hy ~ — Z Z Vij [<C,-O-Cja">cjo-fcia' + <Cjo-/cia'>cio-cjo" - <Cl'a-cj0"><cjo-lci0'>] . (623)

(i,jyo,o’

We assume that the values of (cZTc o) depend on the hopping strength, namely we set (czfc o) =
—Adso-1;j/t. On the other hand, we neglect the interaction strength anisotropy due to the lattice
distortion for simplicity, i.e., we set V;; = V. This does not change the resulting phase diagram
qualitatively. After a calculation, we obtain

HYF = 2NV [3+(1+60/0°| A2+ VAt ) tije] cjo. 6.24)
@0

Finally combining Egs. (B6), (B21)), (B222), and (24), the mean-field Hamiltonian of the
system is given by

HYSy = 2NUm? + 2NV [3+ (1 + 61 /12| A7+ )" cf Ck» (6.25)
k

5 ~
> Ryl
u=1

where Ri(k) = Ri(k) — Umi, Ry(k) = Ra(k) — Uma, Ry(k) = R3(k) — Ums, Ry(k) = (1 +
VA/t)R4(k), and Rs(k) = (1 + VA/t)Rs(k). Note that m‘% + m% + m% = m?. The free energy at
zero temperature for the SDW instability is readily obtained as

Fspw(m, 0,0, A) = 2NUm® + 2NV [3+ (1 + 611 /t)*| A =2 > \/ ZZZI [R.B)]". (626)
k

6.3.2 Charge-Density Wave Instability

Next we consider the charge-density wave (CDW) instability. To do this, we approximate the
interaction terms Hy and Hy as

Hy = U Z [<nippnig + (nipyniy — <nip)ng)] (6.27)
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Hy = Z Vij{(”i)”lj +(njm; = (ni)ng) = Z [(c;cja&c;(,,cig
(i) o0’ (6.28)

+(c;0,cig)cl.’gcj0, - (cl.Tch(,/)(c;U,cig)] }

We assume a charge imbalance between the two sublattices such that (n;4,) = (1 + p)/2
and{n; gy = (1 — p)/2. As for Hy, we assume <cj0cja/) = —Adyotij/t and V;; = V as in
the case of SDW instability. Then the mean-field Hamiltonian of the interaction term is obtained
as

HME = NCp? + 2NV [3+ (1+611/0°| A2 = Cp Y cprs @ Ve + VAL Y. tijc) e,
k {0
(6.29)

where C = 4V — U/2, N is the number of the unit cells, and the wave vectors k take N points
in the first Brillouin zone of the fcc lattice. Combining Eqs. (Bfl) and (B229), we obtain the
mean-field Hamiltonian of the system. The matrix 73 ® 1 is different from the alpha matrices
@, and thus the free energy for the CDW instability is a little complicated but can be obtained
analytically as

Fepw(p, A) = NCp® + 2NV |3+ (1 + 611 /1) | A* - Z Z \/ﬁz +C2p2 + 2cpe\/y7, (6.30)
k

e==%1

where R? = 3> | [R, (k) and y* = 37_ | [R;(k)]* with Ry(k) = Ri(k), Ra(k) = Ra(k), R3(k) =
R3(k), Ra(k) = (1 + VA/1)R4(k), and Rs(k) = (1 + VA/1)Rs(k).

6.3.3 Mean-Field Phase Diagram

First we consider the case of V = 0. In this case, there will not occur the CDW instability. To
obtain the mean-field ground-state phase diagram, we have to minimize the free energy (B2f)

(a) 0.25
oo | Axionic SDW
[0 £0]
0.15
g
0.1 |
0.05 |
0

0.2 0.4 0.6 0.8 1

A/t

Figure 6.3: (a) U dependence of the SDW order parameter m with the antiferromagnetic ordering
set to the [111] direction, i.e., with (S;:4) = —(Sip) = me, + me, + me;, when V = 0 and
ot1/t = —0.4. (b) Phase diagram with the antiferromagnetic ordering set to the [111] direction
when V = 0 and 6t /t = —0.4.
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(a) O3 (b) ‘ ‘ ‘
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Figure 6.4: (a) U dependences of the SDW order parameter m and the hopping strength modi-
fication A with V/t = 0.4 and 6t1/t = —0.4. The antiferromagnetic ordering is set to the [111]
direction. (b) V dependences of the CDW order parameter p and the hopping strength moidifica-
tion A with U/t = 3 and 6t;/t = —0.4.

