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I. MODERN THEORY OF CHARGE POLARIZATION

In addition to the quantum Hall effect, Berry phase is
crucial to the calculation of charge polarization in cova-
lent solids. We explore their connection in this Lect.

A. Charge polarization

The electric polarization P of a finite crystal depends
crucially on the charge accumulation near surfaces, and
thus cannot be defined as a bulk property. On the other
hand, for an infinite crystal, the calculation of P, which
is the expectation value of gr, diverges.

For a crystal with periodic boundary condition (PBC),
P is generically not well defined. The reason is that,
in a periodic solid, the electric polarization depends on
one’s choice of the unit cell (see Fig. 1). The theory
of electric polarization in conventional textbooks applies
only to solids consisting of well localized charges, such as
ionic or molecular solids (Clausius-Mossotti theory).
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FIG. 1 For an infinite lattice, or a lattice with periodic bound-
ary condition, the polarization is ill-defined. It depends on the
choice of the unit cells.

It fails, for example, in a covalent solid with bond charges
such that no natural unit cell can be defined.

A crucial observation made by R. Resta is that, even
though the value of P may be ambiguous, its change is
well defined (Resta, 1992). It was soon pointed out by
King-Smith and Vanderbilt that AP has a deep connec-
tion with the Berry phase of the Bloch state (King-Smith
and Vanderbilt, 1993).

To illustrate the modern theory of polarization, let’s
consider a one-dimensional (1D) lattice with periodic
boundary condition. There are N lattice points located
at Ry = fa (¢ € Z), and a is the lattice constant. The
Fourier transformation of the Bloch state ¥, = e*%u,
is called the Wannier state,

T/a

_L —ik Ry
|nR4>_ﬁk_;/ae k), (1.1)

which is localized near a lattice point R,. The Bloch
states form an orthonormal basis,
<¢n’k¢’ |¢nk> - 6nn’5kk’ . (12)

Likewise, the Wannier states are also orthonormal to each
other,
<n’R'|nR> = 5nn’5RR’- (13)

Like Bloch states, the Wannier states {|nR),V R} form
a complete set of bases. A crucial difference is that the
former is extended in space, while the latter is localized.
With the Wannier states, one can avoid the problem of
divergence when calculating the electric polarization.

In an insulator, electric polarization can be related to
the charge center of the Wannier function,

P =g Z (n0|zn0), ¢ = —e (1.4)
filled n
= EZZ@nk,\e*ik’mli (™) Junr) (1.5)
N £ £ i Ok
= ﬂZZ(ank,\ei(’f—k”%g\unk). (1.6)
N & ¥ ok

Decompose the z-integral as a sum of N unit-cell inte-
grals, and write x = ma + & (% € [0, a]), it can be shown
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FIG. 2 The domain of Bloch momentum k& and parameter A
is similar to a BZ of a two dimensional lattice.

that (see Nomura, 2013, p.85)

.0 0
e inr Ny i <Unk|l |unk>cell (1.7)

(un k’|6 (= Unk) =

= 5k k’(unk|Z |unk> (18)

where (---)eon integrates over only one unit cell, and

N{ - Yeerr = (- - ) is used in the second equation. There-
fore,
p=2 (tni i i) (1.9)
N ok
Tr/a dk
= qaz (1.10)
‘n'/a
Under a gauge transformation, |ul,) = e™Xnk|u,y;),

where X, is single-valued (mod 27), the polarization
contributed from band-n becomes,

Xnr/a — Xn—n/a

P =P, —qa 5

(1.11)
Single-valuedness of eX"* gives Xpii2x/a = Xnk + 27Ma
(m € Z). Therefore,

P/ =P, — gma.

n

(1.12)

The polarization could change by ¢gma under a gauge
transformation. That is, only the fractional part of P,
(and P) is gauge invariant.

1. Zak phase

Note that the integral in Eq. (1.10) is nothing but the
Berry phase around the BZ divided by 27,

P:qazg—;.

The Berry phase of 1D Bloch state is first studied by
Zak, 1989 and is called Zak phase. In addition to being
gauge dependent, the value of Zak phase is also coor-
dinate dependent (see Prob. 1), but the relative phases
between energy bands are fixed.

For a 1D lattice with space inversion symmetry, if the
origin is at a symmetric point, then the Zak phase can

(1.13)

only be 0 or 7, and P, can only be 0 or ga/2. This can
be understood as follows: It was shown earlier that if the
lattice has space inversion symmetry, then (see Eq. (?7))

An(—k) = —A, (k). (1.14)
Therefore, after the inversion,
/e

P, - P, = qa/ —Ap(—k)=—P,. (1.15)
—7/a 2

Since P, is allowed to have the freedom of changing by
gma, the constraint given by the inversion symmetry is

P, = —P, mod qa
— P, =0 or q%

(1.16)

mod qa. (1.17)
Put it in another way, for a lattice with space-inversion
symmetry, the charge center (n0|z|n0) in a unit cell can
only be at 0 or a/2. That is, on top of a lattice point or
in the middle between two lattice points.

