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I. EFFECTIVE HAMILTONIAN OF TOPOLOGICAL
INSULATOR

During the majority of physical processes, the energy
bands far away from the Fermi level remain inert. There-
fore, only the energy bands near the Fermi level need be
considered. The order of the effective Hamiltonian ma-
trix H(k) equals the number of bands considered. For ex-
ample, in the QWZ model, and the BHZ model, 2 bands
and 4 bands are considered respectively.

In semiconductors, charge carriers are populated
around the minimal energy gap, say at k = 0. Therefore,
for most purpose, it is sufficient to know the effective
Hamiltonian near k = 0. Furthermore, since its matrix
elements need to respect the symmetry of the system,
the form of the effective Hamiltonian is restricted. That
is, the symmetry would help us reducing the number of
independent parameters.

A. Symmetry of Hamiltonian

Consider a crystal with point group symmetry G.
Write the representations for a group element g € G as
g, Uy (or simply U), and D, in real space, Hilbert space,
and Fock space respectively. Under the action of g, an
annihilation operator transforms as (Fang et al., 2013),

Dyca(R)D, ' =) Uapes(R'), R'=gR,  (L1)
af
in which «, 8 are orbital indices, R is a lattice vector,

and g is a 3 X 3 matrix of transformation.
Fourier transformation gives

1 ik
ca(k):ﬁ§ca(R)e kR (1.2)

It transforms as

_ 1 ik
Dyca(k)D;t = WZZUQM(R’) e kR

R ap —e—igk-R’
= > Uapcslgk). (1.3)
af
Suppose the Hamiltonian is,
(1.4)

H =" Hap(k)cl,(K)cs(k),
a,B

then the invariance under symmetry transformation re-
quires

DyHD;' = H. (1.5)

It follows that,

U H(k)U ! = H(gk).

g

(1.6)

B. Effective Hamiltonian of bulk states

The following discussion is based on Zhang et al., 2009.
They focus on materials like BisSes, BisTes, and SbyTeg
(see Fig. 1). These materials have a layered structure.
Each unit cell spans 5 layers stacked along z-axis, and
there is a three-fold rotation symmetry around the z-
axis. Each quintuple layer has an inversion center, and
these quintuple layers stuck with each other via the Van
der Waals force.

We keep only the 4 bands closest to the Fermi level.
They are originated from the 4 atomic orbitals {|p1} 1
), P22 D), Ip1t 1), [p2; 1)}, in which + stand for the par-
ities of the states. Therefore, the effective Hamiltonian
is a 4 x 4 matrix. If the orbitals have energies g + M,
then at the location of minimum energy gap,

Ho = diag(eo + Mo, 0 — Mo, 0 + Mo, g0 — Mp). (1.7)

As mentioned above, the Hamiltonian is required to sat-
isfy Eq. (1.6). Here the symmetry operators are:
TR:

O=icy,K®1= , (1.8)
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FIG. 1 (a) Crystal structure of BisSes. (b) Top view of the
(111)-surface. (c) Side view of the layered structure. Fig from
Qi and Zhang, 2011.
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The Pauli matrices o and 7 stand for spin and orbital
degrees of freedom.

Let h;;(k), 4, j = 1,2, be the 2 x 2 submatrices of H(k).
Inversion symmetry requires

H(K)IT™! = H(—k). (1.11)
That is,
Tzhij(k)Tz = hij(fk). (112)
Or,
ail —ai2 a1z —ai4 ail ai2 ais Gai4
—ag21 Q22 —a23 G24 _ a21 a2z a23 0G24
azr —asz2 asz —as4 a3l asz ass as4
—@41 Q42 —043 G44 k aq1 Q42 Q43 Q44 / _ )
(1.13)
So ay1,a13,--- are even in k, aq2,a14,- -+ are odd in k.
Three-fold rotation symmetry requires
C3H(K)C3t = H(eT 23k, k), (1.14)

where ky =k, +ik,. The LHS is

‘hll ei27r/3h12
67127r/3h21 h22

C3H(k)Cy ! = ( )k, (1.15)

2

where hyy = hiz- Therefore, up to quadratic power,
hi1,hoy can only have k., kyk_ = kI + k2(= k7), and
k2; hip can only have k! .