by the conditions dFspw/0m = dFspw/00 = 0Fspw/0p = 0Fspw/0A = 0. The spin SU(2)
symmetry breaking due to the presence of spin-orbit coupling makes the procedure to obtain
the true ground state complicated. Therefore we set the antiferromagnetic ordering to the [111]
direction, i.e., we set (Sjyra) = —(Si'p) = me, + me, + me; as an example. We have checked
that the results for other directions are qualitatively the same as the [111] direction. Figure B3(a)
shows the U dependence of the SDW order parameter m. The transition from the normal insulator
(or topological insulator) phase to the SDW phase is of the second order. We see from the phase
diagram [Fig. B3(b)] that the critical strength of the on-site interaction U, becomes larger as the
strength of the spin-orbit interaction A becomes larger. Such a behavior can be understood from
that the free energy (RZ8) is characterized by the factor U/A in R (k) (j =1,2,3). Namely, the
strong spin-orbit interaction effectively makes the on-site interaction weaker. Similar results have
been obtained in the Kane-Mele-Hubbard model, a 2D analog of our model [[Z8,Z8]. However, as
is shown later, what is peculiar to the SDW phase in the 3D Fu-Kane-Mele-Hubbard model is the
emergence of the topological magnetoelectric response described by the theta term [Eq. (BT)].
Next we consider the case of V # 0. To obtain the mean-field ground-state phase diagram, we
have to minimize the free energies (628) and (E30) by the conditions dFspw/dm = dFspw /00 =
0Fspw/0p = 0Fspw/0A = 0 and 0Fcpw/0p = 0Fcpw/0A = 0, and then we have to compare
them. We set the antiferromagnetic ordering to the [111] direction, as in the case of V. = 0. We
have checked that the results for other directions are qualitatively the same as the [111] direction.
It can be seen from Fig. B4 that the transition from the normal insulator (or topological insulator)
phase to the SDW phase is of the second order, and that the transition from the normal insulator
(or topological insulator) phase to the CDW phase is of the first order. The phase diagram with
the antiferromagnetic ordering set to be the [111] direction is shown in Fig. B3 as an example.
The phase diagrams for the other directions and for the positive d¢; are qualitatively the same as
Fig. BS. The values of A are always nonzero and positive when V # (. The obtained phase
diagram looks similar to those of conventional correlated electron systems (i.e., the Hubbard
models) [[43]. Namely, strong on-site electron-electron interaction induces SDW phase and
strong nearest-neighbor electron-electron interaction induces CDW phase. However, note that
other phases might be found when our model is studied beyond the mean-field approximation.
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Figure 6.5: Mean-field phase diagram of the extended Fu-Kane-Mele-Hubbard model at half-
filling. The strengths of the spin-orbit interaction and lattice distortion are A/t = 0.4 and 0t /t =
—0.4, respectively. The antiferromagnetic ordering is set to be the [111] direction as an example,
i.e., we have set (S;-a) = —(Sip) = me,+me,+me;. The spin-density wave (SDW) and charge-
density wave (CDW) phases are given by nonzero m and p, respectively. When m = p = 0, the
system is a normal insulator (NI). In all the phases, A take nonzero positive values. In the SDW
phase, the topological magnetoelectric response described by the theta term [Eq. (BI)] arises.

Actually, another phase has been reported between the SDW and CDW phases by studies beyond
the mean-field approximation, for example, in the half-filled one-dimensional extended Hubbard
model [[48,[47]. As is shown later, what is different from usual systems in our model is that the
topological magnetoelectric response due to the existence of the theta term can arise in the SDW
phase. In this sense, we call the SDW phase in our model the “axionic SDW” (or the “axionic
antiferromagnetic insulator”). For the purpose of this study, that we derive the theta term in a
time-reversal symmetry broken phase, we focus on the SDW phase in the following.