On the other hand, if there is no inversion symmetry,
then v, (and P,) can be any value. An experimental
confirmation of the Zak phase with cold atoms can be
found in Atala et al., 2013.

2. Quantized charge pump

Even though P, is gauge dependent, the change of po-
larization AP, under an adiabatic and continuous defor-
mation is gauge invariant and well-defined. From here
on we consider only one filled band, and use A to label
the degree of ion displacement (with respect to ions of
opposite charge). It varies from 0 to a as the ions shift
adiabatically from an initial position to a final position.

The difference of polarizations between these two
states is,

/e dk

o [A(K, A2)

— Ak, A1)

(1.18)
The parameter A\ defines a second dimension in addition
to k. We can choose the parallel transport gauge (see
Chap ?7), such that along the A-direction,

P(X2) — P(\1) an/

—7/a

d
(unk| 55 [unk) = 0, (1.19)

then AP can be written as a (counter-clockwise) line
integral around the rectangle in Fig. 2

AP = dk-A(k), k=

_2 / d*kF. (k

= 8kA,\ - (r“))\A]67 and A)\ = i<uk|8)\\uk).

(k,\)  (1.20)

(1.21)

where F. (k)
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FIG. 3 (a) Two different locations of double bonds in trans-
polyacetylene. (b) Conduction band and valence band of the
SSH model.

If A(1) = A(0), then the rectangle is similar to a BZ,
where opposite edges habor the same states. Therefore,
the integral of the Berry curvature is an integer (x2m),
and

AP = qaCy. (1.22)

That is, under a cyclic parametric variation, the charge
transport is “quantized”. This fact can be utilized
to build a quantized charge pump (Thouless et al.,
1982). However, be aware that even though the quanti-
zation is precise in the adiabatic limit, it is no longer so
if the pumping is fast.

The analysis above is based on one-particle states in
1D. But the same scheme can be extended to real solids
with electronic interactions in three dimensions. An es-
sential alteration is to replace the one-particle states by
the Kohn-Sham orbitals in the density functional
theory (King-Smith and Vanderbilt, 1993).

B. Su-Schrieffer-Heeger model

To explore the Zak phase in 1D systems, we study the
Su- Schrieffer-Heeger (SSH) model of polyacetylene. It
starts with the tight-binding model (Su et al., 1979),

2N

Hgsy = Z (to + (—1)6) (cIcHl + h.c.) ,

i=1

(1.23)

where tg is the hopping amplitude between nearest
neighbors, and +£J modulate the hopping strength (see

Fig. 3(a)). We impose the periodic boundary condi-
tion (PBC), so that coyt1 = c¢1, and electron spins are
ignored for now.

Since the lattice is dimerized, it is convenient to write
Ci=2j—1 aS Cj, Ci=2; as dj, and double the size of the unit
cell. The Hamiltonian becomes,

N N
Hsy = Yt (dlej + he) + >t (chyds + hee)),
Jj=1 j=1

(1.24)
where t4 =ty + 6. Expand ¢; and dj,
c; = Lz:eij“kck, (1.25)
VN <
1 g
dj = —= ) €k, (1.26)
VN %

where N is the total number of unit cells, and a is the
lattice constant, then

_ T 0 t_ +tpe ok Ck
Hssn = Z(cl,dk) (t_ 4t etiak 0 di
k

Steldpnm (5 )

k

Write H(k) = h(k) - o, then

h(k) = (t— + t4 coska,t sinka,0). (1.28)

The eigenenergies are

o o ka 2 . o ka e
e1 (k) = £|h(k)| = £2 | t; cos ?—F(S sin® — .

2
(1.29)
The two energy bands are separated by an energy gap
4/5| (Fig. 3(b)). The energy gap closes when (ka,d) =
(£m,0).

1. Zak phase

Note that the Hamiltonian H has the same structure
as the one for the spin-1/2 system in Eq. (??), with h(k)
playing the role of the magnetic field. The two sublat-
tices correspond to the spin up/down degrees of freedom.
Therefore, the Berry phase (or Zak phase here) due to the
evolution of k around the 1D Brillouin zone equals half of
the solid angle extended by a closed path in the h-space.
Since h,(k) = 0, the path is lying on the h, — h,, plane.

If § >0 (ie. t; > t_), then when k runs across the
BZ, the trajectory of h encircles the origin (path-1 in
Fig. 5(a)). The solid angle of path-1 with respect to the
origin is 27, and the Zak phase is m, half of the solid
angle. On the other hand, if § < 0 ({4 < t_), then
h follows path-3 that does not encircle the origin. The
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FIG. 4 (a) The junction between two phases in the SSH
model. (b) The localized state trapped in the domain wall.
The characteristic length of d(x) is much larger than the lat-
tice constant.

solid angle of path-3 with respect to the origin is zero,
and the Zak phase is zero.

That is, there are two different phases in the SSH
model. To change from one phase to the other, § needs
to cross the value of zero, when the energy gap closes.