Time reversal symmetry requires

OH(k)O~! = H(—k). (1.16)
The LHS is
-1 h3, —hi
OH(k)O ! = 2 , (1.17)
—hiy hi J,
Therefore,
hii(k) = h3(—k), (1.18)
hia(k) = —hy(—K). 1.19)
Combine these 3 symmetries, one has
M) Ak, 0 Agk_
_ Ak, —M(k) Axk_ 0
Hil) =col)+ | 07 k. Mk) —Ak |
Aok, 0 —Ak, —M(k)
(1.20)
where
M(k) = My — Bik?* — Byk?, (1.21)
60(1{) = Eo+D1k§+D2ki. (122)

The undetermined parameters need be fit with the actual
energy dispersion near the energy gap.
If the basis are arranged in the order of {|p1} 1), [p2; |

>? |plz+ ~L>7 |p2; T>}, then

M(k) Agk_ 0 Alkz
- Asky —M(K) —Ark, 0
Hl) =coll)+ | 0" 4k, MK) Aok,
Ak 0 Ak, —M(K)
(1.23)

This can be obtained by first exchanging the 2nd and
the 4th columns, followed by exchanging the 2nd and
4th rows of the H in Eq. (1.20). If A; = 0, then this
reduces to a block-diagonal Hamiltonian, similar to the
2D BHZ Hamiltonian.

C. Effective Hamiltonian of Tl surface states

Similar to the TI bulk-state Hamiltonian, one can

" deduce the effective Hamiltonian for the surface states

based on the consideration of symmetry. As an exam-

ple, we consider the [111] surface state of BisTes (see

Fig. 1(b)). In addition to the TRS, there is also a Cs,

symmetry, which consists of a 3-fold rotation transfor-

mation C3 and a mirror transformation M : x — —ux.
The operator for the 3-fold rotation is

C3 = ™/3%=, (1.24)

The mirror operation M needs to flip the signs of oy, 0.,
but preserve the sign of o,. Note that a mirror reflection
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FIG. 2 (a) The energy dispersion of the Rashba system con-
sists of two paraboloids. The magnitude of « is highly exag-
gerated in the figure. (b) When the chemical potential p is
above the nodal point, there are two Fermi circles. The spin
of an electron follows the direction of the effective magnetic
field b(k) = ak x 2, which is always perpendicular to the
momentum.

in 3D equals an inversion followed by a 180° rotation.
Therefore, M? = —1 for spin-1/2 electron (Kane, 2013).

These restrictions give
M =io, (1.25)

The effective Hamiltonian is transformed as (0 =
ioy K),

OH(k)O™' = H(-k), (1.26)
C3H(k+)C5 ' = H(eT2/3ky), (1.27)
MH(kx)M ™' = H(—kz), (1.28)

where k = (k;, k). Write the 2 x 2 Hamiltonian matrix

as
h(k)  g(k) )
Hk)=1| . ,
0= (1 A
then time-reversal symmetry dictates that h(-k) =

—h(k), g(=k) = —g(k).
Rotation symmetry gives

(1.29)

h(ks) = h(eT?™/3kL); (1.30)
e g(ky) = g(e™™ k). (1.31)
Mirror symmetry gives
hks) = —h(~kg); (1.32)
glks) = g" (k). (1.33)

To linear order of the momentum, it is not difficult to

see that h(k) = 0, g(k) = ik_. Therefore,
H(k) = eo(k) + v(ozky — oykz). (1.34)

To the third order of momentum, it is left as an exercise
to show that

A
H(k) = so(k)+vk(axky—aykx)+§ (ki + ki) 0., (1.35)

where v, = vo(1 + ak?). The energy dispersion is

ex(k) = eo(k) & \Ju2k? + X2k cos?(36),  (1.36)
where 0 = Z(k, ). This would give a Fermi contour with
6-fold rotation symmetry (Fu, 2009), which is consistent
with observation (Xu et al., 2011).

FIG. 3 Fig. (a) shows the Fermi circles for chemical potential
lower (p1), or higher (u2), than the nodal energy. In Fig. (b),
the nodal point is lifted by magnetization, and the chemical
potential is within the energy gap.

D. Berry curvature near level crossing

In the following, we review several systems with nodal
points in energy spectrum: Rashba system, graphene,
and the surface state of 3D TI. They are all 2D systems.
Near a nodal point, the system can be approximated as a
two-level system (assuming there is no spin degeneracy),
and the effective Hamiltonian can be expanded by Pauli
matrices. Nodal points in 3D systems will be investigated
in the chapters on Weyl semimetal.