6.4 Magnetoelectric Response of the Antiferromagnetic Insu-
lator Phase

6.4.1 Low-Energy Effective Hamiltonian

Let us investigate the properties of the SDW phase, namely the antiferromagnetic insulator phase.
We consider the general case characterized by the order parameter (BT9). When Umy < 24
(f = 1,2,3), we can derive the Dirac Hamiltonian around the X" points which are slightly

93



6.4. MAGNETOELECTRIC RESPONSE OF THE ANTIFERROMAGNETIC INSULATOR PHASE

deviated from the X" points:

H(X" +q) = 1'qees + 24qyas - 2Aq:a3 + 6tjay = Umay,
HX + q) = t'gyas + 21q,a3 — 2Aq, a1 + 0tjas — Umaasz, (6.31)
HX* + q) = I'q.as5 + 2q a1 — 22y + 61jay — Umsas,

where ' = (1 + VA/1), 6t = ot(1 + VA/D), X* = (20, 52, -52), X = (55,20, 5).

and X? = (U”11 _Ym 27r). For example, the energy spectrum around the X* point is readily

: 21 > 24 °
obtained as

EX*+q) = i\/(t’qx)z +(24qy)* + (2Aq;)* + (61])* + (Umy)>. (6.32)

We see from Eq. (B31) that the antiferromagnetic ordering opens a gap at the X" points, i.e.,
lowers the energy of the system. When Um; is not small compared to 24, it is not apparent
that the Dirac Hamiltonian can be derived. Thus in the following, we assume that Umy is small,
although it is expected that the momentum points around which the Dirac Hamiltonians can be
derived exist even when Umy is not small.

Let us analyze Eq. (B31). The important point is that all the five alpha matrices which
anticommute with each other are used. To be specific, let us first consider H (X* + q). We can
redefine the alpha matrices because the representation of the matrices is arbitrary. Redefining
such that 5 — a1, a3 = —a3, and @1 = —a5 (@5 = aj@2a324) for the alpha matrices, and
t'qx = qx,24qy — qy, and 21q, — g, for the wave vector @ we obtain

W(Xx +q) = qxa1 + gyan + q;a3 + 51‘10’4 +Umas. (6.33)
In the same manner, H (X” + q) and H (X + q) can be rewritten as

HX +q) = gxa1 + gy@2 + qz3 + Stjas + Umaas, (6.34)
HX +q) = gxa1 + Gy + .3 + 614 + Umsas. |

We see that all the three effective Hamiltonians above are equivalent. Hence we can regard the
Dirac quasiparticles around the X" points as the quasiparticles of three flavors characterized by
their masses Umy. Note that the mass of Dirac quasiparticles 6¢; is renormalized to be 61| due to
the nearest neighbor electron-electron interaction, and that the second mass Umy is induced by
the on-site interaction.

6.4.2 The Theta Term

Here we derive the theta term in the antiferromagnetic insulator phase, in the same way as that
of 3D topological insulators is derived. From the discussion above, we can write down the
low-energy effective (Euclidean) action of the system, i.e., the action of the Dirac quasiparticles
interacting with an external electromagnetic field A, as

Sart = f xS G0 [yuDu - My |y (x), 6.35)

f=123

"When interacting with an electromagnetic field, the vector potential A is rescaled as well as the spatial coordi-
nate . Then we see that the theta term (B44) is invariant under rescaling. Namely, the value of 6 does not depend
on the values of A and ¢ in the low-energy limit.
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where /(x) is a four-component spinor, D, = 9, + ieA,, My = \/(6t; > + (Umy)?, cosky =
|5ti|/Mf, sinky = Umy /My, and we have used the fact that @y = yo, @5 = —iygys and «; = yoy;
(j = 1,2,3). The subscript f denotes the flavor. Here we have considered the case of 677 < 0,
namely the system is a normal insulator when the interactions are weak.