2. Domain wall state

Assume a SSH chain has two domains: §(x) = —§p < 0
forx <« 0, §(x) = dp for x > 0 (Fig. 4(a)), and 6(x) varies
smoothly and monotonically from —dy to gy in between.
We will show that there is a localized state trapped in
this domain wall.

The low-energy states are located near ka = +x. Write
k as m/a + q, and expand H(k) to linear order in ¢, then
the Hamiltonian matrix becomes

2 O . —(5 + Zt+q%
=0 —it1q5 0
= —2(x) 0, —t(x)ga oy.

H

12

(1.30)

This is the Hamiltonian in the continuum limit: the wave-
length of an electron is much larger then the lattice con-
stant (but smaller than the characteristic length of the
profile of §(x)). To study the electronic states in this
non-uniform chain, we can replace ¢ by (1/i)0/0x to re-
quantize the system. Such a semiclassical approach is
used widely, for example, in finding the bound states of
an impurity atom in semiconductor.
After requantization, the Schrédinger equation is

(o 50 )(2)-5(2)
—20 — t.m% 0 o ) vy )7

(1.31)
We are interested in the mid-gap state with £ = 0. It
is not difficult to confirm that the eigenstate with zero
energy is

Wo(z) = ¢ J0 4 e ) < é ) , (1.32)
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FIG. 5 (a) The trajectory of h(k) evolves in the order of 1, 2,
3,4, whent =0,7/4,T/2, 3T /4. (b) The evolution of electric
polarization for the 4 steps in (a).

This is a state localized in the domain wall around = = 0
(see Fig. 4(b)). It would not disappear without destroy-
ing the domain wall all together.

A recent experimental work about the trapped state
can be found in Meier et al., 2016. Note: Jackiw and
Rebbi, 1976 are the first to study this problem, albeit in
the context of high-energy physics.

C. Rice-Mele model

To illustrate the parametric charge pumping, we con-
sider the Rice-Mele model, which is an extension of
the SSH model (Rice and Mele, 1982),

N N
H=Hgssm+ Y _ Ache; — > Adld;,
j=1 j=1

(1.33)

where +A are the on-site potentials for staggered sublat-
tices. Following the same procedure in the study of the
SSH model, write the Hamiltonian in momentum basis,

. t ot A 4 t_ + t_,_e_i“k Ck
H = ;(ckadk) ( t_ + t+e+zak —A dk .

(1.34)
This gives
h(k) = (t— +t4 coska,t; sinka, A), (1.35)
and the band energies are
k k 1/2
er(k) == <A2 + 4t2 cos? ?a + 462 sin? 761
(1.36)
We now consider a cyclic variation,
t . t
(6(t),A(t)) = ((50 cos27rT,A0 51n27rT> . (1.37)

When ¢ evolves through a period T, h(k) (k € [0,27/a])
traverses paths 1, 2, 3, 4 and back to 1 in Fig. 5(a). For
each loop, the Berry phase equals half of the solid angle
extended by the loop in the h-space. The polarization



P = gavy /27 is shown in Fig. 5(b). After a full cycle, P
changes by ga (mod ga). That is, a quantized charge ¢
could be transported with a distance a. This works as a
quantized charge pump. Experimental confirmations of
the charge pumping related to the Rice-Mele model can
be found in Lohse et al., 2015, and Nakajima et al., 2016.

Exercise
1. The value of Zak phase depends on the choice of the
origin. Under a shift of the origin,

Yr(z) = Y (z) = Yi(x — d). (1.38)
This leads to
ug(z) = ul(z) = up(x — d)e "4, (1.39)
Show that
, d
=y ='y+27r5, (1.40)

where a is the lattice constant.

2. The h(k) of SSH model traces out a loop in the h-
space when k runs through the first Brillouin zone.

(a) Show that the following expression gives the winding
number of the loop around the origin,

1 1. dh
(b) The SSH Hamiltonian can be written as,
0 Q@)
Hk) = .. 7 1.42
®={ g% % (142

where Q(k) = hy — ihy. Show that the following expres-
sion also gives the winding number of h(k) around the
origin,

d k- Q).

YT or e, ak

(1.43)

3. The reflection operator for the SSH model can be writ-
ten as Il = o,.

(a) Show that the SSH model has the reflection symme-
try,

T H(E)IT = H(—k). (1.44)
What are the restrictions of this relation on the three
components of h(k)?

(b) Show that when there is reflection symmetry, the
electric polarization needs to be quantized, P = 0 or
qa/2.

4. It is known that when ka = 0, ,

H(0) = 2ty 0, H(7) = —20 0. (1.45)

At these two points, H commutes with the reflection op-
erator II, hence the parity £ of II can be well-defined.
(a) Show that for the valence band,

£(0) = —1,&(m) = sgn(9), (1.46)
in which sgn(4) is the sign of 4.
(b) Let v be the product of two parities,
v = £(0)(m). (1.47)

What are the values of ¥ when § > 0 and § < 0?7 This
shows that the topology described by the winding num-
ber of h or the Zak phase can also be characterized by
the product of the parities of filled states at ka = 0, 7.
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