1. Rashba system

For the 2DEG in an asymmetric quantum well, there
can be Rashba spin-orbit coupling (Bihlmayer et al.,
2015). The Hamiltonian is,

h2k?

H(k) 2m*

+a(oxk)-2, (1.37)
where « is the strength of the Rashba coupling, and z
is the direction perpendicular to the 2DEG. The energy
spectrum is,

K2 k>
E =
* 2m*

+ak k= |K|. (1.38)

They are two paraboloids with a point degeneracy at
k=0.

When the chemical potential is above the nodal point,
there are two Fermi circles, see Fig. 2(a). When written
in the standard form,

h2k>
- 2m*

H(k) +b(k) - o, (1.39)
the Rashba coupling acts like a k-dependent magnetic
field, b(k) = ak x 2 = a(ky, —k.,0). The spins of the
electrons on the Fermi circles are parallel or anti-parallel
to the effective magnetic field b(k), see Fig. 2(b).

After circling the Fermi circle once, an electron ac-
quires a Berry phase proportional to the solid angle Q¢
extended by the spin vector,

1
Y+ = :F§Qc. (1.40)
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FIG. 4 (a) Brillouin zone of graphene, with valleys K and
—K. (b) Dirac cones at the two valleys. Valence band has
7. = —, and conduction band has 7, = +. The signs of the
Berry curvatures for the conduction bands and the valence
bands are indicated.

Since the spin always lies on a plane, the solid angle is
2w, and the Berry phases are v4 = F.

The value of the Berry phase remains to be , irrespec-
tive of the size of the Fermi circle, as long as the path
C encloses the nodal point. This implies that the Berry
curvature is a delta function,

FE(k) = Fr0? (k). (1.41)

The Hall conductivity is given as,

o (L
oy = —— d*kF +/ koFZ) . (142
h 2m filled filled

Since the two branches of the paraboloids have Berry cur-
vatures with opposite signs. Therefore, when the chemi-
cal potential p is higher than the nodal energy, the two
integrals of Berry curvature cancel with each other. If p
is below the nodal energy, then the Fermi sea does not
enclose the node (see Fig. 3(a)), and the two integrals
are both zero. Therefore, no matter where pu is, the Hall
conductivity is zero.
If the 2DEG is doped with magnetization m, then

2 k>

H(k) 2m*

+a(oxk) z+mo,. (1.43)
The magnetization opens a gap at the node, see Fig 3(b).

The Berry curvature becomes (Culcer et al., 2003),

012771

Ffk)=F—— .
(k) :‘:2(m2+a2k2)3/2

(1.44)

When the chemical potential is inside the gap, only one
branch is filled, and one can verify that,

(1.45)

ey m ),
O'H—2h ﬁﬁ—&-c@k% .

2. Graphene

Graphene is probably the most famous material that
has nodal points. There are two different Dirac valleys
located at the corners of the hexagonal BZ. The effective
Hamiltonians near the nodes are (neglecting spin)

Ho = hvp (:l:kxTx + kyTy) R

at + K, (1.46)
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FIG. 5 (a) Graphene lattice with staggered on-site potentials
opens a gap at a Dirac point, which is described by a mass. (b)
A special distribution of magnetic flux invented by Haldane

also opens a gap at a Dirac point, which is described by a
valley-dependent mass.

+
K

where 7 is the quasi-spin for orbital degrees of freedom
(i.e., conduction and valence bands), and £K are shown
in Fig. 4(a).

When an electron circles a Dirac cone once, it would
get a Berry phase 7¢ = w. According to the Onsager
quantization rule (Chang and Niu, 1996),

1 e
k-dr=2 - — .
7{0 r 7r<n+2 277)

The Berry phase term cancels with the 1/2; so that
there is no zero-point energy for Landau levels, ¢, =
vpvV2eBhn. See Sec. VII.C of Xiao et al., 2010 for a
semiclassical derivation of the energy levels. A direct
measurement of the Berry phase 7 from a Dirac point in
cold atoms is reported in Duca et al., 2015.

Similar to the Rashba system, the Berry curvature is
a delta function,

FEE = +62(k)7,. (1.48)

Not only that the two orbitals have opposite monopole
charges, the Berry curvatures of the two nodes also have
opposite signs, see Fig. 4(b). As a result, the Hall con-
ductivity is zero in the absence of magnetic field.