We follow the Fujikawa’s method [[72, P®] and write down a calculation briefly in what fol-
lows. Let us consider a infinitesimal chiral transformation for each flavor:

wf N w}lc — e—l'de(ﬁ)’S/zwf, &f N lp}' — lpfe—ikqu?ys/Z’ (636)

where ¢ € [0, 1]. The theta term is generated as a consequence of the chiral anomaly after the
transformation. The partition function is transformed as

Z= f DIy, gleSmWdl 7/ = f DIy’ ' 1e~ Sl '], (6.37)
The integrands in Eq. (B33) is transformed as

&f]‘_lfeikf'yswf N l/:/foein(l—d(ﬁ)}/swf’ )
l//fYprl//f - 'ﬁfyuDul//f + (i/Z)de‘pau(‘/’fy,uVS‘ﬁf)-

Then defining the Jacobian Jy which is induced by the chiral transformation for each flavor
Dlyy, &f] — JrDlyy, ﬁf], the partition function becomes

(6.38)

Zl — fD[w,lp]e—sf+%Zfofd4xd¢6ﬂ((/7f-yﬂy51//f)+zf anf, (639)
where
§'= f d'x ) 0 [yuDy = Myer =47 |y (o), (6.40)
f
and the Jacobian Jy is calculated to be [[Z2, ZX]]
5y = exp| -1 [ dtrap=SL—emop, (6.41)
F=exp|—i X ¢327r2hc€ wFpal - .

Here F,,, = d,A, — 0,A, and we have written 7 and ¢ explicitly. We repeat this procedure infinite
times, i.e., integrate the exponent of Eq. (B39) over the variable ¢ from O to 1. Then we obtain

7 = fz)[w,lﬁ]e—SNH% Z_f’(ffd4xap(lﬁf7p75wf)_s(i’ (6.42)

where Sni is the action which represents the normal insulator phase in the present case:
Sni = f d*x ) 0y (0 [yuDy = My ] ¥y (o). (6.43)
f

This is because the system with negative mass of the Dirac quasiparticles is identified from the
Z; invariant as a normal insulator. Sy is the theta term in the Euclidean spacetime:

(Y rkyp)e?
=1 [ 3L (6:44)
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After dropping the irrelevant surface term [the second term of the exponent in Eq. (B22)], we
obtain the total action of the system as

Sar = Sni + Sp. (6.45)

Actually Sy is also a surface term, since we can rewrite as e“Vp’lFWFp 1= ZG“VP’l(')ﬂ(AVFp -
However, we are now interested in the magnetoelectric response of the system. Thus we denote
the total action as above. Rewriting the theta term (B-44) in the real time (¢ = —it), we obtain Eq.
(B).

The value of 6 in the antiferromagnetic insulator phase is givenas 0 = Y\ kr = .f tan~!(Um f
/ |6ti |). It is known that & = 7 (mod 27) in 3D topological insulators and is & = 0 in normal
insulators. However, 6 can be arbitrary if time-reversal symmetry of the system is broken. We
can obtain the value of 6 in the case of d7; > 0 in the same manner as above. Combining both
cases, 6 1s written as

T N Umy
0==|1 )| — tan~ ! |[———|,
> [1 + sgn(6t1)] lez; 3 an [&1(1 - VA/I)] (6.46)

where the condition that Um; < 24 is required, and we have written 6ti = ot;(1 + VA/1)
explicitly. Note that (1 + VA/r) is always positive, and thus the value of § when my = 0 is
determined by the sign of 6¢1. The region where the value of 8 becomes nonzero is shown in Fig.
B as the “axionic SDW”.

Here we consider the applicability of the expression (B48) for the values of parameters. Let
6 = X¢0r. Whendr < 0, we get —m/2 < tan_l[Umf/(Sti] < 0. Then in the limit 6t; —
07, we have 0y = —tan_l[Umf/(St{] — m/2. On the other hand, when 67; > 0, we get 0 <
tan™![Umg/6t]] < n/2. Then in the limit 61, — 0%, we have 6y = 7 — tan™ ! [Um/6t]] — 7/2.
Namely, the value of 6y is a smooth function of 67 in the range 0 < 6y < x. Thus there is
no constraint on the value of 6¢; in the expression (B46). However, when 6¢; = 0, we obtain
0 = — 2. r(w/2)sgn(my), which means the value of 6 is constant. As we shall see below, we are
interested in the case where the dynamical axion field (i.e., the value of 8 depends on space and
time) is realized. Therefore, the value of ¢¢; should be nonzero.

6.5 Discussions

It should be noted that the theta term is derived only in odd spatial dimensions. In the Kane-Mele-
Hubbard model on the honeycomb lattice at half-filling, which is a two-dimensional analog of
the Fu-Kane-Mele-Hubbard model, the antiferromagnetic insulator phase is also realized [[8, 8,
B0,B2,K5,Kd]. However, the magnetoelectric response which results from the theta term does not
appear in that model.

The origin that generates small deviations of the value of 6 from O or 7 in the antiferromag-
netic insulator phase of the Fu-Kane-Mele-Hubbard model is the existence of the y5 (or @5 in our
notation) term, which breaks time-reversal symmetry, in the low-energy effective action (B33).
What we would like to stress here is that we found the appearance of the s term in the antiferro-
magnetic insulator phase. This is not apparent at first sight of the mean-field Hamiltonian (B23).
Expanding the mean-field Hamiltonian around the X points (which are slightly deviated from the
original X points) and relabeling the alpha matrices are essential.

In the following, we discuss two notable aspects of the antiferromagnetic insulator phase in
our model.
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CHAPTER 6. AXIONIC ANTIFERROMAGNETIC INSULATOR

6.5.1 Condensed-Matter Analog of the Aoki Phase in Lattice QCD

Here we mention the relation between the antiferromagnetic insulator phase in our model and
the “Aoki phase”, a phase with broken time-reversal and parity symmetries in lattice QCD. The
Aoki phase is characterized as the phase induced by interactions with the ys term, i.e., (Jiysy) #
0 in addition to the usual mass renormalization (/i) [IZ8]. It can be seen from the effective
Hamiltonian [Eqs. (B33) and (B34)] that the situation in our model is analogous. Thus it can
be said that the antiferromagnetic insulator phase of the extended Fu-Kane-Mele-Hubbard model
is a condensed matter analog of the Aoki phase in lattice QCD. In other words, the Aoki phase
in condensed matter in three spatial dimensions can be characterized by the magnetoelectric
response which results from the theta term with non-quantized value of 6, i.e., by the axion
electrodynamics. The existence of a similar condensed matter analog of the Aoki phase in three
spatial dimensions has been pointed out in a 3D topological insulator with on-site interactions
(B9].

The Aoki phase has been found in lattice models for QCD such as the Wilson fermions
[2R,30], the Nambu-Jona-Lasinio model on a lattice [[4R,49], and the Gross-Neveu model on
a lattice [[28]. In the latter two models, the interactions are local. Namely, from the viewpoint of
the form of interactions, it can be said that Hubbard-like models in condensed matter are similar
to the Nambu-Jona-Lasinio model and the Gross-Neveu model. It is known that the existence of
the Aoki phase can solve the U(1) problem in QCD. However, although the importance of the
Aoki phase has been confirmed theoretically, the phase is not a realistic phase. This is because
the phase is an artifact due to the nonzero lattice spacing of lattice QCD [[30], and in addition,
the appearance of the phase depends on the value of bare quark mass [[Z8]. On the other hand,
in condensed matter, electron systems can be naturally defined on lattices, and the value of the
bare mass of Dirac fermions is tunable. In our model, as mentioned in Sec. B2, the value is
determined by the strength of lattice distortion. Moreover, experimental searches in condensed
matter are possible in principle. Further investigations of the Aoki phase in condensed matter
might enable us to suggest some perception to the field of lattice QCD. This is an interesting
future subject.

6.5.2 Dynamical Behavior of 0

Let us consider briefly the dynamical behavior of 6 in our model, the dynamical axion field,
discussed in Ref. B2. When the spins fluctuate, i.e., when (S4) = —(Sg) = [m| + dm (7, t)]e, +
[my + oma(r, t)]e, + [m3 + om3(r, t)]e;, we obtain the fluctuation of 6 up to the linear order in
dmy as

sor, 0~ > tan U [my +omp(r,0)] 16151} = > tan! (Umy/l67]))
f=123 f=123

(6.47)
2 U881 )" Smp(r, 1),
7

This equation suggests that the dynamical axion field can be realized by the fluctuations of the
spins, i.e., the spin-wave excitations, as in the case of Ref. B. An advantage of our analytical
derivation of the expression of 6 is that we can see the realization of the dynamical axion field
immediately, as Eq. (B=47). In the case where we use expressions (B2) or (B3), it will not easy
to notice the realization in our model.
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6.6. SUMMARY