The local stability of the Dirac point in graphene is
protected by space-inversion and time-reversal symme-
tries (Cs symmetry ensures global stability. See Chap 7
of Bernevig and Hughes, 2013). For a staggered graphene
lattice (ses Fig. 5(a)), the SIS is broken and a gap can be
opened. This is described by the effective Hamiltonian,

HEK = Hy + mor.. (1.49)
The Berry curvature for the lower band is
1
FFE(k) =+ kr (1.50)

2 (k2 + k2)3/2

where kp = muvg /h. The Hall conductivity remains zero,
no matter where the chemical potential is, because of the
cancellation from two valleys.



FIG. 6 (a) Dirac cone of the surface state. The chemical
potential can be below (u1) or above (u2) the Dirac point.
(b) The Dirac point can be opened by magnetization.

With an ingenious choice of flux distribution, Haldane
devised a way to build two valleys with the same sign of
Berry curvatures (Haldane, 1988). In Fig. 5(b), there are
positive (negative) magnetic fluxes through the triangles
indicated by + (—). The total flux through a hexagon
is zero, thus there are no Landau levels, but the TRS is
broken.

The effective Hamiltonian now becomes,

HEK = Hy £ mor.. (1.51)
The Berry curvature for the lower band is
1
FFEK) = kr (1.52)

T 2(k% +R2)3/2

When the chemical potential is inside the gap, the Hall
conductivity is o = €2 /h, because the contribution from
two valleys no longer cancel with each other.

Two remarks about Haldane’s graphene model : First,
with proper tuning of model parameters, it’s possible not
to open the two nodes simultaneously. That is, there can
be only one Dirac point, not two, at critical values. This
demonstrates the parity anomaly in (2+1)-dimensional
field theories.

Second, o = e2/2h if there is only one gapped node.
This seems to contradict the fact that the Chern number
must be an integer . The half-integer here is in fact an
artifact of the bottomless Dirac sea. For an usual Bloch
band with lower bound, the region away from the node
would contribute another 1/2 to make up for the integer.
This is sometimes called a hidden massive spectator
(see Hatsugai et al., 1996).

3. Surface state of topological insulator

As shown in Sec. [.C, a typical TTI surface state Hamil-
tonian near a Dirac point is

Hss = a(o x k). + O(k?), (1.53)

which is similar to the Rashba Hamiltonian, but with-
out the dominant parabolic term. It has the same Berry

curvature as the Rashba system,
F¥ = 7716%(k). (1.54)

It’s not difficult to see that the Hall conductivity given
by Eq. (1.42) is zero, no matter whether the chemical

potential is located below or above the Dirac point (see
Fig. 6(a)).

The Dirac point can be opened by magnetic dopants
with magnetization m (see Fig. 6(b)),

Hss = a(o x k), + mo,. (1.55)

Same as the Rashba system, the Berry curvature is

a’m
Freg——— — 1.56
© = To(m? + a2k2)/ (1.56)
If the chemical potential is inside the energy gap, the Hall

conductivity is a half-integer,

2 1 1 2
o =2 /d%F;:§%. (1.57)

 h2rm
This is different from the Rashba system. It is not a half-
integer there because the lower band is not completely
filled.

As we have mentioned earlier, even though the TI has
odd number of Dirac point on one surface. The total
number of Dirac point for all surfaces should be even.
Overall they would contribute an integer Hall conductiv-
ity.

Same as in graphene, an electron circling the Fermi
circle C' acquires a Berry phase 7¢ = w. This value
is restricted by time-reversal symmetry: If the electron
circles in the opposite direction —C', then the Berry phase
becomes —7,.. For the graphene and the TI with TRS, we
should have 7. = —7y. mod 27. Therefore, 7. can only
be 0 or .

Due to the phase shift of « for a closed path, one
expects to see weak anti-localization, instead of
weak localization, in a graphene or a TI surface with
disorders (He et al., 2011). However, real samples are
more complicated. Depending on condition, both types
of localization can be observed (Lu and Shen, 2014;
Tikhonenko et al., 2009).

Exercise
1. Following the discussion in subsection B, generalize

the effective Hamiltonian of the TI surface state to the
third order of momentum,

A
H(k) = EO(k)+Uk(0'xky_0'ykx)+§ (]4}3_ + ]4;3_) 0. (158)

2. Given the 2D Hamiltonian,

h%k?
Hk) = - +a(o xk)- -2+ mo,, (1.59)
show that the Berry curvature is,
FEK) = 50 (1.60)

2(m2 + a2k2)3/2 '
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