Finally let us consider the consequence of the existence of the theta term in the antiferromag-
netic insulator phase. Notice that the theta term (in real time) can be rewritten as

4 0(7’, t)ez lle/l 4 62 ,uvp/l
Sg = d XWE 8HAV8PA,1 = - d X%E [6#9(T,l')]AV8pA/1, (648)

where in the second equality, we have dropped the surface term and used ewpﬂaﬂ 0,A, = 0. The
induced current j can be obtained from the variation of the above action with respect to the vector
potential A,,:

. 0Sp e? o ¢2
jt = = [0.0(r, )]e""P"0,A, = S

- VO x E +6B),, 6.49
0A, 4r2he ( ) ©49)

where n = 1,2,3, and § = 90/9t. The electric-field induced term is the anomalous Hall effect,
since it is perpendicular to the electric field. The magnetic-field induced term is the so-called
chiral magnetic effect [E4]. It is notable that the chiral magnetic effect can be realized. In other
words, we propose a way to detect the dynamical axion field in condensed matter, which has not
yet been observed experimentally. Similarly, we obtain the induced charge density p as

0Sy 2 2

= = - HOpa = -
P = 5ay " aprpe 0T DIETT 0o AL = =3

Vé-B. (6.50)
whe

6.6 Summary

In summary, we have studied the ground state and the topological magnetoelectric response de-
scribed by the theta term, in the extended Fu-Kane-Mele-Hubbard model on a diamond lattice at
half-filling, within the mean-field approximation. The mean-field phase diagram was presented.
It was found that the transition from the normal insulator (or topological insulator) phase to the
antiferromagnetic insulator phase is of the second-order. We obtained the Dirac-like low-energy
effective Hamiltonian in the antiferromagnetic insulator phase. We found that there exists the
vs term in the effective Hamiltonian. This antiferromagnetic insulator phase is different from
conventional one, and can be regarded as a condensed matter analog of a symmetry broken phase
in lattice QCD. We derived the theta term by following the Fujikawa’s method and obtained the
analytical value of . We have proposed a concrete model to describe the axion electrodynam-
ics in the antiferromagnetic insulator phase. The dynamical axion field can be induced by the
fluctuation of the order parameter. It was shown theoretically that the chiral magnetic effect can
emerge as a consequence of the realization of the dynamical axion field. In other words, we
proposed a way to detect the dynamical axion field in condensed matter, which has not yet been
observed experimentally. In our model, the interplay of spin-orbit coupling and electron correla-
tion results in the emergence of the topological magnetoelectric response and the realization of
the dynamical axion field.
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Chapter 7

Summary

So far we have studied the effects of electron correlations in three-dimensional (3D) spin-orbit
coupled systems, based on the purpose of (1) studying the stability of 3D topological phases
against strong long-range correlations, and (2) searching for novel phases and phenomena which
result from the interplay of spin-orbit coupling and electron correlation. Here we would like to
summarize the results obtained in this thesis.

Stability of Three-dimensional Topological Phases

Preceding studies have mainly focused on the effects of short-range correlations in 2D topological
phases. As for time-reversal invariant topological insulators, it has been shown that they are
broken by time-reversal symmetry breaking orders. As for Weyl semimetals, it has been shown
that they are broken by gap openings. However, the effects of long-range Coulomb interactions
have not yet been revealed. One of the reasons might be on the point that it is not easy to treat
strong long-range interactions properly. In order to solve this problem, we adopted the formalism
based on the lattice gauge theory which has been originally used in the field of high energy

Topological Insulator

Heg(k) = vik - o + may

Dirac Semimetal .
________________ Er ¢ Symmetry Breaking

(time-reversal and/or inversion)

Heg(k) = vik -

Weyl Semimetal

Heg(k) = +vik - o

Figure 7.1: Schematic diagram of the relation of 3D topological insulators, Dirac semimetals and
Weyl semimetals. @, (07,) are 4 X 4 (2 X 2) matrices.
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physics, and recently applied to graphene. The lattice gauge theory enables us to treat strong
interactions nonperturbatively. In the U(1) lattice gauge theory, the 1/r Coulomb interactions
between bulk electrons are taken into account via a scalar field.

In this thesis, we studied the stability of a 3D topological insulator of Bi;Ses type, a time-
reversal symmetry broken Weyl semimetal with two nodes, and Dirac semimetals with four and
sixteen nodes, against strong 1/r Coulomb interactions. 3D topological insulators such as BipSej
are p-electron systems. This implies that on-site correlations are not strong. However, the
strength of long-range correlations is determined by the dielectric constant of the system. In
Weyl and Dirac semimetals, due to the vanishing density of states near the Fermi level, screen-
ing effects are expected to be weak. From these facts, long-range Coulomb interactions can be
important in 3D topological phases we consider. Based on the strong coupling expansion of lat-
tice gauge theories and the mean-field approximation, we analyzed the lattice models from the
strong coupling limit. We considered all the possible order parameters in the mean-field decou-
pling process within the effective lattice models. It was found that all the three phases survive
in the strong coupling limit. This suggests that 3D topological phases are stable against strong
long-range correlations. Further, we proposed possible global phase diagrams. As shown in Fig.
[T, 3D topological insulators, Weyl semimetals, and Dirac semimetals are related to each other.
Namely, they lie next to each other in the phase diagrams. Therefore we believe the result that
each phase survives in the strong coupling limit have a consistency. Our study will contribute to
understanding the nature of 3D topological phases.

Topological Magnetoelectric Response

It has been acknowledged that electron correlation and spin-orbit coupling play important roles
respectively in condensed matter. Then it is natural to expect the emergence of novel phases and
phenomena induced by the interplay of them. Motivated by this, we studied the electron corre-
lation effects in a 3D spin-orbit coupled system, the Fu-Kane-Mele model on a diamond lattice.
We focused on the topological magnetoelectric response in the antiferromagnetic insulator phase
described by the theta term with non-quantized value of 6. First we derived a low-energy effec-
tive action of the antiferromagnetic insulator phase. Then, in contrast to preceding studies, we
derived an analytical expression for 8 which is the most important result in this subject:

_z _ | Ymp
9—2[1+sgn(6t1)] f:lZ;3tan [6t1(1+VA/t)]’ (7.1)

where my (f = 1,2, 3) is the order parameter for the antiferromagnetism. When the spins (i.e.,
the order parameter) fluctuate around the ground-state direction, the deviation of 6 is proportional
to the deviation of mg: 66(r, 1) o< 3¢ dmy(r, ). This means that the dynamical axion field can
be realized by spin-wave excitations. As a consequence of the realization of the dynamical axion
field, the following current can be induced by external electromagnetic fields:

2
.ty = ~— [Vo(r.1) x E +6(r, 0B, (7.2)
2rth
where § = 06/0t. The first and second terms in the right-hand side represent the anomalous Hall
effect and the chiral magnetic effect, respectively. It is notable that the chiral magnetic effect can
be realized. In other words, we propose a way to detect the dynamical axion field in condensed
matter, which has not yet been observed experimentally.
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CHAPTER 7. SUMMARY

Further we pointed out that the antiferromagnetic insulator phase can be regarded as a con-
densed matter analog of the Aoki phase, a symmetry broken phase induced by interactions in
lattice quantum chromodynamics (QCD). In the Aoki phase, massless pions emerge as a result
of spontaneous breaking of parity and flavor symmetries. In other words, the Aoki phase in con-
densed matter in three spatial dimensions can be characterized by the magnetoelectric response
which results from the theta term with non-quantized value of 6, i.e., by the axion electrodynam-
ics. Although the importance of the Aoki phase has been confirmed theoretically in lattice QCD,
the Aoki phase is not a realistic phase. This is because the phase is an artifact due to the nonzero
lattice spacing of lattice QCD, and in addition, the appearance of the phase depends on the value
of bare quark mass. On the other hand, in condensed matter, electron systems can be naturally
defined on lattices, and the value of the bare mass of Dirac fermions is tunable. Moreover, ex-
perimental searches in condensed matter are possible in principle. Further investigations of the
Aoki phase in condensed matter might enable us to suggest some perception to the field of lattice
QCD. We expect that our study enforces the connection between condensed matter physics and
high energy physics.
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